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Erratum 

Page 37 Equation 2.2 should be equation 3.2 

Page 39 Figure 3.1: "shear-stress" should be "shear-rate" 

Page 110 In Table 6.6 the heading of the columns "elastic strain energy" and "interfacial 
work of adhesion" has been changed. The right combination is given below: 

Coating: 

A d 

Ac2 

Ac3 

WBA 

HSA 

SBA 

Interfacial work 
of adhesion 
Wacw 

0.087 

0.096 

0.094 

0.098 

0.093 

0.093 

Elastic strain 
Energy (B) 

28 

12341 

7415 

25 

74 

96 
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Stellingen 

I. Het gegeven dat coatings evenals hout kunnen zwellen, biedt nieuwe inzichten 

in de oorzaak van mogelijk falen van coatings op hout. 

Dit proefschrift. 

II. De lage viscositeit van watergedragen dispersies of emulsies bij hoge 
afschuifsnelheden maakt de toepassing van verdikkers noodzakelijk. Dit heeft 
een negatieve invloed op de indringing in het hout en impliceert derhalve dat 
bij toepassing van dergelijke grondstoffen, applicatietechnieken met lage 
afschuifsnelheden de voorkeur verdienen. 

Dit proefschrift. 

HI. De huidige theorieen voor het berekenen van de hechtingsarbeid aan een 
grensvlak, kunnen de waargenomen verschillen in hechting tussen coatings en 

hout niet verklaren. 

Dit proefschrift. 

IV. Na analyse van het beschikbare contactoppervlak in plaats van de 
oppervlakteruwheid van hout blijkt, in tegenstelling tot wat Allen beweert, 
mechanische verankering wel een bijdrage te leveren aan de hechting. 
Allen, K.W., Journal of Adhesion, 21, 1987, 261-277. 

V. De conclusie van Nussbaum et al. dat oplosmiddelhoudende en watergedragen 
alkydharsen met vergelijkbare viscositeit in gelijke mate het hout kunnen 
penetreren, gaat voorbij aan de grote verschillen in rheologisch gedrag van 
oplossingen en emulsies bij toenemend vaste-stof-gehalte. 

Nussbaum, R.M., Sutcliffe, E.J. and Hellgren, A.-C, Journal of Coatings 

Technology, 70, 1998, 49-57. 

VI. De wijze waarop Fakhouri et al. diffusiecoefficienten en concentratieprofielen 
berekenen uit experimenten waarbij het hout in water wordt ondergedompeld, 
houdt ten onrechte geen rekening met de effecten van capillaire wateropname 
in de lumina van het hout. 

Fakhouri, B., Mounji, H. and Vergnaud, J.M., Holzforschung, 47, 1993, 

271-277. 



VII. Voor het staven van theorieen over transportprocessen in hout met in situ 
metingen is het noodzakelijk analysetechnieken te ontwikkelen met een 
oplossend vermogen op celniveau. 

VIII. Het feit dat de engelstalige begrippen durable en sustainable in het nederlands 
beide met het woord duurzaam worden vertaald, leidt gemakkelijk tot 
begripsverwarring. 

IX. Door de sterk toegenomen mogelijkheden op het gebied van houtmodificatie is 
hout niet langer een traditioneel maar een innovatief materiaal. 

X. Het begrip kennisdiffusie suggereert ten onrechte dat kennis sneller kan 
worden overgedragen naarmate het verschil in kennis groter is. 

XL Stellingen die niet van een proefschrift zijn afgeleid leiden slechts af. 

Stellingen behorend bij het proefschrift "Interactions between wood and coatings 
with low organic solvent content" van Mari de Meijer. 

Wageningen, 5 November 1999. 
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SUMMARY 

The aim of the work described in this thesis is to improve the knowledge on the 
fundamental interactions between low VOC-coatings and wood, in particular in relation to 
wood protection in exterior use. To avoid environmental damage and dangerous conditions in 
the workplace, low-VOC paints have gained increasing importance by the use of waterborne 
and so called high solids paints. These low-VOC coatings are more and more being used on 
wood species with: a reduced natural durability against biological decay, higher fluctuations 
in wood moisture content and reduced dimensional stability. To maintain a good competitive 
position for wood in the joinery market a longer product lifetime and lower maintenance 
demands are needed. This will also contribute to a reduction of the total environmental impact 
during the life cycle of finished wood. Knowledge on the interactions between wood and low-
VOC coatings might contribute to the development of technologies that will enlarge the 
lifetime and protective capacities of wood coatings. 

This research has focused on understanding three main aspects of the interaction 
between coatings and wood. The first one deals with the penetration and wetting of low-VOC 
coatings, in particular waterborne, coatings. The second aspect deals with the adhesion 
mechanism of a coating on wood. The third part of the research looks into the sorption of 
moisture and the related dimensional changes of coated wood. In this respect, special attention 
has been given to the processes occurring at the surface. The research described in chapter 2 
to 7 was carried with model paint systems, based on commercially available raw materials. 
Both pigmented and unpigmented coatings based on acrylic dispersions, acrylic emulsions, 
alkyd emulsions, solventborne or high solid alkyd resins were used. The research in chapter 8 
and 9 was done with commercially available waterborne and solventborne paints. The 
majority of the work was done on the wood species: spruce (Picea abies), pine sapwood 
(Pinus sylvestris) and meranti (Shorea spp.). 

Chapter 1 gives an introduction to this thesis and an overview of the background, the 
protective capacities and the performance of wood coatings. 

Chapter 2 describes the microscopic investigations of the penetration of coatings in 
wood. The degree of penetration is determined by the possibility of the flow of a coating into 
the wood capillaries. This depends both on the structure of the wood and the properties of the 
coating. For softwoods, three potential penetration routes exist: flow in the axial direction 
from open ends of capillaries, flow into rays ending at the surface and flow from rays through 
cross-field pits into adjacent axial tracheids. The permeability of the wood only has an 
influence on the degree of penetration if the penetration depth exceeds the maximum length of 
a single cell element. In the case of meranti the penetration is limited to the vessels and rays. 

In chapter 3 two quantitative techniques for the measurement of penetration are given. 
The first one measures the maximum depth of penetration into axial direction on a 
microscopic scale. The second one determines the penetration rate from the volumetric uptake 
from the axial surface. The maximum penetration depth can be partially related to the 
diameter of the axial tracheids but both negative and positive correlations exist. Large 
differences in the maximum penetration depth between coatings were observed. Generally, 
acrylic dispersion showed the lowest penetration followed by alkyd emulsions, solventborne 
and high solid alkyd resins. Addition of pigment has a negative influence on the penetration. 
The viscosity proved to be an important factor to explain differences between coatings. An 
increasing wood moisture content (2 to 28 %) caused a deeper penetration. 

The dynamics of capillary flow into wood are further studied in chapter 4 using the 
Washbum-model. Accordingly, the penetration rate is proportional to the capillary radius, the 
liquid surface tension times the cosine of the contact angle and inversely proportional to the 
viscosity and the height of capillary rise. During the capillary uptake, water or solvent is 
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selectively taken up into the wood. This causes an increasing solid matter content and hence 
also increasing viscosity and a decreasing capillary pressure. The waterborne coatings showed 
a very rapid increase of viscosity with increasing mass fraction of binder. At a mass fraction 
of about 0.45 to 0.55 the viscosity reaches extremely high values, in particular at low shear 
rates (< 1 s"1). With solventborne binders this increase is less pronounced. The rapid increase 
of the viscosity limits the capillary penetration in most cases. The increase in mass fraction of 
the binder during capillary uptake was calculated from the analysis of evaporation rates on 
glass and wood. These showed that at least half of the water or solvent was taken up into the 
wood on first instance. The addition of a thickener decreased the total capillary uptake and 
enhanced the selective uptake of water. The Washburn-equation can predict the penetration 
process fairly well in qualitative terms. To obtain quantitative predictions, a correction for the 
increase in viscosity is needed because in reality the viscosity increase happens faster than is 
predicted by the model calculations. Additional research showed that capillary uptake was 
reduced with decreasing surface tension as long as the wetting is complete, this is in 
agreement with the Washburn equation. 

The surface free energy of wood was determined from the acid-base and Lifshitz-van 
der Waals components based on contact angle measurements with water, diiodomethane and 
formamide as described in chapter 5. Different measuring techniques for the contact angle 
were compared. The obtained angle was shown to be highly dependent on the way the 
measurement was performed. This is due to the adsorption of liquids onto the wood, the 
surface roughness and the chemical heterogeneity of the wood. The surface free energy of 
wood ranged between 40 and 50 mJ m"2 with a dominant Lifshitz-van der Waals component. 
The acid and base parameters were strongly dependent on the measuring conditions. 

Chapter 6 describes a newly developed method to measure the adhesion 
quantitatively. The method is based on measuring the force need to peel the coating from the 
wood by means of a pressure sensitive tape. This method has the advantage of showing 
differences in adhesion between early- and latewood zones, corresponding to differences in 
penetration. A disadvantage is the limited maximum measurable force which restricts its 
application to measurement under wet conditions (wood moisture content over 25 %) where 
adhesion is lower. The lower adhesion at higher moisture content can partly be explained by 
the internal stress due the higher expansion of some coatings in comparison to wood. The 
interfacial of work of adhesion as it was calculated from the surface free energy of coating 
and wood was positive under both dry and wet conditions. 

The influence of the penetrated coating on the moisture sorption and dimensional 
change of pine sapwood is described in chapter 7. If compared to a coating present as a film 
on the surface, the penetrated coating had a very limited influence on the equilibrium moisture 
content, the water vapour diffusion rate and the dimensional changes. Only the capillary 
uptake of water was reduced depending on the type of coating. The small influence of the 
penetrated coating upon the wood moisture content, can partly be explained by the swelling of 
the coating itself and the relative low void filling due to shrinkage of the coating after drying. 

How a coating can influence the moisture distribution in spruce is given in chapter 8. 
During long term measurements of the uptake of water, the moisture distribution was 
determined experimentally and compared with calculated profiles from the apparent 
diffusioncoefficient. The most realistic prediction was found if the apparent 
diffusioncoefficient of unfinished wood was used, taking the impact of a coating into account 
by a reduced moisture content at the surface. Moisture diffuison is the dominant transport 
mechanism; it is only close to the surface that capillary water uptake is noticeable, in 
particular with unfinished wood. 
Chapter 9 studies the adsorption and desorption of water and the dimensional change in 
spruce and meranti as a function of coating type, film thickness, temperature and relative 
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humidity of the environment. The apparent moisture diffusion coefficients are dependent on 
all these factors and also on the initial and final wood moisture content. The dimensional 
change can be described as a function of time by a two-parameter regression model. The rate 
constant in this model is directly related to the apparent diffusion coefficient, as long as the 
influence of capillary water uptake is small. 

The general conclusions of this research are given in chapter 10. A certain amount of 
coating penetration into the wood improves adhesion and prevents rapid capillary water 
uptake. It was shown that coatings, like wood, can adsorb water and swell. Therefore it is 
recommended to consider the moisture-related aspects of wood coatings in terms of the 
differences between both materials. To achieve a good wet adhesion, the dimensional change 
of the coating and the wood should be in the same range. The surface free energy and the 
work of adhesion between a coating and wood can not explain the observed differences in 
adhesion between different coatings. The penetration is mainly controlled by the viscosity of 
the coating as a function of the solid matter content and the shear rate. In this respect the 
influence of the carrier medium (water or organic solvent) is more important than the 
chemical composition of the binder. A positive capillary pressure is, however, a necessity to 
enable the penetration of a coating into wood. If a coating is present as a film on the surface, 
the moisture sorption and dimensional change of wood is strongly reduced. The strongest 
fluctuations in wood moisture content take place directly under the surface. Both waterborne 
and solventborne coatings largely prevent the rapid capillary uptake of moisture. The moisture 
uptake into coated wood is a lot slower than in unfinished wood. Therefore in practice a 
permanent reduction of wood moisture content for both water- and solventborne can be 
expected. 
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Het doel van het in dit proefschrift beschreven onderzoek, is het vergroten van de 
kennis over de fundamentele wisselwerkingen tussen oplosmiddelarme verven en hout, in het 
bijzonder in relatie tot de bescherming van hout in exterieure toepassingen. Om schadelijke 
effecten aan het milieu en de arbeidsomstandigheden te voorkomen hebben oplosmiddelarme 
verven, zowel watergedragen als de zogeheten high solid producten, sterk aan betekenis 
gewonnen. Deze oplosmiddelarme verven worden in toenemende mate toegepast op 
houtsoorten met een beperkte natuurlijke duurzaamheid tegen biologische aantasting en een 
sterkere wisseling in houtvochtgehalte en dimensies. Om een goede concurrentiepositie van 
hout als grondstof voor geveltimmerwerk en aanverwante toepassingen te waarborgen is het 
van belang om de levensduur te verlengen en de onderhoudsbehoefte te verlagen. Dit draagt 
tevens bij aan een geringere integrale milieubelasting gedurende de gehele levensduur van 
afgewerkt hout. Kennis over de wisselwerkingen tussen hout en oplosmiddelarme verven 
vormt de basis voor de ontwikkeling van technologieen die de levensduur en beschermende 
werking van coatings op hout kunnen verbeteren. 

Dit onderzoek richt zich op drie aspecten die van groot belang zijn bij het begrijpen 
van de wisselwerkingen tussen verf en hout. Het eerste aspect betreft de bevochtiging en 
indringing van oplosmiddelarme, in het bijzonder watergedragen, coatings. Ten tweede is het 
hechtingmechanisme van verf op het hout onderzocht. Ten derde is onderzoek verricht naar 
de opname en de afgifte van water en de bijbehorende dimensieverandering in hout dat van 
een coating was voorzien. Hierbij is bijzondere aandacht besteed aan de processen die zich 
aan het oppervlak afspelen. Het in hoofdstuk 2 tot 7 beschreven onderzoek is uitgevoerd met 
model verfsystemen gebaseerd op commercieel verkrijgbare grondstoffen. In het onderzoek 
zijn zowel gepigmenteerde als niet gepigmenteerde coatings toegepast die waren gebaseerd op 
acrylaatdispersies, acrylaatemulsies, alkydemulsies en oplosmiddelhoudende of high solid 
alkydharsen. Het onderzoek uit hoofdstuk 8 en 9 is uitgevoerd met commercieel verkrijgbare 
watergedragen en oplosmiddelhoudende verven. Het merendeel van de experimenten is 
uitgevoerd met de houtsoorten vuren (Picea abies), grenen spinthout (Pinus sylvestris) en 
meranti (Shorea spp.). 

Hoofdstuk 1 vormt de inleiding tot dit proefschrift en geeft een overzicht van de 
achterliggende ontwikkelingen, de beschermende werking en de prestaties van coatings op 
hout. 

Hoofdstuk 2 beschrijft het microscopisch onderzoek naar de indringing van coatings in 
hout. De mate van penetratie wordt bepaald door de mogelijkheid tot indringing van de verf in 
de capillairen van het hout. Dit hangt zowel af van de structuur van het hout als van de 
eigenschappen van de coating. Voor naaldhout blijken drie mogelijke penetratieroutes te 
bestaan: indringing in axiale richting via open einden van trachei'den aan het oppervlak, 
indringing in stralen eindigend aan het oppervlak en via stralen door de kruisingsvelden naar 
de aanliggende langstrachei'den. De permeabiliteit van een houtsoort heeft slechts invloed op 
de mate van indringing indien de indringdiepte groter is dan de maximale lengte van het 
desbetreffende celelement. Voor meranti is de indringing beperkt tot de vaten en de stralen. 

In hoofdstuk 3 worden twee technieken beschreven om de mate van indringing te 
kwantificeren. De eerste methode is gebaseerd op de microscopische bepaling van de 
maximale indringdiepte in axiale richting. De tweede methode meet de indringsnelheid aan de 
hand van de volumetrische opname van een vloeistof vanaf het axiale vlak. De maximale 
indringing hangt onder andere af van de diameter van de langstrachei'den. Afhankelijk van het 
type bindmiddel is de indringing zowel positief als negatief gecorreleerd aan de diameter van 
het capillair. Tussen de diverse typen coating en bindmiddel zijn zeer grote verschillen in 
maximale indringing waargenomen. Over het algemeen vertonen acrylaatdispersies de 



V I Samenvatting 

geringste mate van indringing, gevolgd door coatings gebaseerd op alkydemulsies, 
oplosmiddelhoudende en high solid alkydharsen. Het toevoegen van pigment heeft een 
negatieve invloed op de penetratie. De viscositeit van de coating blijkt een belangrijke factor 
te zijn bij het verklaren van verschillen tussen bindmiddelen. Een toenemend 
houtvochtgehalte (in de range van 2 tot 28 %) leidt tot een diepere indringing. 

De dynamiek van het indringingsmechanisme wordt in hoofdstuk 4 nader bestudeerd 
aan de hand van het capillaire stromingsmodel van Washburn. Volgens dit model is de 
penetratiesnelheid evenredig met de capillair diameter, de oppervlaktespanning van de 
vloeistof maal de cosinus van de contacthoek van de vloeistof in het capillair en omgekeerd 
evenredig met de viscositeit en de indringdiepte. Tijdens de capillaire opname wordt water of 
oplosmiddel selectief in de celwand opgenomen. Als gevolg hiervan stijgt de vaste stof 
concentratie en daarmee ook de viscositeit en daalt de capillaire druk. De watergedragen 
bindmiddelen vertonen een zeer sterke stijging van de viscositeit met toenemende 
massafractie bindmiddel. Rond een massafractie van 0.45 tot 0.55 bereikt de viscositeit zeer 
hoge waarden, in het bijzonder bij lage afschuifsnelheden (<1 s"1). Bij oplosmiddelhoudende 
bindmiddelen is dit effect aanzienlijk geringer. De sterke stijging van de viscositeit tijdens de 
capillaire indringing is doorgaans de beperkende factor bij de penetratie. De toenemende 
massafractie bindmiddel tijdens de capillaire indringing is berekend aan de hand van analyses 
van verdampingsnelheden op hout en glas. Hieruit blijkt dat ten minste de helft van het water 
of oplosmiddel uit de verf in eerste instantie in het hout wordt opgenomen. Het toevoegen van 
een verdikker verlaagt de capillaire opname en versterkt de selectieve opname van water in 
het hout. De Washburn vergelijking kan de capillaire opname in kwalitatieve zin doorgaans 
goed voorspellen. Voor een kwantitatieve voorspelling blijkt een correctie van de viscositeit 
noodzakelijk omdat deze in werkelijkheid sneller stijgt dan door de modelberekeningen wordt 
voorspeld. Uit aanvullend onderzoek met oppervlakteactieve stoffen volgt dat, conform de 
Washburn vergelijking, de capillaire opname minder wordt bij een daling van de 
oppervlaktespanning mits de bevochtiging van het hout volledig is. 

De oppervlakte energie van hout is bepaald aan de hand van berekening van de zuur-
base en Lifshitz- van der Waals componenten op basis van randhoek metingen met water, 
diiodomethaan en formamide zoals beschreven in hoofdstuk 5. Verschillende meetmethoden 
voor de bepaling van de randhoek zijn vergeleken. Het blijkt dat de randhoek sterk 
afhankelijk is van de wijze waarop de meting wordt uitgevoerd. Dit is het gevolg van de 
adsorptie van vloeistoffen aan het hout, de oppervlakteruwheid en de chemische 
heterogeniteit van het hout. De totale oppervlakte energie van hout ligt tussen de 40 en 50 mJ 
m" met een sterke Lifshitz- van der Waals component. De zure en basische parameters zijn 
sterk afhankelijk van de meetcondities. 

Voor een kwantitatieve bepaling van de hechtsterkte wordt in hoofdstuk 6 een nieuw 
ontwikkelde methode beschreven. Deze methode is gebaseerd op de meting van de kracht 
benodigd voor het afpellen van een coating van het hout met behulp van een zelfklevende 
tape. Deze methode heeft als voordeel dat verschillen in hechtingskracht tussen vroeg- en 
laathoutzones, die corresponderen met verschillen in penetratie, bepaald kunnen worden. Een 
nadeel is van deze methode is de beperking in de maximaal meetbare kracht, met als gevolg 
dat alleen de zwakkere hechting onder natte condities (houtvochtgehalte boven de 25%) 
meetbaar is. Coatings met een diepere penetratie en een groter contactoppervlak met het hout 
beschikken over een aanzienlijk betere hechting. De lagere hechting bij verhoogd 
vochtgehalte laat zich deels verklaren uit de opgebouwde interne spanning door de sterkere 
zwelling van sommige coatings ten opzichte van het hout. De oppervlakte energie van zowel 
hout als coating is gemeten. Aan de hand van de oppervlakte energie van de coating en het 
hout is de onderlinge hechtingsarbeid berekend. Deze blijkt onder zowel natte als droge 
omstandigheden positief te zijn. 



Samenvatting VII 

De invloed van de ingedrongen coating op de wateropname en -afgifte en de 
dimensieverandering van grenen spinthout is beschreven in hoofdstuk 7. Het blijkt dat de in 
het hout ingedrongen coating maar een zeer beperkt effect heeft op het 
evenwichtsvochtgehalte, de waterdampdiffusiesnelheid en de dimensieverandering in 
vergelijking met een coating die als een film op het houtoppervlak ligt. Afhankelijk van het 
type coating, wordt de capillaire opname van vloeibaar water wel verminderd. De geringe 
invloed van de ingedrongen coating laat zich deels verklaren door wateropname en de 
zwelling van de coating zelf en de relatief geringe mate van porievulling door krimp van de 
coating tijdens droging. 

De invloed van een coating op de verdeling van het houtvochtgehalte in vurenhout 
wordt beschreven in hoofdstuk 8. Tijdens langdurige metingen van de wateropname is de 
houtvochtverdeling experimenteel bepaald en vergeleken met berekende profielen aan de 
hand van de klaarblijkelijke diffusiecoefficient. Het blijkt dat de houtvochtverdeling het best 
kan worden voorspeld aan de hand van de klaarblijkelijk diffusiecoefficient van onafgewerkt 
hout. De invloed van de coating laat zich het meest realistisch uitdrukken in de vorm van een 
lagere concentratie van het water aan het oppervlak. Diffusie van water is het overheersende 
transport mechanisme, alleen direct onder het oppervlak heeft de capillaire wateropname een 
merkbare invloed, in het bijzonder bij niet afgewerkt hout. 

In hoofdstuk 9 wordt de wateropname en -afgifte en de dimensieverandering in vuren 
en meranti bestudeerd als functie van het type coating, de laagdikte, de temperatuur en de 
relatieve luchtvochtigheid van de omgeving. De klaarblijkelijke diffusiecoefficient is 
afhankelijk van al deze factoren en het aanvangs- en eindvochtgehalte. De 
dimensieverandering als functie van de tijd, kan beschreven worden met een twee-parameter 
asymptotisch regressiemodel. De snelheidsafhankelijke constante in dit model is direct 
gekoppeld aan de klaarblijkelijke diffusiecoefficient zolang de capillaire wateropname een 
geringe invloed heeft. 

De algemene conclusies van dit onderzoek staan weergegeven in hoofdstuk 10. Een 
zekere mate van penetratie van de coating in het hout is zinvol om de hechting te verbeteren 
en een snelle capillaire opname van water tegen te gaan. Veel coatings blijken, evenals hout, 
water te adsorberen en te zwellen. Het is daarom aan te bevelen om aan vocht gerelateerde 
aspecten van coatings op hout te beschouwen als verschillen tussen beide materialen. Voor 
een goede natte hechting is het van groot belang dat de dimensieverandering van de coating 
niet te sterk van die van het hout verschilt. De oppervlakte-energie en de hechtingsarbeid van 
hout en coating levert geen verklaring voor de waargenomen verschillen in hechting tussen 
diverse coatings. De mate van penetratie wordt vooral bei'nvloed door de viscositeit van de 
coating als functie van het vaste stof gehalte en de afschuifsnelheid. In dit opzicht is de aard 
van het medium (water of organisch oplosmiddel) van groter belang dan de chemische 
samenstelling van het bindmiddel. De aanwezigheid van een capillaire druk is echter wel een 
noodzakelijke voorwaarde om penetratie in het hout mogelijk te maken. Wanneer een coating 
als een film op het oppervlak van het hout aanwezig is wordt de wateropname en de 
dimensieverandering van het hout zeer sterk gereduceerd. De sterkste schommelingen in 
houtvochtgehalte treden direct onder het oppervlak op, maar zowel watergedragen als 
oplosmiddelhoudende coatings voorkomen grotendeels de snelle capillaire opname van water. 
De opname van water in afgewerkt hout verloopt zeer veel trager dan in onafgewerkt hout. 
Daarom is in de praktijk voor zowel watergedragen als oplosmiddelhoudende coatings een 
permanente verlaging van het houtvochtgehalte te verwachten. 



1. GENERAL INTRODUCTION 

1.1 Background to this thesis 

Coatings, here used as a generic name for all types of paints, varnishes, lacquers etc., 
are an essential part of the majority of products based on solid wood or wood based materials. 
Coatings can provide wooden materials with the desired aesthetical properties like colour and 
gloss, but are mostly also of vital importance in the protection of wood against environmental 
influences like moisture, radiation, biological deterioration or damage from mechanical or 
chemical origin. This applies to both interior uses (like e.g. furniture) and exterior 
applications like wooden joinery, claddings or fences. The interactions between coating, 
substrate and external factors are quite different for interior and exterior uses. Therefore, the 
work in this thesis is in principal limited to the latter. 

More than 95 % of exterior wood coatings are applied as liquid coatings with either an 
organic solvent or water as the carrier for the other coatings ingredients. The use and 
subsequent emission of volatile organic compounds (VOC) to the environment has been 
increasingly considered as a problem during the last 20 years from both an air-pollution and a 
health and safety point of view. VOC's (mainly those containing chlorofluorocarbons) are 
considered to contribute to ozone depletion in the stratosphere (the so-called hole in the 
ozone layer), ozone formation in the troposphere causing smog and global warming by CO2 
production [1]. 

Although the majority of VOC's are from natural sources, it is the change in the total 
concentration balance of these materials and the synergistic effects with antropogenic NOx 

emissions that has let to various legislative actions to reduce the emission of VOC to improve 
air quality. Examples of those are United Nations VOC protocol, USA Clean Air Act, the 
German TA-Luft and the Dutch KWS 2000 [1]. The latter is a voluntary agreement between 
the Dutch government and VOC-emitting industries to reduce the VOC-emission levels of 
1981 by 50 % in the year 2000. Nowadays a European directive is under preparation to reduce 
VOC-emissions, which defines VOC's as all materials with a vapour pressure of 0.01 kPa or 
more at a temperature of 293.15 K [3]. VOC emission from coatings is covered under all of 
these rules. Apart from solvent recovery or end-of-pipe destruction, the general strategy of the 
paint industry is to replace solventborne paints by low-VOC alternatives. Long term exposure 
to organic solvents might also induce neuropsychiatric symptoms like memory impairment, 
concentrating difficulties, fatigue, headache or personality changes [4]. This is often referred 
to as organic-psycho syndrome (OPS) or chronic toxic encephalopathy [5]. This potential 
danger has been recognised by the responsible authorities in many countries (including the 
Netherlands) which have lead to restrictions in the use of solvent rich coatings. 

In the last 5 years, the use of wood species for exterior joinery in the Netherlands has 
shifted from mainly tropical hardwoods like meranti (Shorea spp.) to a position were 
softwoods (mainly spruce: Picea abies) have regained a substantial market share. This is 
mainly due to an increasing desire of end-users to use woods from sustainable managed 
forests as recommended by Dutch guidelines for sustainable building practice [6,80]. Within 
the scope of minimising the environmental impact of buildings, it is of great importance to 
prevent maintenance as much as possible by extending the service life of coated wood. 
Various life-cycle analysis studies have shown that the environmental impact of a piece of 
coated wooden joinery is proportional to its maintenance demands [7,9]. 
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1.2 Performance and protective properties of exterior wood coatings 

The performance of a coating on wood during outdoor exposure is controlled by 
various stressing factors like: photoirradiation, thermal radiation, mechanical impact, the 
presence of moisture and microorganisms causing different weathering effects like: 
photochemical degradation, loss of surface integrity (cracking, flaking or erosion) and 
discoloration. The type and intensity of the degradation is also strongly influenced by factors 
such as: time and conditions during weathering, wood properties, the quality of design of the 
wooden structure, the physical and chemical properties of the coating itself, the method of 
application, the film thickness, the colour of the coating and the way the maintenance has 
been carried out. How these factors mutually interact is schematically shown in^g. 1.1 [10]. 
The most important findings from the literature of the past decades are summarised in the next 
sections. 

STRESSING FACTORS 

PHOTO­
CHEMICAL 
DEGRADATION 
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WEATHERING EFFECTS 

DIMENSIONAL 
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Figure 1.1 Schematic illustration of the weathering of finished wood, from [10] 

1.2.1 Degradation of wood surfaces by photoirradiation 
Numerous studies on the weathering behaviour of wooden surfaces 

[11,12,13,14,15,16] have shown that the colour change and subsequent weathering process of 
transparently coated wood is a stepwise degradation process. It starts with the absorption of 
energy from light in the UV and visible region followed by radical formation at phenolic or 
excited a-carbonyl units in the lignin and radical induced cleavage or chain scission in 
cellulose. This is followed by the formation of subsequent radicals, which causes further 
oxidation, chromophore formation and depolymerisation [17,18,19,20]. Finally the 
degradation products become water-soluble and are leached out resulting in erosion of the 
wood surface. The photochemical degradation also causes cracking and splitting of the wood, 
both on a microscopic level inside the cell walls and as visible cracks on the surface 
[12,21,22,23,24, 25]. Although light can only penetrate the coating and the outer layer of the 
wood to a depth of 200 um, chain-reactions involved in secondary reaction steps can lead to 
degradation up to 2500 um [26]. Although light is the initiator of the weathering process other 
factors like: the amount of liquid water at the wood surface [27.28], the wood moisture 
content [29], the oxygen concentration [13], the temperature [30,31,32] and type or chemical 
composition of the wood have an influence as well [33,34]. 
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The photochemical degradation process described above, in principal applies to its full 
extent only to unfinished wood surfaces. Notwithstanding some experimental developments 
like acetylation [35], grafting of UV-absorbers [36, 37,38] or the fixation of complexing 
metals [39,40] the main way of protecting wood to weathering is by the application of a 
coating. The most effective protection against photoirradiation is given by completely opaque 
pigmented coatings, which neither transmit UV nor visible light. Under these coatings, no 
photochemical degradation takes place [41,42]. However, in those applications where the 
wood surface has to remain visible, light will reach the wood surface and induce 
photochemical degradation [43]. It has been shown that direct photolysis of chemical bonds 
can only be caused by wavelengths up to 340 nm but secondary degradation mechanisms can 
be influenced by wavelengths up to 400 nm [24]. This means that not only UV but also light 
from the visible region influences photochemical degradation. Current technologies to make 
transparent wood less sensitive to photochemical degradation involves the use of UV-
absorbers, radical scavengers [44, 45] and more recently also transparent titanium dioxide 
[46]. Apart from direct protection to photoirradiation, a coating also decreases the weathering 
of a wood surface by reducing its moisture content and preventing leaching. Dark coloured 
coatings might increase the weathering of wood by increasing surface temperature, which 
cause in increase in the rate of moisture desorption and photochemical degradation. 

1.2.2 Influence of coatings on wood moisture content 
The strong influence of coating systems on the changes in wood moisture content 

during service have been recognised for a long time and hence have been subject to numerous 
studies which has been reviewed by Sell [11] and Gray stone [47]. The interest in this subject 
has gained importance with the introduction of waterborne paints, which have higher moisture 
permeability in comparison to solventborne alternatives [48]. To understand the influence of 
coatings on the wood moisture content, several approaches have been used. This included 
permeability measurements of free coating films or coated wood samples [49, 50, 51, 52, 53, 
54, 55, 56, 57], moisture content monitoring in practice on panels [58, 59, 60, 61] or full scale 
wooden constructions [62, 63, 64, 65] and computer simulations [66, 67]. In these studies, the 
permeability of a coating was found to depend on several factors like its build, degree and 
type of pigmentation and the type of binder. Within the same category of coatings, waterborne 
coatings usually show a higher permeability towards moisture. The permeability of the 
coating can both decrease and increase during weathering [68]. Micro-cracks might increase 
the permeability whereas leaching of hydrophilic components or ongoing film formation 
might decrease the permeability of the coating. Dark coloured coatings reduce the wood 
moisture considerably due to the heating of the surface [69, 70, 71]. Measurements at 
different depths of coated wooden samples reveal that at the surface rapid fluctuation takes 
place, which are superimposed on more long-term fluctuations in wood moisture content. The 
influence of the wood itself on the permeability is dependent on the type of coating. For zero 
or low build products the influence of the wood species might be considerable, whereas for 
high build coatings with sufficient film thickness over the entire wood surface the 
permeability of the wood is of only minor importance. Nevertheless, the wood species will 
remain to have an influence on dimensional change for a given change in wood moisture 
content. 

Coatings reduce the rate of uptake of water into the wood by its barrier function 
against both liquid water (precipitation or dew) and water vapour diffusion. It also reduces the 
drying rates of wood by the same water vapour diffusion barrier. This has immediately raised 
the question of what is the optimum moisture permeability of a coating. Low permeability 
coatings might give a good protection against external moisture but at the same time there is a 
risk of fast moisture entry through a crack, open end grain or open corner joint in window 
frames [63,72] which can cause favourable conditions for decay. On the other hand a very 
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permeable coating might cause rapid moisture content changes and dimensional movements, 
which can give rise to jamming of windows and doors, cracking in the coating or the wood 
and excessive stresses on glued wood constructions. This means that the optimum moisture 
permeability is largely dependent on the type of wood and the structure it is applied on, as is 
also reflected in current European standards for exterior wood coatings which differentiate 
between stable, semi-stable or non-stable end uses [73]. For wooden joinery and doors, the 
coating has to be sufficiently impermeable to avoid excessive movement of the wood but, as a 
consequence the water desorption will be rather slow. This means that excessive moisture 
uptake through end grains has to be prevented by proper protection (end-grain sealing) and 
gluing of window corner joints [74, 75, 76, 77]. For uses that require less restriction of 
dimensional movement, a coating with higher moisture permeability is generally acceptable. 

1.2.3 Microbiological degradation of coated wood surfaces 
Coated wooden surfaces can be attacked by various types of microorganisms often 

referred to as mould, mildew or blue-stain. Additionally, waterborne coatings can be degraded 
by bacteria during their production and storage in their liquid state. This aspect is however 
beyond the scope of this thesis since this phenomenon is not related to microbiological failure 
in service. Microbiological degradation can be classified into the following categories [78, 
79]. 

Mould fungi colonise wood and coating surfaces only superficially and cause only 
aesthetical problems. The most common species of mould fungi are Aspergillus, Penicillium, 
Alternaria and Cladosporium. The conditions controlling the growth of mould fungi are 
described in detail by Viitanen [80]. Recent studies with waterborne wood coatings have 
shown that mould growth is influenced by the wood material, type and concentration of film 
fungicides, leaching of preservative, the paint formulation and the exposure time or 
conditions. [81,82, 83]. 

Blue stain fungi that grow on coated wood surfaces are mainly of the species 
Aureobasidium pullulans and to a lesser extent Sclerophoma pityophila [84]. Blue stain in 
service is considered not to originate from spores already present in the wood but from 
penetration through defects in the paint film or insufficiently protected end-grains [41, 78, 
85]. Although blue stain fungi can not decay wood, they can damage the wood surface and 
increase its permeability due to perforation of the coating and the cell walls by the hyphae and 
fruiting bodies of the fungus [41,79,86, 87]. Protection against blue-stain fungi can be 
achieved by the use of fungicides in the coating, physical protection against moisture and 
prevention of photochemical degradation since the latter seems to support fungal growth. 
Recent findings suggest that the paint formulation itself might also affect the growth of blue 
stain [88]. 

The influence of a coating on wood decay fungi is mainly through its influence in 
wood moisture content. If the total moisture protection by the coating is sufficient decay will 
be prevented by maintaining sufficiently low wood moisture content. If rapid moisture entry 
is possible, the coating might favour decay because of the reduced drying rate. However, in 
several European countries other than the Netherlands it is common practice to include 
fungicides in joinery primers to create a superficial protection against decay fungi. The 
formulation of the coating (apart from the fungicidal effects) and the extent of weathering 
might also have an influence on the colonisation by brown rot fungi [89]. 

1.2.4 Outdoor weathering performance 
The results of several comparative outdoor weathering trials have been reported in the 

literature. The trials have included various climates, coatings types, wood species and 
substrate design [90, 91, 92, 93, 94, 95, 96, 97, 98, 99]. In general, these studies give fairly 
consistent results with respect to the main differences in performance of coatings on wood in 
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exterior applications. Opaque, high build paints have the longest durability and if failure 
occurs it is mainly related to cracking, chalking or surfaces mould growth. Latex paints based 
on waterborne acrylics generally perform better in preventing cracking in long term 
weathering, although some studies showed that acrylic coatings are not always resistant to 
cracking. Solid colour stains, or medium build opaque paints perform slightly worse with 
respect to crack resistance. Semitransparent stains, both medium and high build products, fail 
more rapidly because of cracking, flaking or peeling, erosion, blue-stain or moulds and 
photochemical degradation of the wood surface. Penetrating stains, which form no film at all, 
have the lowest durability and fail mainly by erosion of the surface. Increased amounts of 
pigments in these coatings directly decreased the erosion rate [100]. Repainting seems, 
however, to be easier because no peeling or flaking of the coating can occur. Pre-treatment of 
the wood with a water-repellent preservatives containing a small amount of binder improved 
the durability of the coating [101, 102]. The wood species had a clear influence on the 
durability of the coating. High permeable wood species like pine sapwood show more rapid 
coating failure if compared to softwoods with low water permeability or tropical hardwoods 
[91,101]. Rough sawn wood surfaces gave improved performance over smooth planed 
surface, which is mainly the result of higher spreading rates on rough sawn wood [92]. Many 
comparisons on the influence of the climate within Europe showed only a minor impact of 
climatic differences [98, 99, 103]. 

At present there are no well-established theories about the relationships between 
failure mode of exterior wood coatings and the formulation of the coating or the properties of 
the polymeric binder. In general a coating should adhere well to the wood under both dry and 
wet conditions and should be able to follow the dimensional movements of the wood [97, 
104]. Furthermore, in film forming coatings the coating has to maintain its integrity to avoid 
cracking and chalking. One theory assumes that crack propagation due to differential 
expansion inside the wood, causes high stresses in the coating. The stress will then 
concentrate around inclusions in the paint like pigments and defects, followed by crack 
propagation in the coating itself. Hence, the rate of crack initiation is proportional to the water 
permeability of the coating and the crack propagation of the coating is proportional to its 
fracture energy [105]. Other studies have shown that the glass-transition temperature 
increases significantly during weathering [106, 107, 108] and suggest that on wood it should 
ideally remain between 0 to 10 °C for a period of 10 to 20 years to maintain flexible coatings 
[109]. Systematic studies on elongation of paint films showed clear reduction of flexibility 
with both decreasing temperatures and ongoing exposure which might be related to chemical 
changes in the binder observed by infrared analysis [110]. The impact of the difference in 
dimensional change between early- and latewood zones [111] on flaking of a coating has been 
addressed by Bodner et al [112]. It was stated that in order to avoid flaking, the ratio of the 
square root of the percentage density difference (in wood) times the coating thickness and the 
absolute density times the elasticity should be at least a factor 20. Unfortunately, a theoretical 
validation of this statement was not given. In an outdoor weathering test, the same authors 
found good correlation between the type of weathering, the pigmentation and the moisture 
content for both alkyd and acrylic coatings but a similar correlation with elasticity was only 
observed for alkyd coatings. In another study, correlations between cracking and moisture 
content fluctuations were observed for both alkyd and acrylic coatings but a similar 
correlation with flaking was only found for alkyd based coatings [113]. 
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1.3 Developments with respect to VOC reduction in paints 

1.3.1 Market developments 
The market for (exterior) wood coatings is usually divided in two sectors: 

• Industrial wood coatings applied by spraying, dipping, flow- or curtain coating in the 
production facilities of the wood working industry. This sector covers both primers and 
topcoats, the latter are used for completely factory finished joinery. The main technology 
to comply with VOC-limits is the use of waterborne coatings. 

• Architectural or decorative coatings used for brush applications by professional painters 
or for do-it-yourself purposes. This market can be further divided in interior and exterior 
finishes for woodwork. Primers are mainly used for repainting of wood in existing 
buildings whereas the topcoats are used both for finishing of factory primed joinery and 
maintenance. Low VOC-coatings for interior use will increasingly be based on waterborne 
technologies to comply with health and safety requirements. Low VOC-coatings for 
exterior use might both be based on high solid and waterborne formulations. 

The amounts of VOC's used in coatings in the Netherlands from 1990 to 1997 are given in 
fig. 1.2. Table 1.1 shows the total sales volumes, amount of VOC's used, the market shares 
and average VOC-content of both low and high VOC paints in coatings for different market 
areas. 

1.3.2 Coating technologies 
Coatings for the protection of wood in exterior use generally contain the following 

categories of components: 
- Binders: polymeric material to bind together the other ingredients, to form a film and to 

protect against external influences like moisture. 
- Pigments and extenders (except in clear coatings): mainly to provide colour, hiding 

powder, protection of the wood against photodegradation and to modify the mechanical 
and adhesion properties of the film. 

- Additives: a general name of various components that can provide: pigment stabilisation, 
control of rheology, substrate wetting, film formation and protection of the dry film (like 
fungicides or UV-absorbers). 

- Carrier solvents: water or organic solvents with the purpose to transfer the other 
ingredients to the substrate and to allow the formation of a film. 

Within the scope of this thesis, the composition and production of these materials will not be 
further discussed except for the binder, which plays a very important role in categorising low-
VOC paints. 

Binders are mostly classified with respect to the chemical composition of the polymer. 
The main binders in exterior wood coatings are nowadays based on acrylics or fatty acid 
containing alkyd-polyesters. The acrylic binders are generally produced by emulsion co-
polymerisation of various monomers to form colloidal stabilised solid particles in water 
(latex). Core-shell polymerisation techniques are introduced in wood coatings to combine 
different properties more easily [114, 115]. The film formation of acrylic dispersions consists 
of evaporation of water, followed by coalescence and finally by interdiffusion of the polymers 
particles (autohesion) [116]. Apart from acrylic dispersions, emulsions or water-soluble 
acrylics can also be prepared [117]. Alkyd resins are traditionally used as solutes in organic 
solvent but waterborne alkyds also exist. They can be used either as water-soluble polymers 
or as emulsions. Waterborne alkyds are used in combination with acrylic dispersions 
(hybrids) [118] or as the sole type of binder [119]. Film formation of waterborne alkyd resins 
starts with the evaporation of water followed by phase-inversion into an oil-in-water emulsion 
and finally by the oxidative cross-linking to form a polymeric network [120]. 
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Table 1.1 Data on VOC's produced by Dutch coating industry used within the Netherlands. 

Sector 

Joinery 

Decorative 

Professional 

* 
Do-it-yourself 

Type 

Low VOC 

High VOC 

Diluents 

Total 

Low VOC 

High VOC 

Diluents 

Total 

Low VOC 

High VOC 

Diluents 

Total 

Sales 
(tons) 

1,199 

4,663 

136 

5,997 

5,095 

14,183 

313 

19,591 

6,727 

13,910 

41 

20,678 

VOC 
(tons) 

71 

1,640 

136 

1,846 

493 

4,822 

297 

5,612 

710 

4,739 

40 

5,489 

Market 
Share 

20% 

78% 

2 % 

100% 

26% 

72% 

2 % 

100% 

33% 

67% 

0 % 

100 % 

Average*** 
VOC-content 

6% 

35% 

100 % 

31 % 

10% 

34% 

95% 

29% 

1 1 % 

34% 

98% 

27% 

*: All types of coatings except wall paints. 
**: Low VOC-paint is defined as containing less then 250 g VOC / kg paint, excluding water. 
***: In the paint. 
Source: W V F statistics 1997. 
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Fig. 1.2 Quantity of VOC in paints in the Netherlands for the segments building industry 
and do-it-yourself, including wall paints. Source: W V F statistics 1997. 
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High solid coatings for wood are also based on fatty acid containing alkyd-polyesters. 
An acceptable application viscosity, at a reduced concentration of organic solvent, can be 
achieved by using polymers with a narrow molecular weight distribution, increased oil-length, 
or with highly branched polymer structures. Additionally, reactive diluents reduce the 
viscosity during the wet stage but do not contribute to solvent emissions because they are 
incorporated in the polymer network during the crosslinking [121,122, 123, 124]. 

1.4 Outline of this thesis 

To reduce the VOC-content, coatings are subject to major changes with respect to their 
chemical composition, formulation, physical and protective properties. In addition to that, the 
use of wood species in joinery has shifted towards the use of species with a lower natural 
durability and higher dimensional changes. Reduction of maintenance costs is required to 
maintain the competitive position of wood towards competing materials like plastic and 
aluminium. These three developments require a more fundamental knowledge about the 
interactions between wood and coatings for exterior applications. The aim of this thesis is to 
contribute to this by studying the interfacial aspects of substrate wetting and penetration, its 
influence on adhesion and the moisture related aspects of coatings on wood. How these 
aspects were studied in the different parts of this thesis is outlined below. 

Chapter 2 describes the influence of wood anatomy and surface structure on the 
possible penetration pathways of different coatings. In chapter 3, the maximum depth of 
coating penetration into pine and spruce is quantitatively related to both wood and coating 
properties. The dynamics of the capillary penetration of polymeric binders as a function of 
viscosity and surface tension taking into account the changes in solid matter content due to 
solvent evaporation and selective uptake in the wood is studied in chapter 4. This is followed 
by an evaluation of the different techniques to determine the surface free energy of wood 
surfaces in chapter 5. The surface energy of wood was studied separately because of its 
potential influence on both wetting and adhesion of particularly waterbome coatings. The wet 
adhesion properties of primers on wood are analysed quantitatively in chapter 6 by a newly 
developed method that can correlate substrate penetration and adhesion strength. Existing 
adhesion theories are evaluated within the framework of the adhesion of coatings to wood. 
The impact of coating penetration on moisture uptake and dimensional changes is described in 
chapter 7. Chapters 8 and 9 deal with the transport of moisture into wood a through a coating, 
present as a film on the surface. In chapter 8 the moisture profiles are measured and analysed 
by diffusion models. In chapter 9 the kinetics of sorption and dimensional change are 
described in relation to coating type, film thickness, wood species, temperature and moisture 
gradient. Chapter 10 discusses the impact of the previous findings on the potential influence 
on the exterior durability and the consequences for the formulation of exterior wood coatings. 

With the exception of the work described in chapters 8 and 9, all studies were made 
with simplified and known coating formulations based on commercially available binders and 
other raw materials. The formulation of the coatings is given in Annex II. In the work of 
chapters 8 and 9 commercially available coatings have been used. 
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2. Comparative Study on Penetration Characteristics of 
Modern Wood Coatings 

Summary 

The penetration characteristics of five modern wood coatings (three waterborne, one 
high solid and one solvent borne) into pine sapwood, spruce and dark red meranti have been 
systematically compared. The degree of coating penetration is mainly determined by the 
ability of the coating to flow into wood capillaries. Binder type, pigmentation, solid matter 
content and drying speed appeared to influence this ability. In softwoods the following 
different coating penetration routes are observed: the flow into open ends of longitudinal 
early- and latewood tracheids, the flow into ray cells and the transport from rays through the 
cross-field into longitudinal tracheids adjacent to rays. The possibility for the coating to 
follow the latter route is strongly influenced by the existing type of cross-field pitting and to a 
lesser degree by the pigmentation of the paint. Clear differences between pine and spruce 
have been found with respect to the flow into ray parenchym and ray tracheids. The flow into 
open ends of longitudinal tracheids is strongly influenced by the grain angle of tracheids. 
Penetration into dark red meranti is mainly limited to vessels and rays. Tylose membranes can 
prevent the complete filling of vessels. The impact on penetration of the removal of 
extractives and of sanding of the surface has also been studied but appears to be of only minor 
importance. 

Mari de Meijer, Katharina Thurich, Holger Militz 
Published in Wood Science and Technology 32,1998, 347-365 
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2.1 Introduction 

In the joinery industry of Western Europe a combination of two new developments has 
become increasingly important. The first is the protection of the wood by different types of 
waterborne and high solid coatings instead of the traditionally used solvent borne alkyd paints 
and stains. This development is mainly encouraged by the need to avoid the emission of air 
polluting volatile organic compounds used as solvents. The second development taking place 
is the replacement of tropical hardwoods by softwoods, which are more sensitive to water, 
less durable and less dimensionally stable. For these reasons a more fundamental 
understanding of the interaction between wood and modern coatings is needed to improve 
their durability and performance. The penetration of a primer into the wood can be important 
for several reasons. Firstly the penetration of coatings can improve water repellency and 
dimensional stability and reduce wood cracking, as was shown in several studies on the 
impregnation of wood with waterborne resins comparable to those used in coatings [1-3]. 
Secondly it seems to be very likely that the adhesion of the coating to the wood will benefit 
from a certain degree of penetration as well. Modern theories on adhesion [4,5] have 
distinguished several mechanisms like mechanical entanglement or interlocking, adsorption 
interactions by polar and dispersive forces and intermolecular diffusion. Mechanical 
entanglement is directly related to penetration, but the other mechanisms will benefit from 
penetration as well due to the increase in contact area between coatings and the cell walls. 
Thirdly coatings containing fungicides might have improved penetration of the fungicide 
because it penetrates together with the binder vehicles [6]. 

In the past the microscopic penetration patterns of solvent borne alkyd and linseed oil 
paints into wood have been intensively studied by several authors [7-14]. More recently 
studies have been made on the penetration of waterborne alkyd emulsions [6,14,15]. Rodsrud 
and Sutcliff [6] have compared the penetration of coatings based on waterborne acrylic 
dispersions, waterborne alkyd emulsions and solvent borne alkyds. In these studies the most 
commonly used techniques to study the microscopic distribution of binders and pigmented 
paints within the wood cells are: scanning electron microscopy of normal [13] and replica 
samples [3,12], fluorescence microscopy [9-11], autoradiography with 14C labelled coatings 
[15] and scanning electron microscopy with X-ray analysis (SEM-EDAX) of brominated 
alkyds [15]. 

The observed gross penetration patterns in softwoods are: filling of the outer layers of 
tracheids and radial penetration into the rays. In hardwoods the penetration mainly consists of 
filling the capillaries of the vessels and ray cells. Penetration of the cell walls by the coating is 
subject to many discussions in literature but have not been proven unambiguously. 
Penetration of the coating into the cell wall might be limited to the solvent [11] or to small 
amounts of linseed oil [13,16]. 

The objective of the present study is to systematically compare the penetration of five 
different types of coatings (three waterborne, one high solid and one reference solvent borne 
alkyd) with and without the addition of pigments. The mechanisms of penetration are studied 
qualitatively by fluorescence and electron microscopy on spruce, pine sapwood and dark red 
dark red meranti. The influence of drying speed, surface preparation and extractive removal 
has been included in this study as well. 

2.2 Materials and methods 

2.2.1 Coating Materials 
Five types of binders were used in this study: two waterborne acrylic dispersions with 

different particle sizes (WAD 100 and WAD300), one alkydemulsion (WBA), one alkyd-
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based high solid (HSA) and one traditional solventbome alkyd resin (SBA). The different 
types of binders were used in opaque model paints and as unpigmented solutions of binders. 
The opaque model paints were pigmented white with titanium-dioxide at a pigment volume 
concentration of 17 % and formulated in the simplest possible manner. The binder solutions 
contained only the binder, water or organic solvent and about 1 weight % coalescent which 
improves film formation of the acrylic dispersions or about 2 to 4 weight % cobalt-siccative 
which catalyses the oxidative drying of the alkyd resin. The most relevant properties of the 
coatings are given in table 2.1. 

Additionally binder solutions without coalescent or drier were tested to study the 
influence of the drying-speed. Part of the binder solution was also tested at a solid matter 
content of 10-20 % below the standard amount of solids. All binders contained about one 
weight-percent anthracene dye to allow detection by fluorescence microscopy. The dye is 
chemically bonded to the binder molecules and is equally distributed over the molecular 
weight distribution of the binder polymer, which was proven by gel-permeation-
chromatographic measurements where binder and dye could be detected separately. 

Table 2.1 Properties of binders and coatings used in the experiments. 

Type of 
Binder 

WAD 100 
Acrylic 
Dispersion 
WAD 300 
Acrylic 
Dispersion 
WBA 
Alkyd 
emulsion 
HSA 
High solid 
Alkyd 
SBA 
Solvent 
Borne alkyd 

Solvent Molecular weight Particle Solid content weight % 
type Mn g/ mol Mw g/mol size Pigmented Not Diluted 

(number (weight nm coating pigmented and not 
average) average) pigmented 

water 

water 

water 

white spirit 
+ reactive 
diluent 

approximately 500,000 

approximately 500,000 

1,800 

3,000 

50,000 

100 

300 

500 

7,000 solution 

56 

61 

55 

90 

white spirit 4,000 109,000 solution 59 

31 

32 

37 

85 

45 

23 

19 

21 

61 

29 

2.2.2 Wood species and sample preparation 
Industrially pre-dried pine sapwood (Pinus sylvestris), spruce heartwood (Picea abies) 

and dark red meranti heartwood (Shorea spp.) were used. All the wood was straight grained, 
free from defects and was stored at 65 % RH and 22 °C before coating application. To study 
the penetration into radial and tangential direction for every combination of coating and wood 
species, three planed blocks of 70 x 70 mm (height x width) were used for spruce and pine, 
and three blocks of 45 x 45 mm for dark red meranti. Spruce and pine had one pure radial and 
one pure tangential surface, on the other two surfaces the growth-ring angle was between 20° 
and 40°. Growth-ring width was between 0.5 and 2.5 mm for pine and around 1 mm for 
spruce. The dark red meranti had growth-rings purely parallel to the surface on two sides, 
radial to the surface on the other two sides. 

The influence of extractives was studied by comparing the penetration in normal and 
extractive-free cubic wood blocks of 10 mm with the coating applied on the radial and 
tangential surface, taking care to avoid longitudinal penetration. Extractive-free wood was 
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prepared by 16 hours of soxhlet-extraction with successively cyclohexane-ethanol, ethanol 
and water (according to ASTM-standard Dl 105). 

Samples with a controlled angle between the length-axis of the tracheids and the 
surface were prepared as follows: pine panels were cut and hand-planed with the grain exactly 
parallel to the outer surface. Parts of the panels were further planed to an angle of 5 and 10°, 
see also fig. 2.1. The angle between surface and tracheids was checked on microscope slides 
taken from the samples. In this case only the pigmented solvent borne alkyd paint (SBA) was 
applied because it has the highest penetrating capacity.. 

ic«uw:i#ww^;w^^^:^^j^^:^:^^^:^H;M»£»:jH|:ia a a • 

/ angle ° 

Figure 2.1 Angle between length axis of the longitudinal tracheids and the surface. 

All coatings were applied in one or two layers by brush without prior sanding. The 
average spreading rate was approximately between 120 and 200 g.m"2. Additionally the 
influence of surface preparation was studied by comparing the penetration into spruce panels 
with the following pre-treatments: only planing, planing followed by sanding with coarse 
(120) sandpaper, planing followed by sanding with coarse and fine (180) sandpaper and 
coarse and fine sanding followed by intensive cleaning by air-blowing. These four treatments 
were studied in combination with the pigmented coatings WAD300, WBA and SBA. 

2.2.3 Microscopic analysis 
For every combination of coating and wood seven radial and seven axial samples were 

cut out of the blocks and prepared to study the penetration into the wood. All samples were 
flattened on a microtome and examined with incident light fluorescence microscopy. The 
fluorescent light-source was a 50 W Mercury or 100 W Halogen lamp with a 300-400 nm 
exciting filter. Additionally, transmitted light microscopy was used to study penetration into 
sliced samples of coated wood. Scanning electron microscopic studies were made with a 
Hitachi S-520 SEM on gold-coated samples. The SEM was equipped with a Kevex 7100 X-
ray analyser (EDAX) operated at 4.35-4.68 keV to detect titanium presence in the pigment. 

2.3 Results and discussion 

2.3.1 Penetration of pigmented paint into pine and spruce 
The planed softwood surfaces all basically showed the following structure as it was 

observed on axial cross-sectional surfaces. On the wood surface the thick-walled latewood 
cells are mainly intact although sometimes slightly compressed whereas the thin-walled 
earlywood cells are cut open during planing. The latter implies that there is an open 
connection between the lumina and the surface on which the coating is applied. When rays 
end on the surface there is also an open connection with the ray cells, both to ray-tracheids 
and ray-parenchyma. The extent of coating penetration is firstly controlled by the ability of 
the liquid coating to flow into the open ends of the cells and secondly by the possibility of 
coating transport from cell to cell through the interconnecting pits. In the following text the 
penetration patterns observed are described in more detail for the coatings studied on both 
pine sapwood and spruce heartwood. An overview of the penetration patterns is given in table 
2.2. 
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The pigmented WAD300 and WAD 100 hardly show any penetration into either pine 
or spruce. Only the outer earlywood cells that are cut open over the full length are filled. 
Occasionally paint is found one cell layer below the surface in the earlywood. Here the paint 
flows over a short distance into the open end of a longitudinal tracheid (see fig. 2.2). The 
degree of this type of axial penetration of WAD100 is slightly less than with the WAD300. If 
the paint flows axially into the lumen only a thin layer covering the cell wall is present. 
Penetration in ray cells is limited to 10 um with a preference to the ray parenchym cells. 
Although penetration in terms of transport from cell to cell is absent the increase in contact 
area between coating and cell wall in the early wood is considerable. Air bubbles entrapped in 
the coating were observed at the interface with the wood. The very limited penetration of the 
two acrylic coatings is in reasonable agreement with the findings of Rjadsrud and Sutcliffe [6] 
who reported no penetration for the acrylic coatings used in their study. 

The pigmented alkyd emulsion WBA fills a major part of the first cell layer under the 
surface by paint flow into the lumina of the earlywood; latewood cells are not filled with 
paint. The WBA penetrates into the rays with a limited penetration into the ray tracheids. 
Penetration into the parenchyma cells is limited to about 40 um for spruce but much deeper 
for pine where the coating penetrates to a depth of 150 um. In pine some longitudinal 
earlywood tracheids adjacent to the rays are filled with paints showing that the paint flows 
from rays to longitudinal tracheids. The HSA and SBA paints fill the outer first and second 
layer of earlywood cells in spruce and the first three layers in pine although often empty cells 
are found in between (see fig. 2.7). Penetration into the rays can be divided into penetration 
into ray tracheids, which is limited to the length of a single tracheid and into penetration into 
ray parenchyma cells. The latter depends very much on wood species. In spruce the coating 
never penetrates from one parenchyma cell into another. This however does happen 
frequently in pine where the coating can penetrate to a depth of 1000 um. 

The HSA and SBA paints were also found in pine latewood cells adjacent to rays (fig. 
2.8) up to a distance of one growth ring away from the surface. In a radial cross-section (fig. 
2.3) it can be seen that the paint flows from the ray parenchym through the fenestriform pits 
into the longitudinal tracheids. A similar type of penetration from rays into latewood tracheids 
was found [17] for wood-preservatives applied on pine by brush and by [15]) for alkyd paints. 
That this phenomenon is only found in pine and not in spruce might be explained by 
differences in cross field pitting and the degree of pit aspiration. The fenestriform pine pits 
are much larger (pit diameter of 10 to 25 um) than the piceoid and cupressoid pits in spruce 
(pit diameter of about 2 to 5 um). The latter can be more easily clogged with agglomerates of 
pigment particles, which have a single size of about 0.25 um in case of the titanium dioxide 
used. Studies on alkyd resins penetrating eastern white pine [3] also showed that fenestriform 
pits can be filled with resin. Why the paints only penetrate the longitudinal latewood tracheids 
is not fully clear. Although it is known that bordered pits in normal tracheids are less 
frequently aspirated in latewood compared to earlywood [18] it is not certain whether this is a 
good explanation here, because the half bordered pits between rays and longitudinal tracheids 
might not be aspirated in both early and latewood. At least pits between rays tracheids were 
found not to be aspirated [18]. Another explanation for the differences in longitudinal 
penetration of early- and latewood adjacent to rays might be, that there are differences in 
capillary forces due to different sizes of the lumina in the longitudinal tracheids. 
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Figure 2.2 
Flow of pigmented WAD300 coating (dark blue) 
from the surface layer in open end of longitudinal 
tracheid in spruce. Microphotograph of radial cross 
section with incident fluorescent light (200 x). 

Figure 2.3 
Transmitted normal light microphotograph 
showing how the HSA coating (dark area) 
penetrates from the ray parenchyma cells into the 
longitudinal tracheids through the fenestriform pits 
(200 x). The actual ray filled with the coating is out 
of the plane of the slide. 

Figure 2.4 Axial cross-section showing penetration of SB A coating into dark red meranti 
(incident fluorescent light 100 x). Note the incomplete filling of the vessel in the 
middle because of tylose membrane and completely filled vessel at the left, ray cell 
are also penetrated. Bright white spots are natural resin channels. 
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Figure 2.5 Fluorescence microphotograph of axial cross-section (40 x) showing the penetration 
of HSA binder (white colour) in pine. Note the filling of latewood bands four 
growth-rings away from the surface and the penetration into rays. 

Figure 2.6 Fluorescence microphotograph of axial cross-section (100 x) showing the 
penetration of SBA coating (white colour) in pine with a controlled 10 ° angle 
between surface and length axis of longitudinal tracheids. 
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Figure 2.7 
SEM-microphotograph (350 x) of pigmented HSA 
coating filling the outer earlywood tracheids. Note the 
fact that first, second and fourth tracheids are filled but 
that third one is empty (see arrow). 

Figure 2.8 
SEM-microphotograph (710 x) of pigmented 
HSA coating in a ray and in longitudinal 
tracheids adjacent to the ray which are filled 
through the half bordered pits (indicated by 
arrows). 

Figure 2.9 
SEM-microphotograph (200 x) showing how the 
SBA coating is resting on the membrane of a 
tylose (arrow) in a half open cut vessel in meranti. 

Figure 2.10 
SEM-microphotograph (100 x) with ED AX line-
scan on titanium of HSA coating showing that the 
pigment penetrates into a ray cell. X-ray peak is 
strongly increased at the ray; smaller peaks at left 
and right are artefacts due to crossing of a cell 
wall. 
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A remarkable observation in case of the HSA and SBA paint is the difference in 
colour of the paint penetrated into the wood. On the surface the colour is dark blue (typical 
for pigment and binder), whereas in the wood different shades of blue and white (typical for 
pure pigment) were observed. SEM-EDAX analysis of paint penetrated into the rays (see 
fig, 2.10) proved that the pigment was present at depths of 180 um but with fluorescence 
microscopy pigment was even observed at a depth of 1000 um. A possible reason for the 
separation of pigment and binder could be the variation in molecular weight with a higher 
mobility of the lower weight fractions, or the fact that binder not adsorbed to the pigment 
surface can penetrate more deeply into the wood than the binder that is used to wet the 
pigment particles. 

As the flow from open ends into the longitudinal tracheids seems to be a very 
important factor in filling the outer cells, the following experiment was performed to prove 
the importance of this mechanism in more detail. For the combination of pine sapwood and 
SBA coating the number of cell layers filled with coating was measured as a function of the 
angle between the surface and the length-axis of the longitudinal tracheids. As shown by the 
results presented in table 2.3 no tracheids are filled at an angle of zero degrees. At a 5 ° angle 
already 5 cells or more are filled, whereas at a 10 ° angle a very large number of cells are 
filled in both early- and latewood (see fig.2.6). From these data it can be estimated that in 
normally prepared samples the angle was between zero and five degrees. The variation in 
angle between surface and length-axis of a tracheid can also explain why the penetration for 
one type of coating often varies from sample to sample. 

Table 2.3 Number of tracheid-rows filled with coating, as a function angle between 
surface and length-axis of the longitudinal tracheids in pine sapwood measured 
perpendicular to the surface from axial cross-section. Coating type: pigmented 
solvent borne alkyd (SBA). 

Angle between surface Number of cell rows filled with coating 
and length axis of tracheid 

0° 
5° 

10° 

earlywood 
0-1 
6-9 

12-20 

latewood 
0-1 
5-6 

12-15 

2.3.2 Penetration of unpigmented binders into pine and spruce 
In general the unpigmented binder solutions show the same basic penetration pattern 

as the pigmented coatings however, in general penetration is deeper. On the surface often no 
clear film is present, in particular if the coating has penetrated deeply. Table 2.2 gives an 
overview of the penetration pattern observed for each coating on both pine and spruce. In the 
following text the penetration is discussed in more detail including the influence of dilution 
and the presence of dryer or coalescent. The acrylic dispersion WAD300 forms a thin film on 
the latewood of pine and spruce and partially fills lumina in the earlywood up to 2 or 3 cell 
rows away from the surface. No differences were found between binder with and without 
coalescent. The diluted binder is very difficult to detect but is occasionally found in the 
lumina of earlywood tracheids. The acrylic dispersion WAD 100 is found on the surface, in 
the first row of earlywood tracheids of pine and spruce and very seldom in latewood tracheids 
of pine, but not in spruce. The binder without the coalescent has a more irregular film 
formation on the surface, which is consistent with the fact that the coalescent improves the 
film formation. For both the WAD 100 and WAD300 no binder was found in the rays, neither 
in ray parenchyma nor in ray tracheids. The diluted WAD 100 clearly shows a deeper 
penetration compared to the diluted WAD300. The diluted binder WAD 100 fills up to 5 cell 
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surfaces only planed and planed plus sanded coated with the SBA paint. Most likely the ends 
of ray cells are deformed and clogged with dust, which prevents paint from flowing into the 
rays. The reduced coating penetration after sanding supports the finding that sanded surfaces 
require less paint to obtain full coverage of the surface compared to planed ones [24]. 

Figure 2.11 SEM-microphotograph (350 x) showing the WAD300 coating on 
spruce planed and sanded with fine (180) sandpaper. Note that the outer 
cell walls are deformed by the sanding process. 

2.4 Conclusions 

Penetration of a coating into wood is first of all determined by the ability of the paint 
to flow into the open ends of the cell capillaries. The coatings studied showed very strong 
differences in penetration capacity. The type of binder has the biggest influence with the 
following increasing order in penetration: acrylic dispersions, alkyd emulsions, solventborne 
alkyds and high solid alkyds. Additionally the penetration is influenced by: drying speed of 
the coating, the ratio of solid to liquid material and the presence of pigments. The latter was 
also found by Nussbaum [16]. Very likely, paint properties like viscosity, surface tension and 
the rate of transfer of solvent from liquid coating to cell wall determine the penetrating 
capacity of a coating. This will be studied in future research where the maximum depth of 
penetration in the cells will be measured as a function of the paint properties mentioned. 

If the paint is able to flow into the wood cells, three different ways of penetration in 
softwood can be distinguished as is schematically shown in fig. 2.12. Firstly the outer 
longitudinal tracheids are filled directly by coating flowing from the open ends on the surface. 
This predominantly occurs in the earlywood. The angle between length axis of the tracheid 
and the surface has a strong influence on the importance of this mechanism. A second way of 
penetration is through the rays, starting also at the open cut ends of the ray cells. In which 
way transport in the rays proceeds is strongly dependent on the wood species. In pine the 
major part of the coating flows through the parenchyma cells, transport from cell to cell must 
therefore be possible. In spruce the coating almost solely penetrates the ray tracheids. Studies 
on other wood species showed similar differences. Wardrop and Davies [25] reported 
preferential penetration in ray parenchym in the case of Pinus radiata, whereas Erickson and 
Balatinecz [22] found the ray tracheids to be most important for penetration in the case of 
Douglas fir. A third way of penetration is from ray cells to adjacent longitudinal tracheids in 
the latewood. By means of this mechanism unpigmented binder can reach longitudinal 
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tracheids up to a distance of 2 mm away from the surface. The extent of transport from rays to 
tracheids is strongly dependent on permeability of the cross-field pits and within the scope of 
this study it was found to be almost totally limited to pine sapwood. The importance of the 
three penetration mechanisms mentioned above implicates that penetration of the coating can 
strongly be influenced by the way in which boards are sawn out of a log. This because of the 
impact on differences in flat and standing growth rings, orientation of grain to the surface, 
width of early and latewood bands and the number of rays ending in radial and tangential 
surfaces. The origin of the wood might influence penetration because of differences in early-
and latewood portions, conditions of the pits, number of rays and length of longitudinal 
tracheids. Drying conditions of the wood might also have some influence on coating 
penetration because of its impact on pit aspiration. 

coating longitudinal tracheids 

fenestriform 
/ cross-field pits 

ray tracheid 

ray parenchym , 

flow into open end of 
longitudinal tracheid 

flow into ray tracheid 

flow into ray parenchym 

flow from ray parenchym into 
longitudinal latewood tracheid 

flow from ray tracheid into 
longitudinal tracheid 

growth-ring 

early late 
wood wood 

Figure 2.12 Schematic presentation of the different ways of possible coating penetration in 
softwoods seen from the radial cross-section. 

Penetration in dark red meranti is mainly restricted to the filling of vessels and the first 
cells of rays and very occasionally axial parenchym and sklerenchym. The filling of a vessel 
by the coating is strongly reduced if tyloses are present. Extractives appeared to have none or 
only a very minor influence on the penetration in all tree wood species studied. Therefore 
negative influences of high extractive content on adhesion of a coating are probably not 
caused by reduced penetration, but are more likely the result of differences in chemical 
composition of the surface. Surface preparation can have some influence on coating 
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penetration because sanding reduces the number of open cell capillaries in which paint can 
flow. This means that sanding reduces the contact area between coating and wood and the 
possibilities for mechanical entanglement. This might reduce the adhesion of the coating if it 
is applied on a surface, which is sanded before the application of the first coating layer. 
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3. Quantitative measurements of capillary coating penetration 
in relation to wood and coating properties 

Summary 

In order to study quantitatively the relations between the properties of waterborne coatings 
and their penetration, two techniques have been developed and applied to five different 
pigmented paints and unpigmented binders. The first technique measures the depth of 
penetration into the axial direction, the second one measures the change of contact-angle and 
volume of a coating droplet as a function of time. The low-shear viscosity of the pigmented 
paint has a strong influence on the degree of penetration; surface tension seems to be less 
important as long as the coating wets the cell capillary fairly well. The diameter of the wood 
cell has also an influence on the degree of penetration although both negative and positive 
correlations were found depending on the coating type. From the impact of wood moisture 
content and the differences between binders with comparable viscosities it can be assumed 
that the rate of transfer of water from liquid coating to cell wall and the subsequent increase in 
viscosity has a strong impact on penetration. Experimental results have been compared with 
calculations based on theoretical models for capillary penetration. In some cases the 
predictions were fairly adequate, but strong deviations were observed as well. 

Mari de Meijer, Katharina Thurich, Holger Militz 
Accepted for Wood Science and Technology 
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3.1 Introduction 

The protection of softwoods by coatings with low organic solvent content like 
waterborne or high solid coatings has become increasingly important in the European joinery 
industry in recent years. Because the properties of waterborne and high solid coatings are 
different from the traditional solventborne coatings in many ways, a more fundamental 
understanding of the interactions between wood and waterborne coatings is desirable. One of 
the aspects in which waterborne coatings differ is the degree of penetration into the wood. In 
general the penetration of waterborne coatings is less compared to solventborne coatings, 
although large differences between waterborne coatings exist, depending on the type of 
formulation [1,2,3]. In contrast to this, high solid coatings show an increased penetration into 
the wood compared to normal solventborne alkyd paints. 

In a previous study [1] it was shown that, apart from the anatomical structure of the 
wood, coating penetration is mainly determined by the ability of the coating to flow into the 
lumina of either tracheids or ray-cells. Most likely the flow of a coating through the wood 
capillaries will be influenced by many variables like viscosity, surface tension, drying rate of 
the coating and the diameter of the wood capillaries [4]. 

To study these factors in a more systematic way, the development of a quantitative 
technique of measuring coating penetration is needed. In existing literature only two 
quantitative studies on coating penetration into wood were found. Schneider and Sharp[5] 
developed a model for the uptake of linseed oil based on gravimetric measurements and 
Rodsrud and Sutcliffe [3] measured the concentration of bromine labelled alkyd-resins as a 
function of penetration depth. 

In this study two quantitative techniques for the measurement of coating penetration 
into the longitudinal direction of the wood are presented. The first one is a static method, 
which measures the maximum depth of axial penetration of a coating on a microscopic level. 
The second method is based on the dynamic measurement of coating penetration by analysing 
the contact angle, shape and volume of a droplet on a smoothed axial surface. The measured 
differences in coating penetration are related to capillary diameter, wood species, binder type, 
pigmentation, viscosity, surface tension and wood moisture content. Finally the measured 
penetration depths are compared with existing physical models for capillary penetration. 

3.2 Physicals model for penetration of liquids into capillaries 

The flow of a liquid through a cylinder can generally be described with the Hagen-
Poiseuille law: 

X- lL i l l (3.1) 
t 8t)L 

With the volume (V), time (t), capillary radius (r), length of the capillary (L) and liquid 
viscosity (r|). Neglecting effects of gravity and counter pressure induced by compressed air 
inside the capillary, the driving pressure (P) for the liquid flow is equal to the capillary 
pressure (Pc) [6, 7]: 

P ^ ^ 0 0 8 6 (3.2) 
r 

With liquid surface tension (y L) and cosine of the contact angle (6 ) of wetting liquid. 
Because V/t = A u with A is area of the capillary (TIT2) and u is the velocity of the penetrating 
liquid (dL/dt) the equations 3.1 and 3.2 can be rewritten to [6]: 

LdL = 
yLcos0N 

dt (3.3) 
4 / 
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Integrating the equation 3.3 to L (penetration depth) and t (time) gives the following equation, 
which is generally known as the Washburn-equation [8]: 

This equation states that the depth of capillary penetration is proportional to the square root 
of: liquid surface tension, cosine of the contact angle between liquid and capillary wall, 
diameter of the capillary and the reciprocal liquid viscosity. Alternatively, and neglecting the 
effect of viscosity, the height of capillary rise can also be derived from equation 2.2 by 
assuming that the capillary pressure is balanced by the weight of the liquid [9]. This gives the 
following relationship: 

L = 2 c o s 0 y t ( 3 5 ) 

rpLg 
Equation 3.5 states that the depth of capillary penetration is proportional to the reciprocal 
radius of the capillary, the acceleration of gravity g (9.8 m s"2) and the density of the liquid pi. 
(kgm-3). 

3.3 Materials and methods 

3.3.1 Wood samples and coating materials 
In this study five different binders were used: two waterborne acrylic dispersions with a 

weight averaged molecular weight of approximately 500,000 g.mol"1 and particle sizes of ± 
100 nm (WAD 100) and ± 300 nm (WAD300), one waterborne alkyd-emulsion (WBA) with a 
Mw of 50,000 g.mol"1 and a particle size of ± 500 nm, one alkyd-based high solid (HSA) with 
a Mw of 7,000 g.mol"1 and one traditional solventborne alkyd resin (SBA) with a Mw of 
109,000 g.mol"1. The different types of binders were used in simply formulated model paints 
pigmented with titanium dioxide to a pigment volume concentration of 17 % and in 
unpigmented solutions of binders. The latter contained only the binder, water or organic 
solvent and approximately 1 weight % coalescent which improves film formation of the 
acrylic dispersions or 2 to 4 weight % of a cobalt-siccative solution which catalyses the 
oxidative drying of the alkyd resins. All binders were labelled with an anthracene group for 
detection with fluorescence light-microscopy. 

To include a highly permeable and impermeable softwood species, pine sapwood (Pinus 
sylvestris) with a density of 515 ± 9 kg.m"3 and spruce heartwood (Picea abies) with a density 
of 370 ± 13 kg.m"3 were used in this experiment. The wood was industrially pre-dried and 
stored at 65 % RH and 23 °C to obtain a wood moisture content of 14 % in case of pine and 
12 % in case of spruce. For the study on the influence of wood moisture content samples were 
also dried at 60 °C or stored at 98 % RH to obtain wood moisture contents of respectively 
around 2 % and 28 %. Samples of 40 x 20 x 25 - 70 mm (width x thickness x length) were 
taken out of one board and were free from defects, cracks or compression wood. The axial 
surface, to which the paints were applied, was carefully planed with a microtome to avoid 
damage to the cell structure. The coatings were applied in two ways, by brushing the surface 
in an upright position until no more coating was absorbed and by dipping the samples in the 
paint for about 5 to 10 seconds. The uptake of coating material is given in table 3.1. 

The viscosities and shear-stresses of the coatings were measured with a Bohlin 
controlled stress rheometer at a temperature of 23 °C with shear-rates in the range of 0.01 to 
1000 s"1. The viscosity of the unpigmented binder solutions was hardly influenced by the 
applied shear rate. The pigmented coatings, however, showed a strong non-Newtonian 
behaviour, which means that the viscosity can only be expressed as a function of the shear-
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rate and shear stress. The rheology of non-Newtonian fluids is often described with the 
following two relationships [10]: 

T = x o + k fn 

-M-S 
(3.6) 

(3.7) 

T 

TO 

i 
n(r') 
k,n 

shear-stress at given shear-rate 
shear-stress at zero shear-rate (yield-stress) 
applied shear-rate 
viscosity at given shear-rate 
fit parameters 

(Pa) 
(Pa) 
(s-1) 
(Pa s"1) 

Fig. 3.1 shows the viscosities of the pigmented paints as a function of the shear-rate according 
to equation 3.6. Yield-stress values, viscosities at 0.01 and 1000 s"1, surface tension, density 
and volume-percentage solids are given in table 3.2 for both pigmented paints and 
unpigmented binder. Surface tension of the liquid coating was measured with the ring method 
according to DIN-standard 53914. 

Table 3.1 Spreading rate in g wet paint m"2. 
pine sapwood spruce 

brushing dipping brushing dipping 

e3.2 

paint 

binder 

paint 

binder 

WAD 100 
WAD300 
WBA 
HSA 
SBA 

WAD 100 

WAD300 

WBA 

HSA 

SBA 

pigmentpaste 

350 
313 
575 
1263 
1088 

975 

837 

925 

1194 

762 

-

-
275 
575 
962 
750 

638 

713 

612 

762 

613 

-

350 
225 
500 
1438 
1000 

1063 

1000 

1063 

1088 

850 

438 

525 
313 
438 
775 
538 

675 

600 

462 

763 

637 

925 

Physical properties of paints and binder solutions. 

Surface 

tension mNm'1 

WAD10O 

WAD300 

WBA 

HSA 

SBA 

WAD100 

WAD300 

WBA 

HSA 

SBA 

42.85 
47.80 

38.15 

32.75 
28.40 

42.65 

43.10 

34.45 

31.10 

27.60 

Viscosity Pa.s 

9.01 s "' 1000 s ' 

214.30 

29.33 

21.88 

1.05 
3.46 

0.01 

0.01 

0.01 

0.20 

1.36 

0.54 

0.31 

0.07 

0.79 
1.19 

0.01 

0.01 

0.01 

0.20 

0.78 

Yield-stress 

Pa 

0.43 

3.13 
0.32 

0.02 
0.05 

0.00 

0.00 

0.00 

0.00 

0.00 

Density 

gml1 

1.25 

1.26 
1.24 

1.40 
1.11 

1.06 

1.06 

1.03 

0.98 

0.91 

Weight % 

solids 

61 

56 

55 

90 
59 

31 

32 

37 

85 

45 
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Figure 3.1. Viscosity of the pigmented paints as a function of applied shear-stress. 

3.3.2 Measurement of maximum depth of axial penetration 
The samples with the coating applied to the axial surface were cut along the grain into 

three to four different sub-samples. Each sub-sample was smoothed on the radial surface with 
a microtome and examined with an incident fluorescent light microscope. For each sample the 
depth of penetration into the axial direction and the diameter of the cell-lumen was measured 
for 80 to 150 individual tracheids with the micrometer in the eyepiece of the microscope. 
Fig. 3.2 shows a graphical presentation of the measuring principal. In those cases where the 
depth of axial penetration exceeded the length of a single tracheid, the measurement was 
taken along two cells that were lying in one line. The measurements have been divided over 
the sub-samples in groups of 10 to 15 adjacent tracheids altematingly located in early- and 
latewood bands. 

depth of 
axia! 

penetration 

- H d r— d: tracheid diameter 

Figure 3.2 Measurement of depth of axial penetration. 
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3.3.3 Dynamic measurement of contact angle and droplet volume 
Droplets with a volume of 20 ± 5 ul were placed with a pipette on a microtome 

flattened axial wood surface. The changes in diameter and height of the droplet and the 
contact angle on both sides were recorded with a video microscope over a period of 50 to 280 
seconds. Five measurements were made for every combination of coating and wood species. 
De-ionised water and white spirit were also included in this experiment as reference liquids. 
The volume of the droplet was calculated according to two different models. The first model 
(equation 3.8) which was given by Liptakova and Kudela [11] uses the height (h) and 
diameter (d) to calculate the volume Vd. The second model (equation 3.9), given by Denesuk 
et al. [8], uses the diameter and the contact-angle (9) for computation of the droplet-volume. 

d ' '• ' (3.8) Model 1: Vd = | h 3—+ h2 

4 

», , , „ , , . 3(l-coseXcos0 + 2) 
Model 2: Vd=f(0.5d) i -^ r-1 (3.9) 

sin 0(cos 9 + 1) 

3.4 Results and discussions 

3.4.1 Axial penetration of pigmented paints 
The measured axial depths of coating penetration have been summarised in box-plots in 

fig. 3.3 according to the different experimental variables used in this study. Because the 
variation in the results within one set of variables is fairly large and the penetration-depths are 
not normally distributed, median and percentile (25% and 75%) values are calculated instead 
of means and standard deviations. This is done to prevent the results from being incorrectly 
interpreted because of some extreme values, which disproportionally influence the mean 
values. 

The pigmented, more viscous paints do show a much lower degree of penetration 
compared to the non-pigmented and less viscous binder solutions. Differences between the 
pigmented paint types are also more pronounced than for the unpigmented ones. For this 
reason the logarithmic depth of penetration is given in fig. 3.3 for the pigmented paint. The 
acrylic dispersion paints penetrate sometimes 30 to 100 um into the cell lumina but very often 
there is no flow into the lumen at all. Although the WAD 100 penetrated slightly better than 
the WAD300 this does not seem to be a relevant difference. The penetration depth of the 
pigment paste used to prepare the acrylic paints, was in the same range as the paints 
themselves. This indicates that the pigment particles are not limiting the penetration. The 
alkyd-emulsion paint (WBA) penetrated clearly better with a median depth of penetration 
ranging from 100 to 300 urn. The solvent borne SBA and HSA paints have the deepest 
penetration, roughly between 1500 and 3000 urn. 

The viscosity at very low shear-rate appeared to have a very strong influence on the 
measured depth of penetration of the pigmented paints. In fig. 3.4 the logarithmic median 
depth of coating penetration is plotted against the logarithm of the viscosity at 0.01 s*1. Even 
in this double-logarithmic plot an almost exponential relationship exists between the variables 
plotted. Looking at the flow-curves given in fig. 3.1 it becomes clear that it is the change in 
viscosity as a function of shear-rate that controls the penetration of the paints. At a shear-rate 
of 100 to 1000 s"1, which is considered to control brush and spray properties [6], the best 
penetrating HSA and SBA paints have the highest viscosities. At a shear rate of 0.01 s"1 the 
viscosity ranking of the paints is completely different and corresponding to the differences 
found in penetration. The thickeners, which have to be used to give the waterborne 
dispersions and emulsion a sufficiently high enough application viscosity, have a strongly 
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limiting effect on the penetration. In this respect it should also be mentioned that the HSA and 
SBA paints did not contain an additional thickener. 

PIGMENTED PAINT ON PINE SAPWOOD PIGMENTED PAINT ON SPRUCE 

4 

r .3**1 
2 

tf 

4 

\ I brush 

sba wadlOO wad300 wba hsa ppaste sba wadlOO 

UNPIGMENTED BINDER ON PINE 
SAPWOOD 

UNPIGMENTED BINDER ON SPRUCE 

10000 
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Iwm. I I brush 

| d l p 

wadlOO wad300 wba hsa sba wadlOO wad300 wba 

Figure 3.3 Box-plots showing the penetration as a function of binder type, pigmentation, 
wood species and application type. Boxes indicate 25 % and 75 % percentiles 
with the median-line in between. The line indicates upper and lower extreme 
values. 

The influence of either brush or dip application on penetration is fairly consistent with 
differences in rheological behaviour of the pigmented paints. The WAD300, WAD 100 and 
WBA paints and the pigment paste showed an increased penetration when they are brush-
applied if compared to the dipped samples. This corresponds with the lower viscosity at a 
shear-rate of 100 s"1 ,which is typical for brushing, compared to the higher viscosity at a shear 
rate of 10 s"' which is typical for dipping [6]. The penetration of the SBA paint also showed a 
small difference between brushed and dipped coatings which might be caused by the slight 
non-Newtonian behaviour in the shear-rate range of 10 to 100 s"1. The penetration of the 
perfectly Newtonian HSA paint was hardly influenced by the type of application. The 
presence of a yield-stress in the relationship between shear-rate and shear stress does not 
influence the penetration. The WAD 100, which is the only paint having a considerable yield -
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stress, did not penetrate less deeply compared to the WAD300 paint which had hardly any 
yield-stress. All other paints or unpigmented binders had very low yield-stress values which 
can not be expected to influence penetration. 
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Figure 3.4 Dependence of penetration of the pigmented coating on viscosity at a 
shear-rate of 0,01s"1. 

3.4.2 Axial penetration of unpigmented binder 
The depth of axial penetration of the unpigmented binders is much higher than for the 

pigmented ones. The acrylic dispersion WAD 100 and WAD 300 and the alkyd emulsion 
WBA mostly penetrate within the range of 800 to 2500 urn. Remarkably, the differences 
between the alkyd emulsion and the acrylic paint are not found with the unpigmented binders. 
The equal penetration of the three waterborne binders also shows that within the studied range 
of particle sizes (100 to 400 nm) there is no direct relationship with penetration depth. The 
penetration of the HSA and SBA binder is also strongly increased in the absence of pigments. 

The increase in penetration of the latter two binder types is particularly strong in pine 
sapwood in which the binders can penetrate to a depth of 7000 um (SBA) or 10.000 um 
(HSA). Also for the alkyd emulsion binder (WBA) the penetration is slightly increased in 
case of pine sapwood. In all the other cases no relevant differences between pine sapwood 
and spruce heartwood were observed. Apparently, only if the median value of penetration 
exceeds the 3000 um higher penetration depths are found in pine sapwood. Because this value 
corresponds with the average length of a pine or spruce tracheid it shows that longitudinal 
coating transport can be limited by transport from tracheid to tracheid through bordered pits, 
which are less permeable in spruce than in pine sapwood [12]. 

The penetration of the unpigmented binders does not seem to be influenced by the 
viscosity of the binder solution. The waterborne coatings, which have a much lower viscosity 
than the HSA and SBA binder, penetrate less deeply. The SBA alkyd resin had a seven times 
higher low-shear viscosity than the HSA binder, but both binder types did not differ much in 
depth of penetration except for the extreme values in pine sapwood. Surprisingly, there is a 
slight tendency to deeper binder penetration for the brush applied HSA and SBA samples, 
although the viscosity is hardly changing with the shear-rate. Gravity effects may have caused 
these differences because the paint was flowing upward during dipping and downward during 
brushing. 

The surface tension of the binder solutions might have some influence on the axial 
penetration. The surface tension of the less penetrating water borne binders is clearly higher 
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than the surface tension of the HSA and SBA binder. On the other hand, the difference in 
surface tension of 9 mN.m"1 between the WAD300 and the WBA binder did not cause a very 
large difference in penetration. Therefore additional research in which the surface tension is 
varied within one binder type is required to further clarify the influence of the surface tension. 
The contact angle of the dry paint on the cell wall inside the lumina was also measured. This 
showed that the wetting of the cell wall can not be a limiting factor in penetration because the 
contact-angle was between the 3 and 10 degrees for all different binder types. 

3.4.3 Influence of capillary diameter 
The measured depths of axial penetration vary largely within a sample of given 

treatment conditions. A large part of this variation is however not a random thing, but can be 
explained by the influence of the cell lumen diameter. In order to understand the influence of 
the lumen diameter in more detail, this value was measured together with the maximum depth 
of axial penetration. In fig. 3.5 two typical examples of the relation between depth of 
penetration and lumen diameter are shown. Because the relationship between the lumen 
diameter and the depth of penetration is often not linear and the data are not normally 
distributed normal linear regression was not used. Instead Spearman rank correlation 
coefficients were used to evaluate the correlation between lumen diameter and the depth of 
penetration. This statistical technique has the advantage that it does not require normal data 
distribution or a linear association between the data to be correlated [13]. 

Table 3.3 Spearman rank correlation coefficients between depth of penetration and 
cell-diameter. 

bindertype 

wood species and application type 

pine sapwood spruce heartwood 

brushed dipped brushed dipped 

pigmented 

pigment paste 

not-pigmented 

WAD300 
WAD100 
WBA 
HSA 
SBA 

none 

WAD300 
WAD100 
WBA 
HSA 
SBA 

cc 

0.359** 
0.461** 
0.602** 
0.418** 

-0.628** 

-

0.749** 
0.719** 
0.612** 

-0.665** 
-0.454** 

n 

117 
126 
119 
87 
94 

-

90 
126 
113 
91 
84 

cc 

0.562** 
0.658** 
0.587** 

-0.503** 
n.s. 

-

0.461** 
0.482** 
0.517** 

-0.607** 
-0.480** 

n 

104 
102 
126 
116 
95 

-

95 
97 
85 
83 
83 

cc 

0.438** 
0.595** 
0.858** 
0.463** 
0.507** 

0.790** 

0.658** 
0.705** 
0.542** 

-0.245* 
-0.347** 

n 

147 
117 
148 
98 

102 

134 

92 
87 

113 
77 
55 

cc 

0.549** 
0.687** 
0.782** 
0.314** 
0.486** 

0.319** 

0.326** 
0.758** 
0.226** 
0.245* 
0.504** 

n 

81 
119 
109 
112 
103 

126 

71 
78 
87 
92 
90 

correlation coefficient 
number of measurements 
not measured 

not significant 
significant at 95% confidence level 
significant at 99 % confidence level 
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Figure 3.5 Two typical examples of correlation between tracheid diameter and 
depth of penetration. 

Table 3.3 shows the Spearman rank correlation coefficients and the number of 
measurements. For all the waterborne pigmented paints and unpigmented binder solutions 
there is a highly significant positive correlation between the size of the lumina and the degree 
of axial penetration. For the HSA and SBA paints and binder the correlations are more 
complex. For the pigmented HSA paint there is a positive correlation between lumen diameter 
and penetration except for the sapwood samples which were dipped. For the pigmented SBA 
on pine sapwood there is a negative correlation if the paint is brushed or no correlation if the 
paint is dipped, but on spruce there is a positive correlation for both application types. The 
unpigmented HSA and SBA binders are penetrating more deeply if the lumen is smaller 
except if the coating is dipped on spruce wood. 
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3.4.4 Influence of wood moisture content 
The influence of the wood moisture content on penetration was studied for the 

pigmented paint WAD300, WBA and SBA at the following three moisture contents: 2 %, 13 
% and 28 %. The change in median depth of penetration with increasing wood moisture 
content is shown in fig. 3.6. Although for all three types of paint the penetration is deeper in 
case of higher wood moisture content, the effect is the strongest for the WAD300 paint. The 
effect of wood moisture shows that during the capillary penetration, transport of water or 
organic solvent from liquid paint to cell wall is influencing the penetration. With increasing 
wood moisture content the wood cell wall is less capable of absorbing water or organic 
solvent from the liquid paint. This will reduce the rate at which the solid matter content of the 
paint increases during the flow through the lumina. Because paint viscosity increases with 
solid matter content [6], the decrease of the capillary flow rate, which is directly dependent on 
viscosity, will be slower at higher wood moisture content. 

SBA 

^ i WBA ^^-^^ 

Je^~ WAD300 

• -1 1 1 1 1 
10 15 20 

wood moisture content % 

Figure 3.6. Influence of wood moisture content on the median logarithmic depth of 
penetration of the pigmented WAD 300, WBA and SBA coating. Error bars 
indicate 25 % and 75 % percentiles. 

3.4.5 Dynamic measurement of contact angle and droplet volume 
The change of the contact angle, droplet diameter and droplet height was measured over 

a period of 200 to 300 seconds after the application of the coating or binder solution to the 
axial wood surface. The change in the contact angle for the pigmented paints on spruce is 
given in fig. 3.7. Both acrylic paints WAD100 and WAD300 have an initial contact angle of 
about 100 °, which is an indication of incomplete wetting. The contact angle hardly decreases 
during the measurements and after a day, when the coating has completely dried, the coating 
is still present as a droplet that has poorly wetted the substrate. The alkyd emulsion paint 
(WBA) has an initial contact angle of about 65 ° which decreases rapidly in the first 50 
seconds but at a later stage the decrease is very slowly. The HSA and SBA coating also show 
a very fast initial decrease in contact angle in the first 50 seconds but this stage is followed by 
an ongoing decrease in contact angle. The HSA droplet even penetrates the wood completely 
within 175 seconds after application. The wood species did not influence the rate of change of 
contact angles or volume of the paint droplets. 
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Figure 3.7 Change of the contact angle as a function of time for pigmented paint on spruce. 
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Figure 3.8 Change of the contact angle as a function of time for unpigmented binder on 
pine sapwood. 

The change of the contact angle of the unpigmented binder solutions with time is shown 
in fig. 3.8 for the pine samples. On spruce very similar results were obtained. The initial 
contact angles are much lower than for the pigmented paints for all types of coatings. The 
waterborne binders have a decreasing contact angle during the first 100 seconds but later on 
an equilibrium contact angle is reached. Unlike the pigmented paints there is now a clear 
difference between the two types of acrylic binders WAD 100 and WAD300. The 
unpigmented solventborne alkyd (SBA) shows a more rapid change in contact angle, very 
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much comparable to the results of the pigmented coating. The HSA binder has a very rapid 
change in contact angle and the droplet fully penetrates the substrate within 40 seconds. 
Water and white spirit were also measured as reference liquids. Water shows a very rapid 
change in contact angle and the droplet disappears within 50 seconds. The white spirit 
penetrates the wood immediately, therefore no contact angles could be measured. 

From existing literature [14, 11, 15] it is known that the contact angle of a liquid on a 
porous substrate is not only determined by interfacial forces but also by capillary penetration. 
In this study the degree of capillary penetration of the coatings is evaluated in two ways: 
firstly by the measurement of droplet height and diameter as a function of time and secondly 
by calculation of the droplet volume according to the two models described in equations 3.8 
and 3.9. 
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Figure 3.9 Three cases of the change of droplet shape, contact angle and volume as a 
function of time. 

By simultaneous analysis of droplet height, droplet diameter and contact angle, the 
following three different cases of combined wetting and capillary penetration have been 
found (also illustrated in fig. 3.9): 
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Case I: Diameter and height of the droplet remains constant over the entire measuring 
period, in other words, the droplet does not spread over the wood. The contact angle is 
constant during the first 80 seconds but between 80 and 100 seconds there is a small decrease 
in contact angle. The change in contact angle must be the effect of a decrease in droplet 
volume, which is caused by the transition from a spherical to a conical shape. During this 
transition the height of the droplet does not change. This type of droplet volume change is 
observed for the acrylic paints, which have both the highest viscosity and the highest surface 
tension. Whether the change in volume is an effect of substrate penetration is not sure; it 
could also be caused by evaporation of water into the surrounding air. Because model 1 [11] 
calculates the volume from the height and the diameter, which are not changing, it fails to 
predict the decrease of the droplet volume. Model 2 [8] uses the changing contact angle to 
calculate the volume. This gives an accurate description of the volumetric change. 
Case II: Droplet diameter remains constant during the wetting, which means that spreading 
of the liquid does not occur, but height and contact angle are decreasing. This type of wetting 
is mainly found for the alkyd emulsion paints (WBA) which combines a relatively high 
surface tension with a relatively low viscosity when compared to the acrylic paints. Both 
models predict almost identical volumetric changes. 

Case III: In this case the contact angle and height of the droplet decrease during the first 50 
seconds. The droplet diameter is not stable. Initially often an increase in diameter is observed, 
which indicates spreading of the liquid. Later on the diameter remains constant or a slight 
decrease is found, the latter is due to the ongoing penetration of the liquid into the wood. 
This case is identical with the description of the wetting of beech by water described by 
Liptakova and Kudela [11]. Both model 1 and 2 give an adequate description of the 
volumetric changes of the droplet as a function of time. The case III wetting process is found 
for the HSA and SBA paints and all the binder solutions. This indicates that this type of 
wetting is typical for liquid with a low viscosity, the surface tension seems to be of less 
importance here. 

Because model 2 is the one, which is most generally applicable, it was used to calculate 
the volumetric changes of the droplets as a function of time. The rate of volumetric capillary 
uptake of the coating is calculated according the following formula: 

^ = v . - v . = b y t a n d V0 = V, +VP (3.10) 

V, 
V0 

t 
b 

volume of coating penetrated into the wood (ul) 
droplet volume at given time t (ul) 
droplet volume at given t = 0 (ul) 
time (s) 

1/2-. 
rate constant (s ) 

For most of the samples there is fairly good linear relationship between the square root of 
time and the fractional penetrated coating volume (Vp / V0) with r2 values of 0.75 or higher. 
Because the rate constants are not normally distributed, medians instead of means are 
calculated. They are given in table 3.4. 

The rate of capillary uptake varies with the binder type and the pigmentation. The rate 
of uptake is higher for the unpigmented binder, which can be easily explained by the lower 
viscosity of these liquids. The waterborne products show a lower rate of uptake, also for the 
unpigmented binders. This is remarkable because the viscosity of the unpigmented 
waterborne binders is not higher than of the solventborne ones. This result supports the idea 
that viscosity during penetration is rapidly increasing because of the absorption of water into 
the cell walls, which causes an increase in solid matter content. The HSA binder and 
pigmented coating has the highest rate of uptake, for the unpigmented binder even higher than 
the rate of uptake of water. Because the HSA binder has the lowest molecular weight it can be 
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expected that viscosity increase will be slower than for the other products. No significant 
differences between pine sapwood and spruce have been found. This indicates that during the 
initial capillary uptake the penetration is not limited by the permeability of the wood. 

l/2i Table 3.4 Median rate of capillary uptake (s" ) 

pine sapwood spruce 

WAD 100 

WAD300 

WBA 

HSA 

SBA 

water 

paint 

-0.019 

-0.024 

-0.016 

-0.079 

-0.054 

-0.162 

binder 

-0.036 

-0.022 

-0.036 

-0.230 

-0.092 

paint 

-0.026 

-0.016 

-0.016 

-0.078 

-0.052 

-0.136 

binder 

-0.022 

-0.051 

-0.042 

-0.139 

-0.109 

3.4.6 Comparison of the measured data with the theoretical models 
Knowing all the variables used in equation 3.4 and 3.5, it is possible to calculate depths 

of penetration and compare them with the measured ones. Table 3.5 shows both measured and 
calculated depths of penetration. In this case the time for capillary penetration is assumed to 
be equal to the dipping or brushing time (approximately 7.5 seconds) and the median tracheid 
diameter is 23 (am. The contact angle in equation 4 is actually the contact angle of the liquid 
wetting the inside of the capillary. Because this value can not be measured directly during 
penetration, the equilibrium contact angle of the liquid droplet on top of the axial surface is 
used instead. For the waterborne coatings the contact angle reaches an equilibrium value. For 
the HSA and SBA coatings the angle is continuously decreasing, therefore complete wetting 
(zero contact angle) is assumed. Comparing the contact angles on the surface with the contact 
angles between cell wall and liquid inside the wood measured after drying the latter ones are 
smaller. This effect may be caused by drying effects. 

Table 3.5 Comparison of measured and calculated data 

pigmented paint unpigmented binder 

Bindertype: 

WAD100 

WAD300 

WBA 

HSA 

SBA 

contact 
angle" 

90 

90 

50 

0 

0 

calculated 
depth urn 

0 

0 

220 

1160 

595 

measured 
depth um 

28 

10 

148 

2156 

1812 

contact 
angle0 

60 

48 

30 

0 

0 

calculated 
depth um 

9185 

11755 

14894 

2590 

925 

measured 
depth um 

1718 

1594 

1786 

3280 

3115 

tracheid diameter: 23 um contact-time: 7.5 s 

As can be seen from table 3.5 the Washburn-equation predicts the penetration of the 
waterborne coatings rather well. The almost zero penetration of the waterborne coatings is a 
combined effect of high viscosity and incomplete wetting of the cell capillary. The calculated 
depths of penetration for the waterborne binders are 5 to 8 times higher than the measured 
ones. This once again indicates that the viscosity during penetration can not be considered as 
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constant, due to increasing solid matter content and therefore increasing viscosity. By 
comparing measured and calculated data, it can be estimated that the actual average viscosity 
during penetration must be a hundred times higher than that of the starting liquid. 

The Washburn-equation (equation 3.4) underestimates the penetration of both the 
pigmented and unpigmented HSA and SBA coating. Sometimes a negative correlation 
between depth of penetration and capillary radius is observed (see table 3.3). Therefore 
equation 3.5 for capillary rise may seem to be a more appropriate one for these coatings. 
Fitting the data into equation 3.5, the depths of penetration become much too high, about 
40,000 um for the pigmented paints and 60,000 urn for the unpigmented binders. This shows 
that the effect of the viscosity can not be excluded from a model for capillary penetration. 
Future research has to clarify why the physical models for capillary penetration fail to 
describe all experimental cases. 

3.5 Conclusions 

Two new methods for quantitative measurements of coating penetration have been 
developed and successfully applied to compare the behaviour of different pigmented and 
unpigmented coatings. Both methods give complementary rather than interchangeable 
information on coating penetration. The static measurement of axial depth of penetration 
shows how deep a coating can penetrate in axial direction into the wood. The results show a 
large degree of variation, but differences between paints and binders can nevertheless be 
identified. Waterborne acrylic coatings show the lowest penetration. The deepest penetration 
is found for the high solid and solventborne coatings. The waterborne alkyd emulsion is in 
between these two classes of coatings. These findings are in very good agreement with 
qualitative descriptions of coating penetration found in a previous study [1]. Apart of the 
variation in penetration depth within a sample can be explained by the radius of the cell 
capillary. In most cases the coating penetration increases with capillary radius, but some 
exceptions to this are found for the HSA and SBA coating. The permeability of the wood 
plays a part in the case of coatings that penetrate very deeply. 

The dynamic measurement of contact angle, droplet shape and volume gives 
information about the initial stage of coating penetration. The wetting process is strongly 
influenced by capillary penetration, which means that the viscosity is of importance for the 
wetting process as well. Three different cases of wetting were identified and explained by 
differences in viscosity and surface tension of the paint. The waterborne paints and binders 
show incomplete wetting of the wood with contact angles between 40 and 90 °. From droplet 
diameter and height or droplet diameter and contact angle the volume of the droplet can be 
calculated. The model which includes radius and contact angle [8]. 

The viscosity of the paint can explain most of the differences in penetration of the 
pigmented paints as long as the low-shear viscosity values of the non-Newtonian paints are 
used. The penetration capacity of a waterborne dispersion or emulsion is controlled by the 
thickeners, used to give the coating an acceptable application viscosity. Increasing the 
viscosity for this purpose reduces the penetration of the paint into the wood cells. In general 
brushing a paint gives deeper penetration than dipping the same paint. This can to a great 
extent be explained by the rheological behaviour of the coating. The surface tension appears 
to be of only minor importance. Differences in molecular weight and particle size between the 
binders studied cannot be related to differences in penetration. Increasing penetration with 
increasing wood moisture content shows that the viscosity of a waterborne coating is not 
constant during the penetration. Most likely the viscosity strongly increases due to a rise in 
solid matter content caused by migration of water into the cell wall. This can also explain 
differences in penetration of unpigmented binders, which do not differ much in starting 
viscosity. 
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The capillary penetration of pigmented waterborne coatings can be reasonably well 
described with the Washburn equation but for other types of coatings large deviations are 
found. For waterborne binders the overestimation of penetration depth is due to not 
incorporating the increasing viscosity in the model. The penetration of the solventborne 
coatings is underestimated by this model. The reason for that phenomenon is not yet 
completely understood. In general the outcome of this study can explain many of the 
differences in degree of penetration between the different coatings and binders. But for the 
development of a general physical model for capillary penetration of coatings into wood 
additional research is needed. 
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4. A rheological approach to the capillary penetration of 
coatings into wood 

Summary 

The capillary penetration of coatings into wood and the drying behaviour of 
unpigmented coatings on wood were studied and discussed with four different polymeric 
binder types including waterborne dispersions, emulsions and solventborae solutions. The 
influence of thickeners and surfactants was also taken into account. The rate of capillary 
penetration of a coating into wood can be described by the Washbum-equation. Accordingly, 
the rate of capillary penetration is proportional to the capillary radius, the liquid surface 
tension and the cosine of the contact angle and inversely proportional to the viscosity and the 
height of rise of the liquid in the capillary. 

During drying and penetration of a coating that is applied on wood, a large amount of 
either the water or the solvent is selectively taken up by the cell wall. Hence, the solid matter 
content of the coating will increase during penetration into the wooden capillary. To estimate 
the amount of water taken up by the wood, the evaporation of a coating on wood and glass 
was compared. From the period during which the evaporation rate was constant and the mass 
fraction polymer at the end of the constant drying period, the evaporation rate to the wood 
was estimated. The magnitude of the evaporation rate to the wood depended on the type of 
binder and was at least as large as the evaporation rate to the air. This means that the mass 
fraction polymer, and subsequently the viscosity, will increase more rapidly on wood in 
comparison to an inert substrate. 

The viscosity of the binders was measured at increasing mass fractions from 0.33 to 
0.55 at shear rates between 0.1 and 100 s"1. In particular the waterborne binders showed a very 
rapid increase in viscosity at higher mass fractions, especially at lower shear rates. The rapid 
increase in viscosity appeared to be the limiting factor in the penetration in most cases. 
However, the liquid surface tension and wetting also changed with increasing mass fraction 
polymer and might limit the penetration as well. Studies with increasing levels of thickener at 
the same mass fraction of binder showed a decrease in capillary uptake into the wood. At 
higher levels of thickener the selective uptake of water increased and the amount of binder 
that penetrated the wood was reduced. 

The capillary penetration of various binders was determined experimentally and 
considerable differences between binder types were observed. Comparison of the 
experimental data with the model calculations, showed that the viscosity was actually more 
rapidly increasing than it was predicted from model calculation based on independent 
evaporation rate, surface tension and viscosity measurements. 

Studies with solutions of surfactant in water showed decreasing penetration with 
increasing surfactant concentration if the wetting of the wood was complete. This was even 
observed above the critical micelle concentration, which might be explained by the fact that 
surfactants were adsorbed on the wood surface. Surfactant adsorption will deplete the 
surfactant solution inside the capillary, which will increase the actual surface tension of the 
liquid during penetration. 

Mari de Meijer, Barend van de Veide and Holger Militz 
To be submitted to Journal of Coatings Technology 
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4.1 Introduction and theoretical background 

The flow of polymeric liquids into the capillary pore structure of wood takes place in 
many practical situations. The penetration of a coating into a wooden substrate is one 
important example [1] but it also applies to the wetting and spreading of glues on wood [2] 
and the treatment of wood with polymer containing preservatives or water repellents [3,4]. 
The need to avoid the use of volatile organic compounds has caused a substantial change from 
solvent-based solution polymers to polymers that are dispersed or emulsified in water. The 
water based polymeric liquids generally contain a large amount of smaller surface active 
molecules which are used during manufacture of the polymer, to stabilise the product or to 
improve wetting by reducing liquid surface tension. 

Previous research on the penetration of coatings into wood focused on: the 
morphological or anatomical aspects of the wooden substrate [1,5], the influence of binder 
type [6] or on the impact of the particle size or molecular weight within one category of 
polymer [7,8]. In numerous publications [9,10,11,12] the principle of capillary penetration is 
based on the Washburn-equation [13] which is derived from Poiseuille flow (equation 4.1) 
with the capillary pressure (Pc) minus the counter pressure due to gravity (Pg) as driving force 
for the flow [14]. Frequently, the influence of gravity has been neglected. If penetration depth 
is small this gives only a minor error, but at the equilibrium height of rise considerable 
deviations will occur. 

For a cylindrical capillary this gives: 
V TtPr4 

8tih 
(4.1) 

P=Pc-Pg Pc = i l tc^se andPg = p g h (4.2) 

V 
P 
r 
h 
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t 
g 
i l 
YL 

e 
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r 
volume (m3) 
pressure (Pa) 
capillary radius (m) 
height (or distance) of capillary rise (m) 
area (m2) 
time (s) 
acceleration of gravity constant (9.8 m s"2) 
viscosity of the liquid (Pa s) 
liquid surface tension (mN m"1) 
contact angle between liquid and wood (°) 
density of the liquid (kgm~3) 

With V= A h and A= n r2 the following expression for the rate of capillary rise is obtained: 
dh 2v, cos9r-pg7thr2 

T" = — „ , i f c o s e > 0 (G < 90° ) (4.3) 
dt 8r|h 

The relationship between liquid surface tension and contact angle is given by the Young's 
equation: 

yL cosG = ys - YSL if cosG < 1 (9 > 0°) (4.4) 

The term YL COSG is determined by the difference between the surface tension of the solid (in 
equilibrium with air) (YS ) and the interfacial tension (YSL) between the wood (solid) and the 
coating (liquid). If the wetting by the liquid is complete (0 = 0; cosG = 1), equation 4.4 no 
longer applies and a decrease of the liquid surface tension will lower the capillary pressure. 
The rate of capillary rise is positively influenced by the capillary radius and negatively by the 
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viscosity and the height of rise. The maximum depth of capillary penetration is reached for 
the point where dh/dt approaches zero. 

For a polymer containing liquid that penetrates the capillary cell structure of wood, 
none of the variables in equation 4.3 can be considered constant with respect to either time or 
height of rise. In softwoods the capillary radius will vary between 3 and 30 um [15] with the 
position of the cell in the wood (earlywood with wider and latewood with narrower cells) and 
with the length of the individual cell because the diameter decreases at the taper end of a 
tracheid [16]. Previous studies have shown that the penetration of a coating varies with 
capillary radius [17,18]. The micro-pores in the cell wall of the wood capillaries, with a size 
of 0.1- 1 nm [19], will only allow the lower molecular weight materials (Mw approximately 
below 3000 g mol'1) [20,21,22,23] to enter the cell wall. The larger polymeric molecules will 
remain inside the capillary. The above mentioned process is visualised schematically in 
fig.4.1.The selective removal of solvent or water during the penetration process will increase 
the polymer fraction in the liquid and hence the viscosity of the solution. The wetting and the 
liquid surface tension might also be influenced by the increasing polymer concentration. 

WOODEN 

CELL WALL 

SELECTIVE 
REMOVAL OF 
WATER OR 
SOLVENT 

Fo°o£p«o 
£*D.O° Oo ° o o 

1o°°°Oo°o°°o° 

il 
Bo 
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Figure 4.1 Schematic overview of the transport processes during penetration of a liquid 
containing polymeric material into a wood cell capillary. 

The increase in polymer concentration during the capillary penetration into a wood 
pore can not be measured directly, since this would require an in situ measurement of water or 
solvent transport from liquid to cell wall, which is not possible with existing measurement 
techniques. The rate of transfer of water or solvent from a coating to the wooden substrate 
might however be estimated from a comparison of the evaporation rates on wood and an inert 
substrate like glass. This can be explained as follows, using existing theories for the drying of 
waterborne latex [24,25,26,27]. 

During the initial drying of a waterborne dispersion coating the rate of evaporation is 
constant and depends only on the environmental conditions. The polymer particles are 
assumed to be mobile in the water phase, evaporation takes place directly from the liquid 
water reservoir and the dry layer of polymer on the surface is not limiting the evaporation 
rate. During the initial stage, evaporation is independent of the coating thickness. The mass 
fraction polymer in the coating during the first drying stage is given by: 
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. ( 0 - " ' A t and £ = -qA (4.5) 
mp+m0-qAt at 

•»( t) 
m 
mo 
nip 
A 
q 

mass fraction of polymer at time t (-) 
mass of coating (kg) 
mass of water or solvent at t=0 (kg) 
mass of polymer (kg) 
surface area (m2) 
evaporation rate of water or solvent (kg m"2 s'1) 

After the first drying stage, the evaporation rate is no longer constant because the 
agglomeration and the coalescence of polymer particles reduce the evaporation of water. At 
this stage, the evaporation rate becomes dependent on film thickness. In a plot of cumulative 
mass loss against drying-time the end of the first drying stage can be recognised by a 
deviation from the initial straight line. The time at which this occurs is here indicated by ti 
and the corresponding mass fraction polymer by (|>m(ti). <j>m(ti) can be considered as a coating 
property and is in principle independent from the time required to reach the end of the first 
drying stage. 

During the first drying stage of a coating on wood, water or solvent will evaporate to 
the air and will be taken up into the wood. Later in the drying process, water or solvent 
originally taken up into the wood might evaporate again through the dried coating but this 
will take considerably longer. On a wooden substrate, the mass fraction polymer in the 
coating during the first drying stage is now given by: 

• « ( t ) = " T T T ^ T <4-6) 

mp+m0-At(q'+q"') 
qw water or solvent evaporation rate to wood (kgm" s'1) 
qa water or solvent evaporation rate to air (kgm" s'1) 

The evaporation rate to the air can be measured directly from the mass-loss during drying. 
This can most accurately be measured on an inert substrate like glass, but might also be 
measured from the evaporation rate to the air from a coating applied on wood if all water or 
solvent taken up into the wood is released after the end of the first drying stage. During the 
initial drying stage, evaporation rates of water or solvent to the air should be equal regardless 
of the fact whether the coating is applied on wood or glass because in both cases the 
evaporation occurs from a liquid reservoir inside the coating film. 

The evaporation rate to the wood can not be measured directly. However on wood, the 
end of the first drying stage will be reached earlier because the evaporation occurs into two 
directions. The time when the first drying stage on wood ends, is denoted by ti with t l ' < ti if 
qw > 0. The mass fraction polymer corresponding to the end of the first drying stage is 
however independent of time or substrate and hence <|)m(ti) = <|>m(ti ). This means that: 

m P mp + m 0 -.—r 

• . ( t i ) = *„(t,) = 7 7 7 1 - ^ : <=> i " = T ^ 1 - * <4-7> 
m p + m 0 - t 1 A ( q a + q w ) t,A 

The evaporation rate to the wood can be derived from equation 4.7 by determining qa from 
the evaporation rate to the air (on glass or wood). From the mass loss curves on glass the end 
of the initial drying period (ti) is determined and the corresponding <|>m(ti) can be calculated. 
Finally, ti follows from the end of the constant evaporation rate during the drying of the 
coating on wood. 
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If it is assumed that the evaporation rate of water or solvent to the wood, as derived 
from a film on the surface, is equal to the evaporation rate by the coating inside the capillary 
to the cell wall, the increase in mass fraction polymer inside the capillary can be calculated as 
a function of time. This assumption can be justified by the fact that the drying film is in direct 
contact with the wooden cell wall, just like the coating inside the wood capillaries. 
Evaporation of water to the surrounding air during capillary uptake might be considered as 
zero as long as the wood is in direct contact with the liquid reservoir. The mass fraction 
polymer (<|)cm (t)) inside the cylindrical wood capillary is then given by: 

A m - m " - V P f - 0 5 r P f (A*\ <t>cm(t) = — = - T T = 7r7 : (4-8) m p + m 0 - q w A c t V p - q w A c t 0 . 5 r p - q w t 

<t>cm (t) 
V 
Ac 
f 
P 

mass fraction polymer inside wood capillary (-) 
volume of the liquid filled part of the capillary (Trr̂ h) (m3) 
contact area between liquid inside capillary and cell wall (27trh) (m2) 
mass fraction solid of the coating (-) 
density of the polymeric liquid (kg m'3) 

The density of the polymeric liquid in principle depends on the mass fraction polymer but 
might be considered constant as long as the density of polymer and water or solvent are 
approximately equal. 

The relation between the relative viscosity of a dispersion, or a concentrated emulsion 
[28], and the volume fraction of polymer particles can be described by the equations of 
Mooney [29] (equation 4.9a), Dougherty and Krieger [30] (equation 4.9b) or Frankel and 
Acrivos [31] (equation 4.9c). 

\ l / 3 

!1o i - W n u x ^0 Tlo 8 1 - ( 9 / 9 max) 

Tl 
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9 
9ma 

viscosity of the polymeric liquid (Pa s) 
viscosity of the continuous phase (water or solvent) (Pa s) 
volume fraction of polymer (-) 
volume fraction polymer at which the viscosity goes to infinity (-) 

The sharply increasing viscosity close to (|>max will very rapidly decrease the capillary 
penetration rate and will eventually limit the penetration. 

For many latex or dispersion paints, the viscosity also depends on the applied shear 
rate, in particular if thickeners or pigments are added [32,33]. The shear rate at the wall of a 
cylindrical capillary during the rise of the liquid is given by equation 4.10 as a. function of the 
capillary radius and the rate and height of capillary rise [34]. 

3 + bfdh^ dlog(dh/dt) , „ i m 
xw = —- with b = — — (4.10) 

r U U dIog((h„-h)/h) 
TW : shear rate at the wall of the capillary (s"1) 
ho, : equilibrium height of rise (m) 

The factor b can be determined from a plot of the rate of capillary rise against the fractional 
height of rise. For Newtonian liquids b was found to be one, whereas for pseudoplastic liquids 
b > 1. E.g. for a 4% solution of polystyrene in toluene b was found to be about 1.2 [34]. 

The aim of this work is to understand the penetration process of a polymer containing 
liquid into cell capillaries of wood. The factors that will influence the penetration rate, like 
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viscosity, wetting and liquid surface tension are studied as a function of increasing mass 
fraction polymer. From this information the maximum penetration depth was calculated and 
compared with the data obtained experimentally. The capillary penetration process has been 
studied with four different commercially used polymeric binders, intended for the use in wood 
primers. Additional work involved studies on the influence of addition of thickeners to the 
binders and the effect of surfactants on the capillary uptake of water. 

4.2 Experimental 

4.2.1 Materials 
The following commercial polymeric binders were used: 

- ACEMUL: an emulsion of acrylic binder in water, particle size was not specified. 
- ACDIS: a waterborne acrylic dispersion with a monomodal particle size of about 50 nm. 
- ALKEMUL: an alkyd resin emulsified in water with a weight averaged molecular weight of 

50.000 g mol"1 and a particle size about 500 nm. The oil-length was about 63 %. 
- SOLVALK: a solventborne alkyd dissolved in white-spirit with a weight averaged 

molecular weight of 109.000 g mol'1 and an oil-length of about 63 %. 
The binders where first diluted to approximately the same solid matter content of 33 % with 
respectively demineralised water or white spirit. Detailed mass fractions are given in table 
4.2. 

From all four binders three additional samples with three increased levels of viscosity 
were prepared by carefully adding a suitable thickener until a viscosity of approximately 2, 13 
and 60 Pa s was reached (as measured with a Haake-FW viscosity meter at 180 rotations per 
minute). The waterborne binders were thickened with associative thickeners in a 
concentration range between 30 and 90 g l"1. The solventborne binder was thickened with a 
bentonite paste in a concentration range between 25 and 65 g l"1. After addition of the 
thickeners, the viscosity of the samples was measured over a range of shear-rate. Table 4.1 
shows the viscosities of the unthickened and thickened binders at shear-rate between 0.1 and 
1000 s"1. The four levels of viscosity are indicated with the codes 1,11,111 and IV. 

Table 4.1 Viscosities (Pa s) of the binders at different levels of thickening and shear rates. 

Viscosity- Shear rate ( s"1) 
Binder type level 0.1 1 10 100 1000 
ACEMUL 

ACDIS 

ALKEMUL 

SOLVALK 

I 
II 
III 
IV 
I 
II 
III 
IV 
I 
II 
III 
IV 
I 
II 
HI 
IV 

-
-

203 
2457 

-
-

17 
275 

-
-
-

222 
-

22 
177 

1132 

-
-

32 
331 

-
1.4 
7.6 
38 
-

2.9 
-

39 
-

3.1 
25 

153 

0.007* 
0.013* 

5.3 
61 

0.03* 
0.85 
2.6 
6.9 

0.005* 
0.37 

1.4 
8.5 

0.03* 
0.50 
3.3 
18 

0.007 
0.013 

1.0 
8.6 

0.03 
0.42 
0.75 

1.5 
0.005* 

0.06 
0.20 
2.0 

0.03 
0.12 
0.58 
3.0 

0.007 
0.012 

-
-

0.02 
0.16 
0.21 
0.35 

0.005 
0.02 
0.05 
0.45 
0.03 
0.07 
0.22 

-
: extrapolated data -: no data available 



A Rheological Approach to the Capillary Penetration of Coatings into Wood 59 

Apart from the addition of thickeners, the change of viscosity was also measured with 
increasing mass fraction polymer. The samples with increased solid matter content were 
prepared by evaporating the water or white spirit very slowly to avoid formation of a skin on 
the surface. Suitable conditions for this were 23°C and 55% relative humidity for the first 24 
hrs., followed by 24 to 72hrs. at 75 % relative humidity and finally at 95 % relative humidity 
depending on the desired level of concentration. The solid matter content of the coating was 
determined afterwards by drying for lhr. at 125 °C according to ISO-standard 3251. The 
density of the binders was measured with a pyknometer at the lowest mass fraction and 
densities were calculated for increased mass fractions of polymer. The density ranged 
between 1018 and 1034 kg m'3 for the water based samples and between 865 and 892 kg m"3 

for the solvent based products depending on the concentration. 
Four commercially available surfactants in demineralised water were used to prepare 

the aqueous solutions with reduced surface tension. Fluorinated alkyl polyoxyethylene 
ethanols were used as non-ionic surfactants, fluorinated alkyl quaternary ammonium iodides 
were used as cationic surfactant, potassium fluoralkyl carboxylates and sodium dodecylsulfate 
were used as anionic surfactants. The surfactants were used at at least two concentrations: 
around the critical micelle concentration and at a level 10 times above that concentration. All 
concentration were expressed in percentage of mass of commercial surfactant per mass of 
total mixture. 

Pre-dried pine sapwood (Pinus sylvestris) with an initial moisture content of 8.5-9 % 
and a density of 500 kg m"3 was used to study capillary uptake because this wood species is 
known to have a very high permeability. Dry-mass of the wood was determined by drying at 
103 °C until a constant weight was reached. 

4.2.2 Viscosity, wetting and surface tension measurements 
The viscosities of the thickened samples were measured at shear-rates between 0.01 to 

1000 s"1 with a Bohlin controlled stress rheometer with a coaxial cylinder at a temperature of 
23 °C The viscosities of the concentrated polymeric liquids were measured with a Rheolyst 
AR 1000N rheometer equipped with a cone and plate at a controlled shear-rate between 0.1 
and 100 s"1. The sample compartment was sealed from the environment to avoid drying 
during the measurement. All measured data were averages of the viscosities obtained with 
increasing and decreasing shear-rate. In general, the differences between these measurements 
were very small or even absent. 

Surface tensions of the liquids were measured with Wilhelmy-plate method according to 
DIN-standard 53914. The contact angles were measured from coating droplets deposited on 
the wood with a digital video contact angle measuring device (Digidrop from GBX, France). 
The measurements were taken on the tangential surface of the wood parallel to the grain. 
Contact angles were taken as soon as the angle changed at a constant rate, which means that 
equilibrium conditions were reached. 

4.2.3. Evaporation measurements 
The evaporation of water or white spirit from the coatings applied on glass plates and 

wood boards (half-tangential surface) was measured by recording the weight loss as a 
function of time, at an accuracy of 0.1 mg with maximum time intervals of 2 min, on a 
analytical balance with automated data acquisition. The evaporation studies were carried out 
in a climate chamber of 50 % RH and 23 °C with a slow internal air circulation. The samples 
were protected by the glass cover on the front and backside of the balance but openings at the 
sides and top were opened to ensure air-circulation. All measurements were continued for at 
least 10 hours, but in most cases only the evaporation data during the first hours were 
effectively used. The evaporation rates were obtained from two or three replicates. The total 
area for evaporation was 0.009 m2 and an initial wet film-thickness of approximately 140 um 
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was applied with a film-applicator. The averaged total amount of coating applied is given in 
table 4.2. 

4.2.4 Capillary uptake 
The capillary uptake of the binder into the wood was recorded from the increase in 

mass (O.lmg accuracy) as a function of time. Wood blocks with dimensions of 15 x 12.5 x 20 
mm (height x width x length) were hanging under a microbalance and were carefully brought 
into contact with the liquid by raising the liquid container. After the desired contact time, the 
liquid was lowered until contact with the liquid was lost. The excess amount of binder present 
on the surface was removed and the weight determined. Thereafter this procedure was 
repeated for the next time interval. The weight was recorded after approximately 15, 30, 60, 
600 and 1800 seconds. Initially, attempts were made to record the weight continuously but 
this was impossible because of the disturbing influence of forces due to wetting of the edges 
of the wood blocks. 

By sealing the sides of the blocks it was ensured that the capillary uptake could only 
occur through the axial surface (end grain) of the wood, which was previously smoothed on a 
microtome to obtain well defined open ends of the wood capillaries. All measurements were 
made in air of 23 °C and 50 % relative humidity with the penetrating liquid stored in a 
thermostatic bath with an accuracy of 23 ±0.1 °C. The presented data are an average of 3-5 
individual determinations. 

Table 4.2 Initial mass fraction polymer (d>(to)) and average amount of coating 
used in evaporation studies. 

Binder type 

ACDIS 

ACEMUL 

ALKEMUL 

SOLVALK 

ACDIS 

ACEMUL 

ALKEMUL 

SOLVALK 

viscosity-
level 

I 
I 
I 
I 
IV 
IV 
IV 
IV 

4>(to) 

0.334 
0.326 
0.326 
0.367 
0.342 
0.334 
0.330 
0.410 

mass applied 
on glass (g) 

1.54 
1.84 
1.58 
0.80 
0.81 
1.00 
0.82 
0.71 

mass applied 
on wood (g) 

0.86 
1.55 
1.16 
0.76 
1.02 
0.93 
1.09 
1.16 

4.3. Results and discussion 

4.3.1 Evaporation rates-mass fraction polymer 
The evaporation rate was measured for all four binders at two levels of viscosity: 

without addition of thickener (I) and with the highest concentration of thickener (IV). To 
make samples with different initial weights or solids contents comparable, the evaporation is 
expressed as a fraction of the total amount of water or solvent initially present. These 
fractional evaporation curves are shown in fig. 4.2. The differences between the wood and 
glass substrates were evident. On glass, the total amount of water or solvent present, 
evaporated completely within one to two hours. If the waterborne binders were applied on 
wood, 40 to 60 percent of the water was initially stored in the wood and evaporated only very 
slowly to the air. It took about 20 hours before all the water present in the coating evaporated 
to the air again. The white spirit in the solventborne binders (SOLVALK) was released from the 
wood far more rapidly. The influence of the thickeners on the fractional evaporation rates was 
dependent on the type of polymer. For the ACDIS binder no differences on glass were 
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observed and evaporation from wood proceeded slightly faster with a thickened binder. In 
combination with the ACEMTJL and ALKEMUL binder, the fractional evaporation with 
thickener was somewhat faster on glass and in the case of the ACEMUL also on wood. These 
differences might however be due to the fact that a slightly higher amount of coating was 
applied at the lower viscosity level which means that the fractional evaporation will be lower 
if the absolute evaporation rate is independent from film thickness during the initial drying 
stage. The fractional evaporation on wood of the SOLVALK with thickener was faster then 
without, which might be explained by the fact that less material had penetrated the wood, 
which will facilitate a faster evaporation. 

ACDIS ACEMUL 

1.0 
glass IV 

wood IV 

ALKEMUL SOLVALK 

Figure 4.2 Fractional evaporation on glass and wood at viscosity level I and IV. 

The evaporation rates during the first drying stage were determined from the linear 
part of a plot of mass loss against time for coatings applied on glass (denoted by qgiass"'1) and 
on wood (denoted by qWoodair)- These data are given in table 4.3, typical mass loss - time plots 
are given in fig. 4.3 and 4.4 for respectively the evaporation from glass and wood. The initial 
evaporation rate was approximately constant although in some case slight deviations from a 
straight line were observed which indicated slight changes in the evaporation rate during the 
initial stage. Nevertheless, the drying model described the experimental data fairly well, also 
for the alkyd emulsion (ALKEMUL) and solventbome alkyd binders (SOLVALK). From a 
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theoretical point of view, the initial evaporation rates to the air should be equal from coatings 
applied on glass or wood. In practice, some differences were observed but no consistent trend 
could be seen. With a wooden substrate, the constant rate period was shorter and subsequently 
the determination of the linear slope was less accurate. Therefore, the evaporation rates from 
glass were used to calculate the evaporation rate to the wood itself (qw). The measured 
evaporation rates are comparable to data found in literature like 1.26-1.56 x 10"5 kg m"V 
[27], 1.1-3.4 x 10'5 kg m"fs -1 [35] and 6.67 x 10"5 kg m"2s "' [36] for various types of latex 
paints. Croll [26] reported values of 3.1, 3.5, 3.6 and 3.7 x 10" kg m"2s _1 for the evaporation 
of water from respectively a latex, a paint, a titanium-dioxide slurry and pure water. 

The constant evaporation rate period on glass (ti) lasted between 220 (ALKEMUL IV) 
and 900 (ACEMUL I) seconds, which was much shorter then the 4 hrs reported by Eckersley 
and Rudin [27] but in the same range as the results reported by Croll [26]. As expected the 
constant rate on wood (ti) was considerable shorter which corresponded with the finding that 
the constant rate period decreased with film thickness [26]. On wood, the drying occurred to 
two sides, this can also be interpreted as a decrease of the effective film thickness. The mass 
fraction polymer corresponding to the end of the initial drying period was between 0.36 and 
0.44 (see table 4.3) which was only slightly higher than the initial mass fraction polymer as 
given in table 4.2. The mass fraction polymer as a function of drying time is given mfig.4.5. 
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Figure 4.3 
Mass-loss against drying time for ACDISI 
on glass showing determination ti. 

Figure 4.4 
Mass-loss against drying time for ACDIS I 
on wood showing determination tj. 

The evaporation rates to wood (qw) are given in table 4.3 and were calculated 
according to equation 4.7 With the unthickened binders, the evaporation to the wood is higher 
than to the air for the ACDIS and SOLVALK binder. Although with the latter, the white spirit 
was released from the wood much faster than the water as could be seen from the fractional 
evaporation plots (fig. 4.2). For the ACEMUL and ALKEMUL binder the evaporation to air and 
wood is about equal. Addition of a thickener reduced the evaporation to the wood 
considerably, which was mainly due to the shorter constant evaporation rate period and the 
lower corresponding mass fraction polymer. It might indicate also that the increase in 
viscosity, which will reduce the substrate penetration, had a marked effect on the amount of 
water or solvent transferred to the wood. The evaporation rate to the air, as measured most 
accurately on glass, was not much affected by the addition of thickener. 
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Figure 4.5 Mass fraction polymer as a function of drying time as determined on glass, 
viscosity level IV. 

The mass fraction polymer inside a wood capillary as a function of time was 
calculated according to equation 4.8 and is given in fig.4.6 for the different binders for a 
capillary with a radius of 5 and 25 um. The curves were extrapolated to higher mass fractions, 
mainly to show the differences clearly. In reality, some deviations might occur at high mass 
fraction because the evaporation rate will no longer be constant at high mass fractions. The 
influence of the evaporation rate to the wood and the capillary radius on the increase in mass 
fraction polymer can clearly be seen. For waterborne binders this is in good agreement with 
previous observations [1,18,37], where the deepest penetration was found in the widest 
capillaries. However, for solventborne binders the opposite was observed [37]. This might be 
an indication that for this binder equation 4.3 was not valid all the time and that penetration 
was directly dependent on capillary pressure (equation 4.2) which predicts a deeper 
penetration with decreasing capillary radius. 

Table 4.3 Evaporation data from binders applied on glass and wood. 

Binder type viscosity-
level 

air air 
Hglass *lwood f / „ \ 

(kgroV) (kgm-Y) I , w 
<|>m(tl) t j (S) 

*: determined on the basis of qgiass
a,r according to equation 4.7 

(kgm" s) 

ACDIS 

ACEMUL 

ALKEMUL 

SOLVALK 

ACDIS 

ACEMUL 

ALKEMUL 

SOLVALK 

I 

I 

I 

I 

IV 

IV 

IV 

IV 

4.10 x10 s 

3.35 x10"5 

3.51 x 10"5 

2.04 x10"5 

3.78 x10"5 

3.95 x10"5 

3.47 x10"5 

1.42 x10'5 

3.50 x10's 

4.24 x10"5 

5.04 x10"5 

3.54 x10"5 

3.16 x10"5 

3.72 x 10"5 

2.71 x10"5 

2.09 x10"5 

400 

900 

700 

560 

400 

550 

220 

810 

0.40 

0.42 

0.41 

0.43 

0.37 

0.38 

0.36 

0.44 

220 

680 

490 

190 

175 

290 

200 

305 

8.71x10s 

3.31 x 10s 

3.83 x10"5 

4.37 x10"5 

1.10 x10"5 

0.21 x 10 s 

1.27 x10"5 

1.81 x 10 s 
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4.3.2 Relation viscosity and polymer concentration 
By careful evaporation of water or solvent, concentrated polymeric liquids up to 57 % 

solids were prepared from the polymeric binders without additional thickener. The viscosity 
was expressed relative to the viscosity of the continuous phase, which was 0.001 Pa s for the 
waterbome binders and 0.0012 Pa s for the solventborne binders. The change in relative 
viscosity with increasing mass fraction solids is given in the fig. 4.7a to 4.Id for respectively 
the binders ACEMUL, ACDIS, ALKEMUL and SOLVALK. The viscosities are given at four shear 
rates of 0.1, 1, 10 and 100 s"1 respectively. The acrylic dispersion ACDIS showed a very sharp 
increase of the viscosity at higher mass fraction polymer, in particular at low shear rates. The 
viscosity of the acrylic emulsion (ACEMUL) also increased strongly with solid matter content 
but the dependence on shear rate was less pronounced. The viscosity of the alkyd emulsion 
(ALKEMUL) increased relatively slowly up to a mass fraction polymer of 0.55. Above this 
mass fraction, samples were not stable. During the viscosity measurement an instantaneous 
change for a liquid to a paste like structure occurred. Most likely, the shear forces applied on 
the liquid caused a phase inversion of an oil in water emulsion to a water in oil emulsion. 
According to literature [38], the drying and film formation of an alkyd emulsion involves 
such a change from a concentrated oil in water phase, through a metastable state into a water 
in oil emulsion. The latter phase will have a very high viscosity due to the high molecular 
weight of the alkyd resin. The solventborne alkyd resin (SOLVALK) showed the slowest 
increase in viscosity with mass fraction polymer and the increase at lower shear rates was 
independent from the mass fraction polymer. 
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Figure 4.6 Increase in mass fraction polymer inside a wood capillary with a radius of 5 or 
25 urn as a function of time, data are plotted for binders with the lowest initial 
viscosity (I). 

The viscosity-mass fraction polymer relations were fitted by the following, semi-
empirical relation with fit parameters c and d [39]: 

log 
^0 J c-dcK 

(4-11) 
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This is a modified version of equation 4.9a but based on mass fraction polymer and without 
the need to know the volume fraction polymer at infinite viscosity. Equation 4.11 was 
preferred over equations 9a to 9c because it fitted the measured data much more accurately 
with r-squares over 0.9. Fitted values of c and d are given in table 4.4 including standard 
errors. The reason that the theoretical models from equation 4.9 could not describe the 
measured data adequately might be twofold. Firstly, the polymer fraction on a volume basis 
had to be known whereas only the polymer fraction on a mass basis could be measured 
directly. A simple conversion into volumetric fractions based on liquid density was not 
realistic because it required knowledge about the volume to weight ratio, which will change 
upon drying due to polymer swelling and electrical double layer effects [36]. Secondly, the 
theoretical models required knowledge of the limiting polymer fraction <j)raax, which should be 
determined from a plot of polymer fraction against reciprocal viscosity. This resulted in 
values with a large error, due to the absence of observations at very high and very low 
polymer fractions. 

4.7 a 4.7 b 

> * 

4.7 c 4.7 d 

••tlmatad vlicottty In 
du« to formation of 
invars* •mulslon 

0.46 

Figure 4.7 Relative viscosity of the binder as a function of solid matter content on 
mass basis. Shear rates: • 0.1 s"1; 01 s"1; T10 s"1; V 100 s"1. 
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Table 4.4 Fit parameter for the relationship relative viscosity and mass fraction polymer. 

Shear rate s"1 

Binder type: 

ACEMUL 

ACDIS 

ALKEMUL 

SOLVALK 

c: 

d: 

c: 

d: 

c: 

d: 

c: 

d: 

0.1 

0.529 (0.093) 

0.751 (0.165) 

0.495 (0.092) 

0.916 (0.206) 

0.352 (0.032) 

0.351 (0.062) 

0.134(0.013) 

0.025 (0.029) 

1 

0.761 (0.074) 

1.130(0.130) 

0.463 (0.065) 

0.817(0.147) 

0.661 (0.051) 

0.840 (0.097) 

0.224(0.021) 

0.094 (0.048) 

10 

0.845 (0.033) 

1.242(0.057) 

0.418(0.068) 

0.679 (0.155) 

0.977 (0.030) 

1.340(0.057) 

0.361 (0.015) 

0.394 (0.016) 

100 

0.830 (0.017) 

1.169(0.030) 

0.384(0.061) 

0.543(0.141) 

0.830 (0.035) 

0.934 (0.067) 

0.353 (0.032) 

0.417 (0.036) 

Numbers in brackets are the standard errors of the fit parameters. 

4.3.3 Relation polymer concentration and wetting 
The capillary pressure, which is the driving force for the capillary penetration is directly 

proportional to the product of liquid surface tension and cosine of the contact angle between 
liquid and wood. Therefore, the surface tensions and the contact angles were measured as a 
function of polymer concentration. In principle, the contact angle should be determined from 
the meniscus of the wetting liquid inside the wood capillary, however, this was not 
experimentally possible. Therefore, the contact angle was measured from a droplet on the 
tangential surface of the wood. Equilibrium contact angles were used because these were least 
influenced by substrate penetration. 

For the ALKEMUL and SOLVALK binders the surface tension remained constant with 
increasing solid matter content. The ACEMUL binder showed only a minor decrease in surface 
tension from 40 mN/m at a mass fraction of 0.33 to a value of 38 mN/m at a mass fraction of 
0.44. The ACDIS binder had the strongest decrease in surface tension: from 33 mN/m at a 
mass fraction of 0.33 to a value of 24 mN/m at a mass fraction of 0.44. An increasing 
concentration of surfactant could explain the decreasing surface tension. 

The wetting of the polymeric liquids decreased with increasing solid matter content. 
For the SOLVALK binder the contact angle increased from 16 ° at a mass fraction of 0.37 to an 
angle of 23 ° at a mass fraction of 0.48. For the ALKEMUL binder it changed from 7° at a mass 
fraction of 0.33 to 47° at a mass fraction of 0.51. For the ACEMUL binder the change was from 
34° at a mass fraction of 0.33 to 64° at a mass fraction of 0.44. The contact angle of the ACDIS 
binder changed from 15° at a mass fraction of 0.33 to 103° at a mass fraction of 0.44. The 
latter represented a non-wetting case which meant that the capillary pressure was negative. 
Under these circumstances, the penetration of the coating in the wood will be limited by the 
absence of capillary pressure rather than the increase in viscosity. The lower contact angle 
with decreased liquid surface tension would normally not be expected and means that the 
interfacial tension (YSL) between binder and wood increased as follows from equation 4.4 
(note that ys will remain constant). The higher contact angle might be due to the increased 
viscosity, which could limit both the spreading and the mobility of surfactants. The relation 
between cosG x YL and § m could be reasonably described by a linear trend that is given in 
fig.4.8 including individual data and regression equations. 
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Figure 4.8 Cosine of the contact angle on wood times the liquid surface tension as a 
function of mass fraction polymer. 

4.3.4. Capillary uptake of binder into wood 
The capillary uptake into the axial direction the wood was determined for all binders at 

four different levels of thickener after a fixed time span of 30 minutes. The results are given 
in table 4.5 in different ways. Firstly, as the total uptake of material (polymer and water or 
solvent) on both mass and volume basis. Secondly, as measured oven-dry weights of 
penetrated polymeric binder and thirdly on a theoretical oven-dry mass basis calculated from 
the uptake of total binder times its mass fraction solids. For the oven-dry cases, corrections 
for the impact of wood moisture content were made because the wood lost water during 
drying. The solid matter content was calculated from the mass of oven-dry binder in the wood 
divided by the amount of total uptake and compared with the solid matter content as 
determined according to ISO-3251. 

The binders showed clear differences in capillary uptake of both total and dry material. 
The SOLVALK had the highest total uptake, followed by the ALKEMUL, ACEMUL and the 
ACDIS binders. The samples with increased thickener concentration and viscosity showed a 
decrease in total uptake. In case of the waterborne binders, the amount of dry polymer that 
penetrated into the wood was much lower than the amount that would be expected from the 
total uptake of material times its solid matter content. This proved that water was selectively 
removed from the waterborne binders during the capillary penetration, in particular with the 
ACDIS and ACEMUL samples and to a lesser extent also with the ALKEMUL binder. The 
difference in solid content between the liquid inside the wood and that of the bulk increased at 
higher levels of thickener. Most likely, the high viscosity prevented the capillary uptake of 
polymer whereas the water could still penetrate the wood. 

The SOLVALK binder showed no indications of selective removal of solvent into the 
wooden cell wall during capillary penetration. The solid matter content of material in the 
wood and the bulk was identical within the limits of experimental error. On a volumetric 
basis, the uptake of white spirit was identical to that of the SOLVALK binder without 
thickener, whereas the uptake of water was four to ten times higher in comparison to the 
uptake of waterborne binders. 

The rate of capillary uptake is given in fig-4.9 for all four binders at the lowest and 
highest level of viscosity. Most of the material penetrated into the wood within the first 
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minute. In the later stage the increase was possibly limited to the uptake of water or organic 
solvent. 

Table 4.5 Capillary uptake of binder into the axial directions of pine sapwood after a fixed 
time span of 30 minutes. 

Binder 
type 

ACEMUL 

ACDIS 

Viscosity 
level 

I 

II 

III 

rv 
i 

i i 

in 

rv 
ALKEMUL I 

SOLVALK 

Water 

II 
in 
IV 

i 

ii 

in 
IV 

White spirit 

1: 
2: 
3: 
4: 

Total 
Uptake 
mass (g) 

0.126 

0.129 

0.067 

0.070 

0.091 

0.078 

0.058 

0.062 

0.203 

0.119 

0.104 

0.081 

0.360 

0.127 

0.107 

0.050 

0.840 

0.330 

Total 
Uptake 
volume (ml) 

0.122 

0.125 

0.066 

0.068 

0.089 

0.077 

0.057 

0.061 

0.200 

0.117 

0.102 

0.079 

0.416 

0.146 

0.121 

0.056 

0.840 

0.420 

Oven-dry 
mass (g) 
measured' 

0.036 

0.040 

0.009 

0.009 

0.021 

0.013 

0.006 

0.006 

0.072 

0.041 

0.036 

0.010 

0.144 

0.046 

0.040 

0.020 

-
-

Oven-dry 
mass (g) % 
calculated2 in 

0.042 

0.043 

0.022 

0.023 

0.030 

0.026 

0.019 

0.021 

0.067 

0.039 

0.034 

0.027 

0.130 

0.047 

0.042 

0.020 

-
-

oven-dry weight after penetration binder - oven-dry weight wood. 
total mass uptake x % solids. 
measured oven-dry mass divided by total mass uptake. 
solid matter content determined by drying on inert substrate accord 

-Solids %-Solids4 

wood3 

29 33 

31 33 

13 33 

12 33 

23 33 

17 33 

10 33 

10 34 

33 33 

34 33 

35 33 

12 33 

40 36 

36 37 

37 39 

40 41 

-
-

ing to ISO 3251. 

4.3.5 Modelling of the capillary penetration of binders into wood 
The depth of penetration of the binder into the wood was calculated by a combination 

of the models for the mass fraction polymer inside a wood capillary (equation 4.8), the 
relation between mass fraction polymer and the viscosity at a shear rate of 0.1 s"1 (equation 
4.11), cos9 x YL as function of polymer fraction and the Washburn-equation for capillary rise 
(equation 4.3). The height of rise (equation 4.12) and rate of capillary rise (equation 4.17) 
were calculated as a function of time by a stepwise numerical calculation. The steps in time 
(At) used, ranged from 0.0001 s during the initial stage of capillary uptake to 10 s at the final 
stage. 

2r(cos9YL((|>m))-pg h,(r)2 

w * M, ( 4 1 2 ) 

8Tl(<Pm)ht 
fAhN 

vAt,,_, 
The measured height of capillary rise was calculated from the measured weight increase as 
follows: 

'Ah^ 

At / t 

h. = h . - i + x At (4.13) 
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m„ 
PA eff 

(4.14) 

With mmeas as the total uptake on mass basis, p the density of the liquid and A-fr the effective 
area for capillary uptake which was calculated from [40]: 

Aefl=A(l-G(0.667 + 0.01u)) ( (4.15) 
In this case, for wood with a specific density (G) of 0.50 and a wood moisture content (u) of 
9 %, the ratio between Aeff and A was 0.62. Because the binder showed only a small change 
in density with increasing mass fraction polymer, the initial density values were used. An 
average value of 15 um was used as the radius of the wood capillaries, which were assumed 
to be perfectly cylindrical. 
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Figure 4.9 Uptake of liquid binder at viscosity levels I and IV as a function of time. 

The model calculations predicted a limitation of the height of capillary rise by the 
increase of viscosity for the ACEMUL, ALKEMUL and SOLVALK binders, whereas the ACDIS 
binder was limited by zero capillary pressure and a sharp increase in viscosity at the same 
time. However, the maximum penetration depth was overestimated, most severely for the 
waterborne binders. The calculated depths for the ACDIS, ACEMUL, ALKEMUL and SOLVALK 
binders were respectively: 4.4 mm, 24 mm, 17 mm and 1.8 mm. The deviation between the 
measured and the calculated data might be explained by the fact that the limiting increase of 
the viscosity in the model calculation was reached much later than in reality. In order to adjust 
the model to the experimental data, the effective viscosity factor (E) was introduced to define 
the effective capillary viscosity (r\): 

r | ' =E r i (4.16) 

The experimental penetration data and the adjusted model predictions are given in fig-4.10 
The effective viscosity factors for the various binders were respectively 1.6 (SOLVALK), 150 
(ACDIS), 400 (ALKEMUL) and 2700 (ACEMUL). 

Specific density is defined by the wood density (kg m") devided by the density of water. 
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Most likely, the effective viscosity factor represents actually two phenomena. Firstly, 
the increase of the viscosity at shear rates below 0.1 s"1 in combination with a high mass 
fraction of polymer. It was estimated that with a high viscosity, and therefore a low rate of 
capillary rise, the shear rate applied on the penetrating binder would be below 0.1 s'1. This 
effect will be most important for the ACEMUL and ACDIS binders, where the increase in 
viscosity at low shear rates was highest (see fig. 4.7 a and b). Secondly, the actual viscosity 
might be higher due to a faster transfer of water or solvent from liquid to cell wall. The data 
used in the model calculations originated from evaporation rate experiments that represented 
the transport in the bulk of the material. On a microscopic level, the loss of water or solvent 
from the penetrating liquid to the surrounding cell wall might happen faster. Furthermore, at 
the front of the penetrating binder, water or solvent will also evaporate to the air inside the 
capillary, this will cause an additional increase in solid matter content at the front of the 
penetrating liquid. 
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Figure 4.10 Experimental data and adjusted model calculations for height of capillary rise. 

4.3.6 Influence of surfactants 
Waterborne binders and coatings contain significant amounts of surfactants, which 

will lower the surface tension and might improve wetting. The uptake of distilled water into 
the wood containing different types of surfactant was tested at concentrations around and ten 
times above the critical micelle concentration (CMC). The gravimetric uptake of the anionic 
potassium fluoroalkyl carboxylate surfactant solutions is shown m.fig.4.11. At all surfactant 
concentrations, the wood was wetted completely (contact angle was zero) and as predicted by 
the Washburn-equation (equation 4.3) under these circumstances the uptake was reduced with 
decreasing surface tension. Addition of surfactant did not caused a noticeable increase of the 
viscosity. 

Increasing the surfactant concentration from 1 % (around the CMC) to 10 % caused an 
additional decrease in uptake although the surface tension of the liquid was not reduced any 
further. This might indicate that surfactant molecules were adsorbed at the wooden cell wall 
during the capillary penetration. Adsorption of surfactant to the cell wall will decrease the 
concentration inside the capillary and hence will increase the actual surface tension of the 
penetrating liquid at concentrations below or around the CMC. Far above the CMC, sufficient 
surfactant molecules will be present to compensate the loss due to adsorption at the cell wall 
and the surface tension of the liquid remains unaffected. Adsorption of surfactants at wood 
fibres was also reported in other studies on the wetting of wood [41]. 
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Figure 4.11 
Influence of potassium fluoroalkyl 
carboxylkate surfactant concentration on 
capillary uptake of water. 

Figure 4.12 
Influence surfactant type on capillary uptake 
of water. Concentrations are around and 10 x 
above the CMC. 

The influence of surfactants types on the capillary uptake of water is given in fig. 4.12. All 
types of surfactant caused a reduction of the capillary uptake and a complete wetting of the 
wood. Regardless of the fact whether the surfactant was non-ionic, anionic or cationic, a 
lower uptake was found at a concentration ten times above the CMC. This indicated that 
different types of surfactants tested could be absorbed to the wood. Anionic surfactants 
solutions showed the highest uptake, followed by the nonionic surfactant. The solution 
containing the cationic surfactant had the lowest uptake. 

4.4 Conclusions 

This study has shown that during the drying and capillary penetration of coatings on 
wood, water or organic solvent was selectively transferred from the polymer containing liquid 
to the wood. This resulted in a more rapid increase in polymer concentration during drying on 
wood, in comparison to an inert substrate like glass. Inside a wood capillary, the polymer 
concentration increased because water entered the cell wall whereas polymer particles were 
too large to migrate into the cell wall. The evaporation rate to the wood was estimated from 
the constant evaporation rate period, the evaporation rate to the air and the mass fraction 
polymer at the end of the constant rate period. Depending on the binder type, the evaporation 
rate to the wood was equal or even higher than evaporation rate to the air. This was observed 
for both waterborne and solventborne binders but the solvent taken up into the wood was 
released again a lot faster. With the waterborne binders, the selective removal of water 
increased after addition of a thickener, this effect was absent with a solventborne binder. 

The viscosity of the binders rapidly increased with mass fraction of polymer, in 
particular for the waterborne binders. For the ACDIS and ACEMUL binders, the increase in 
viscosity was much higher at low shear rates. For the ALKEMUL binder the viscosity was 
increased extremely as soon as a water in oil emulsion was formed. Because of the increasing 
polymer concentration, the viscosity of the binder appeared to be the limiting factor in the 



72 A Rheological Approach to the Capillary Penetration of Coatings into Wood 

capillary penetration of coatings into wood. Increasing the initial viscosity by addition of a 
thickener reduced the capillary uptake for all types of binder investigated. 

The driving force for capillary penetration, which is the product of liquid surface 
tension and the cosine of the contact angle of the liquid on the wood, also decreased with 
increasing mass fraction polymer. This was due to decreased liquid surface tension and a 
poorer wetting that resulted in higher contact angles. This effect was strongest for the ACDIS 
and least important for the SOLVALK binder. Separate studies on the capillary uptake of water 
containing various types and concentrations of surfactants showed reduced capillary 
penetration with lower surface tension if the wetting of the wood was complete. A subsequent 
reduction of penetration at a surfactant concentration well above the critical micelle 
concentration indicated that adsorption of surfactants on the wooden cell wall took place. 
Surfactant adsorption will increase the actual liquid surface tension inside the capillary until 
there is sufficient surfactant to compensate the losses by adsorption. 

The measured penetration of the binders into wood showed clear differences between 
binder types. The lowest penetration was observed for the acrylic dispersion (ACDIS) and 
emulsion (ACEMUL), the waterborne alkyd (ALKEMUL) showed deeper penetration and the 
solventborne alkyd (SOLVALK) penetrated deepest, which was in good agreement with 
previous findings. The maximum depth of capillary penetration was calculated from the 
Washburn-equation for capillary penetration taking into accounts the increasing viscosity and 
decreasing capillary pressure. In comparison to the experimental data, the maximum 
penetration was severely overestimated which indicated that in reality the viscosity increased 
much faster than could be predicted from evaporation rate measurements and the mass 
fraction-viscosity relationships. To adopt the model to the experimental data, the effective 
viscosity factor was introduced. The effective viscosity was about 1.6 (SOLVALK) to 2700 
(ACEMUL) times higher than the viscosity with the highest mass fraction polymer, measured at 
a shear rate of 0.1 s"1. This might be explained by a lower shear rate in practice or by a more 
rapid increase in mass fraction polymer, due to a faster drying on a micro-scale at the front of 
the penetrating binder. More detailed studies on the viscosity of concentrated dispersions or 
emulsions at high mass fractions and direct measurements of the solids content during 
capillary penetration will be needed to fully understand the capillary penetration of coatings 
into wood. 

Finally, it can be concluded that to obtain a good penetration and pore filling of a 
coating on wood, the viscosity at very low shear rates and high mass fractions polymer is the 
most decisive factor. Addition of a thickener will reduce the penetrating capacity. Reducing 
the surface tension of the coating, if the wetting of the wood is already complete, will only 
decrease the penetration. 
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5. Surface energy determinations of wood: a comparison of 
methods and wood species 

Summary 

The Lifshitz- van der Waals, acid-base and total surface free energies of various wood species 
were calculated from contact angle measurements. For spruce (Picea abies) and meranti 
(Shorea spp.) the following three methods were compared: capillary rise in wood powder 
columns (based on the Washburn equation), dynamic contact angle measurements (according 
to the Wilhelmy-plate principle) and sessile drop measurements along and across the grain of 
the wood. The capillary rise method was limited to non-swelling solvents, which means that 
only the Lifshitz-van der Waals component could be measured. With the dynamic contact 
angle measurement the wettability during the first immersion was decreased compared to the 
sessile drop. This was probably due to reduced capillary penetration but with the second 
immersion the presence of an adsorbed solvent layer increased the wettability and hence 
effected the surface energy data. The sessile drop measurements were highly dependent on the 
direction of measurement. Increasing wood moisture content decreased the Lifshitz- van der 
Waals component and increased the basic surface energy parameter of the wood. All of the 
wood species tested were characterised as having low energy surfaces with a dominant 
Lifshitz-van der Waals component. Measurement of acid and base parameters of wood 
surfaces seemed not to be very reliable because of its strong dependence on the measuring 
conditions. With respect to this, it should be noted that thermodynamic equilibrium conditions 
assumed by Young's equation are generally not fulfilled with wood surfaces because of 
chemical heterogeneity, surface roughness and the adsorption of the test solvent. 

Mari de Meijer, Sander Haemers, Wiro Cobben, Holger Militz 
In preparation for publication. 
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5.1 Introduction 

Studies have indicated that data on surface energy of wood could be used to predict 
and understand the wettability of wood by various liquids like coatings and glues [1-6]. 
Contact angle and surface energy data also allow the calculation of theoretical work of 
adhesion values across an interface between wood and another material [7], or can be used to 
assess changes in chemical composition of the surface after various treatments [8-10], 
weathering [11] or ageing [12,13] of wood. Measurement of surface energies for wood has 
received ongoing attention in recent decades, following the general theoretical developments 
in this field. The earliest research [14,15] was based on measuring critical surface tensions (yc 

) [43], later followed by measurements of polar (yp) and disperse (y°) or non-polar energy 
components of the surface energy according to either the geometric [44] or harmonic mean 
[22] methods [1,16-18, 39]. More recently, the Lifshitz-van-der-Waals (y1*) and (Lewis) 
acid-base components (y*8) [45] were used to measure the surface free energy [18-19]. Here 
the total surface free energy is the sum of the Lifshitz-van der Waals and the combined acid 
(y*) and base (y') components. In the definition provided by Lewis, the acidity of a surface is 
determined by the possibility to accept electrons or donate protons. The basicity is controlled 
by the ability to donate electrons and accept protons. The acid-base interaction does include 
hydrogen bonding. 

The methods used to determine surface energies of wood are generally based on static 
contact angle measurements of sessile drops or dynamic contact angle measurements 
(Wilhelmy plate) [20]. It should also be emphasised that all these methods are based on 
Young's equation: 

Ys= Ysi + Yicos9 (5.1) 

where y is the surface tension (in mN m'1 or mJ m"2) of the solid (s), the solid-liquid (si) and 
the liquid (1) interface respectively. In principle Young's equation assumes that the entire 
system is at thermodynamic equilibrium and that the solid surface is chemically 
homogeneous, flat and not influenced by chemical interaction or adsorption of the liquid to 
the surface. An overview of the literature on surface energy data obtained for various wood 
species and methods is given in table 5.1. The critical surface tension of most wood species 
lies within a relatively narrow range of 40 to 55 mJ m"2, although the wood species vary in 
chemical composition and the different researchers used various sets of test liquids. The total 
surface free energy based on polar and dispersive components shows a larger variation and is 
generally higher than the critical surface tensions. The magnitude of the polar and dispersive 
components is highly variable. None of the components seem to be consistently dominant. 
Even for one specific wood species, the values are highly variable. For example, the polar 
surface energy of beech ranges between 19.6 and 53.1 mJ m"2 and the dispersive component 
ranges between 6.9 and 32.1 mJ m"2. The calculation method also has a strong impact on the 
results; data obtained by geometric mean methods [21] are generally higher than those 
calculated from the harmonic mean equation [22]. With the Lifshitz-van der Waals approach, 
the total surface free energy is much lower, generally below or similar to the critical surface 
tension. The surface free energy is primarily composed of the Lifshitz-van der Waals 
component, but most wood species also show a significant base parameter with only a very 
low acidic parameter. 

Apart from differences in calculation methods, a large part of the variation between 
different observations might be explained by the complex nature of the wood surface with 
respect to contact angle measurements. Firstly, wood is porous which causes a continuous 
decrease in contact angle with sessile drop measurements due to capillary penetration into the 
wood structure [23-25]. Secondly the wood structure causes surface roughness. As a 
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Table 5.1 
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consequence liquid spreading is more pronounced perpendicular than parallel to the 
orientation of the wood cells [19,20] and the roughness of the surface will affect the measured 
contact angle data [26,27]. Differences in spreading between the smoother latewood area's 
and the more rough and porous earlywood areas were also observed by various authors [1,15]. 

Another complicating factor is the chemical heterogeneity of the wood surface. Apart 
from its major constituent's cellulose (40-50%)', hemicellulose (15-25%)' and lignin (20-
35%)' wood can also contain 5-15 % of material consisting of a wide range of terpenoid, fatty 
acid or polyphenolic substances. These so-called extractives can have a strong negative 
impact on the wettability of wood surfaces [28]. Available data on isolated wood components 
show that for cellulose yLW= 44 mJ m"2, yAB= 17.2 mJ m"2, y+= 1.62 mJ m"2, y"= 17.2 mJ m"2 

and for arabinogalactan (hemicellulose) yLW= 37.6 mJ m'2, yAB= 12.6 mJ m'2, y+= 0.75 mJ m"2, 
y"= 53.1 mJ m"2 [34]. For extracted lignin it is reported that yAB= 10-13 mJ m'2 and yD= 45-50 
mJ m"2 [46]. Because the cell wall components are not distributed evenly within the cell walls, 
a spreading liquid will encounter differences in the chemical composition of the surface 
depending whether its on the outside, inside or cross-section of the wooden cell wall. 
Furthermore water adsorbed onto the cell wall will always be present in significant amounts; 
the exact amount will, however, differ depending on the wood species and the relative 
humidity of the environment. Liquids used for the contact angle measurements will also be 
adsorbed onto the wooden surface and might even diffuse into it. This means that a thin layer 
of liquid vapour will be present in front of the spreading liquid. 

The objective of this study is to compare different methods for the measurement of 
contact angles on wood, to measure surface free energy data for several wood species under 
similar conditions and to study the impact of moisture and test solvent adsorption on the 
wood. 

5.2 Experimental 

Three different methods were employed to measure the contact angles on wood. The 
first one was based on the direct measurement of the contact angle of a spreading droplet 
(sessile drop) of approximately 20 ul on wood. The spreading of the droplet was recorded on 
videotape at a magnification of about 40 x and contact angles were measured afterwards 
according to a method described in literature [29]. Because the surface structure of the wood 
can have a serious influence on the contact angle [19], both measurements along and across 
the direction of the wood grain were taken for the wood species spruce (Picea abies), pine 
sapwood (Pinus sylvestris) and dark red meranti (Shorea spp.) (density approximately 650 kg 
m"3). Only measurements along the grain were obtained for the other wood species: framire 
(Terminalia ivorensis ) , white fir (Abies alba), Oregon pine (Pseudostuga menziesii), western 
red cedar (Thuja plicata), padouk (Pterocarpus indica), white meranti (Shorea spp.) (density 
approximately 550 kg m"3), iroko (Chlorophora excelsa), pine heartwood (Pinus sylvestris) 
and thermally treated or acetylated pine sapwood. The partial penetration of the liquid caused 
a continuous decrease of the contact angle in the initial observation period and an increase in 
the radius of the droplet base. Taking into account the previous observations of Liptakova et 
al [23], the contact angle was measured when the radius of the droplet no longer increased. 
This can be considered to be at equilibrium. Because of the liquid penetration into the 
substrate, only advancing contact angles were used for the sessile drop measurements. 
Samples were stored and measured at a relative humidity of 65 % and a temperature of 21 °C. 

The second method was based on dynamic contact angle measurements [20,30]. Thin 
slices of wood were planed to dimensions of 30 x 10 x 0.8 mm (length x width x thickness). 
The end grain of the wood was sealed with a 2-pack epoxy sealant to avoid capillary uptake of 

1 Mass fraction, ranges depending on wood species. 
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the test liquid. The samples were hung under an analytical balance (accuracy of 0.1 mg) to 
measure the wetting forces. The wood was brought into contact with the test liquids at a speed 
of 150 um s"1 with a total immersion depth of approximately 15 mm. All measurements were 
made with the grain parallel to the direction of immersion. The contact angle was obtained 
from the measured forces according to the following equation: 

F = YL P cos8 - pLgAd (5.2) 

where F is the measured force (N), YL the surface tension of the liquid (mJ m"2), P the 
perimeter of the sample (m), 0 the contact angle (°) between liquid and wood, pi. the density 
of the liquid (kg m"3), g the gravitational constant (m2 s"1), A the cross sectional area of the 
sample (m2) and d the depth of immersion (m). The first part on the right hand side of 
equation 5.2 is the actual wetting force, the second part is the buoyancy counter force which 
can be eliminated by extrapolation of the force to zero immersion depth (see fig.5.2). The 
perimeter of each individual sample was determined from the forces measured with 
cyclohexane which completely wetted the wood and hence cos 8 =1. With the dynamic 
contact angle measurements both advancing and receding contact angles were obtained. 
Additionally, the samples were immersed in the liquid twice immediately after each other, to 
study the effects of liquid adsorption on the surface. The samples were brought into contact 
with the liquids in the following order: cyclohexane, diiodomethane, formamide and finally 
distilled water. After every immersion, the remaining solvent was removed by drying in a 
vacuum-oven at 100 mPa and 30 °C followed dry reclimatisation at 50 % relative humidity 
and 23 °C until at least 99 % of the initial weight was regained. To check the influence of 
potential surface modification by the various liquids, additional experiments were made 
where only one solvent was used. 

With the third method, contact angle data were obtained from wood that was ground to 
a fine powder to control the effects of surface roughness and capillary penetration. The 
method was based on the Washburn equation [31,32] for capillary rise of a liquid in the 
following form: 

h2 = (tRYLCOs9)/2ri (5.3) 

where h is height of capillary rise (m), t the time (s), R the effective capillary radius (m) and rj 
the liquid viscosity (Pa s). The wood powder was packed in a glass column with a glass filter 
at the bottom and the weight increase after contact with the liquid was recorded against time 
using an underweighing balance. Equation 5.3 was rewritten to: 

cos9 = (Am2/At) x (2T| / (yL p2 Q) (5.4) 

where m is the mass of the liquid taken up by the column (kg) and C the column constant (m5) 
which also contains the effective capillary radius amongst the cross-sectional area of the 
column and the pore radius of the glass filter. C was determined from the rate of rise of 
cyclohexane, which wets the column completely and does not swell the wood. Wood swelling 
has to be avoided in this case because it would change the effective capillary radius between 
the wood particles. The wood was ground in a centrifugal mill under dry ice to avoid 
excessive heating and sieved to fractions smaller than 63 um or between 63 and 106 um. 
Samples were stored at 60 °C for at least 5 days to obtain a moisture content of about 4 % and 
allowed to cool down to a temperature of 20 °C just prior to the measurements. The 
temperature of the test liquid was controlled at 20 °C (±0.2) °C to avoid changing the 
viscosity. 

All probe liquids were of at least 99 % purity and were stored under an anhydrous 
atmosphere to avoid contamination by water. The relevant physical data and surface tension 
data are given in table 5.2. Wood samples were industrially pre-dried from fresh state and 
subsequently stored at 65 % RH or 50 % RH (temperature of 22±3 °C). After preparing the 
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final surface, samples were stored for at least one week to avoid changes in wettability that 
might occur during the first 3 days [13]. For studies on the influence of wood moisture 
content, wood was stored at relative humidities of respectively 33,60 and 94 %. 

Table 5.2 Physical data and surface tensions of liquids used at a temperature of 20 °C 

Liquid Density Viscosity yLmJm'2 y^mJm'2 y+mJm'2 y"mJm"2 y^mJm"2 

kg / m3 mPa s 

Diiodomethane 

Water 

Formamide 

Cyclohexane 

Toluene 

Methanol 

3325 

1000 

799 

799 

867 

792 

2.8 

1.00 

1.02 

1.02 

0.59 

0.60 

50.8 

72.8 

58 

25.2 

28.5 

22.6 

50.8 

21.8 

39 

25.2 

28.5 

18.2 

0 

25.5 

2.28 

0 

0 

-

0 

25.5 

39.6 

0 

2.3 

-

0 

51.0 

19 

0 

0 

4.3 

Surface tension data obtained from [34]. 

Surface free energy components were calculated from the contact angles of 
diiodomethane, formamide and water according to equations 5.6-5.9, which are all based on 
[33]: 

O.5Yl(l+cos0) = V(ys
LW

Yl
LW) + Vfo-yt4) + V(ys

+yf) (5.5) 

The Lifshitz-van der Waals component of the surface free energy (ys
LW) was obtained from 

the contact angle of diiodomethane (denoted 1) by: 

ys
LW = 0.25 y,LW (l+cos9)2 (5.6) 

With the known ys
LW component, the acid (ys*) and base (ys") parameters of the surface energy 

can be calculated from the contact angles of water (denoted 2) and formamide (denoted 3): 

Vys
+ = (AF-BD)/(CF-CE) and Vys

- = (BC-AE)/(CF-CE) 

A = y2 (l+cos8) - 2 V(ys
LWy2

LW) and B = y3 (l+cos9) - 2 V(ys
LW y3

LW) 

C = 2Vy2" D = 2Vy2
+ E = 2Vy3" F = 2Vy3

+ (5.7) 

The total acid-base component to the surface energy (ys**) is given by: 

YsAB = 2Vys
+Vys- (5.8) 

The total surface free energy of the wood (ys) is given by: 
Ys = Ys

LW+Ys
AB (5.9) 

5.3 Results and discussions 

5.3.1 Capillary rise in wood powder columns 
Some results of the squared mass increase by capillary rise of the liquid against time 

are shown in fig.5.1. The linear part of the slope was used to calculate the column constant or 
cosG. Deviations at the beginning and end were respectively due to initial turbulence [32] and 
slow filling of closed capillaries respectively [31]. Cyclohexane and methanol, which both 
wetted the wood completely, were compared to assess the influence of swelling of the wood 
particles on the column constant. Cyclohexane is a non-swelling solvent where as methanol 
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lets the wood swell to almost the same extent as water [35-37]. Table 5.3 shows the column 
constant as a function of test liquid, particle size and wood species. The differences between 
cyclohexane and toluene, which is also a non-swelling solvent, showed that other solvent 
properties also affected the rate of capillary rise. Probably, diffusion of solvent molecules into 
the wood particles affected the rate constant of capillary rise. 

Table 5.3 Column constant obtained using different materials and liquids 

Liquid type Wood species Particle size (urn) Column constant 

xlO-,5(m5) 
cyclohexane 

cyclohexane 

methanol 

toluene 

cyclohexane 

spruce 

spruce 

spruce 

spruce 

meranti 

63-106 

<63 

<63 

<63 

63-106 

2.71 ± 0.98 

2.22 ± 0.09 

1.42 ±0.10 

1.75 ±0.10 

2.47 ± 0.29 

As expected the particle size and the wood species had a considerable influence on the 
column constant. It should be noted that the wood particles were highly hetero-disperse and 
contained still fractions of wood fibres, which can be considered as micro-capillaries. The 
finer fractions gave more reliable results, probably because the influence of wetting of the 
wall of the glass sample holder was reduced. Loosely and densely packed columns were 
compared, the latter showed internal cracks due to contraction during drying of the 
cyclohexane. For this reason, loosely packing of the powder was preferred if repetitive 
wetting of the column was needed. The error between the six repeated wettings using 
cyclohexane was only 5 %. With ongoing repetition, a slight decrease in column constant was 
observed which was probably due to setting of the wood powder. Extraction of soluble wood 
material by the cyclohexane did not play a significant role because wood pre-extracted with 
cyclohexane yielded the same column constants as native wood. 

1.80-J 

1.60 

1.40 

1.20 -

4 - 1-00 
2 
"E 0.80 

0.60 

0.40 • 

0.20 

0.00 
5 10 15 20 

time 

25 

*) 

spruce - methanol 

spruce -cyclohexane 

meranti -cyclohexane 

meranti -methanol 

30 35 40 45 

Figure 5.1 Squared mass increase during capillary uptake in column with wood powders 
(0.06-0.1 urn fraction). Markers indicate the range used to calculate the slope of 
the lines. 
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Table 5.4 shows the different contact angles for diiodomethane obtained by the 
capillary rise method. The contact angles were considerably higher then those reported in 
literature obtained by alternative methods. The error within one type of sample was only 5 to 
7 % for spruce but was 19 % for meranti. However, the impact of particle size and packing 
density was more important. In principle, the column constant should account for these 
factors, but apparently there is a specific interaction between the type of solvent and the wood 
powder structure. The Lifshitz-van der Waals component of the surface free energy of spruce, 
based on these contact angle data, ranged between 18.8 and 25.6 mJ m'2; whereas for meranti 
it was 22.7 mJ m"2. These values are lower than those reported in literature. Since the 
variability of this method is in the same range as for other types of measurements and because 
of the expected problems related to swelling of the wood powder with water or formamide no 
further acidic or base parameters were obtained. 

Table 5.4 

Wood species 

spruce 

spruce 

spruce 

meranti 

Contact angle of diiodomethane obtained 

Particle size 

63-106 

63-106 

<63 

63-106 

(urn) Powder 
packing 

dense 

loose 

dense 

loose 

by the capillary rise method 

Cos 9 9 ° 

0.370 ± 0.021 68.3 

0.216 ± 0.014 77.5 

0.420 ± 0.011 65.2 

0.336 ± 0.064 70.4 

5.3.2 Dynamic contact angle measurements 
The contact angles obtained by this method are given in table 5.5 for spruce and 

meranti. Advancing and receding contact angles during both the first and second immersion 
are presented. Generally, the advancing contact angles were larger than the receding ones. 
Water on meranti even exhibited a non-wetting behaviour, which could also be seen from the 
non-wetting meniscus around the sample. During the second immersion, the advancing 
contact angle was much lower, whereas the receding angle was not much affected which 
means that the contact angle hysteresis was reduced. On meranti, the advancing angle during 
the second immersion was still larger than the receding one. Remarkably on spruce during the 
second immersion, the receding contact angle with water or formamide was larger than the 
advancing one. Similar effects were reported by Shen et al [19] who observed decreasing 
advancing and increasing receding contact angles upon increasing water absorption time prior 
to measurement. 

Additional information about the wetting process could be obtained from the curves of 
the wetting force against immersion depth. A few typical examples are given in figures 5.2 to 
5.5. With cyclohexane used to determine the sample perimeter, straight lines were observed in 
all cases for both spruce and meranti which means that there was not much interaction 
between liquid and wood. With water, the advancing curves during the first immersion 
showed a lot of variation, which can be caused by surface roughness effects, or absorption of 
liquid [20]. Chemical heterogeneity of the surface can also cause variation in the wetting force 
similar to surface roughness as was demonstrated in studies with contaminated smooth 
surfaces [38]. With diiodomethane and formamide a slight fluctuation in the first advancing 
profile was seen but to a far lesser extent then for water. To check the potential influence of 
cyclohexane, samples that were first exposed to test liquids followed by cyclohexane and vice 
versa were compared but no differences in the wetting profile or contact angle were seen. 
From the measurements with cyclohexane the perimeter of the samples was calculated 
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according to equation 5.2. By comparing the measured (P) and the gross perimeter (Pg) as 
derived from the dimensions of the sample, the actual surface roughness (P/Pg) was 
calculated. The surface roughness was 1.07 for spruce and 1.13 formeranti. 

Table 5.5 Contact angles and surface free energies obtained by dynamic measurements 

Spruce 

1st advancing 

1st receding 

2nd advancing 

2nd receding 

Meranti 

1st advancing 

1st receding 

2nd advancing 

2nd receding 

Contact angle 

diiodo-
methane 

37.1 ± 1.6 

25.6 ±2.3 

22.6 ± 2.2 

20.0 ±3.2 

55.5 ±1.6 

21.5 ±4.1 

23.5 ±2.2 

17.8 ±2.2 

formamide 

49.4 ±1.8 

49.4 ± 2.2 

47.3 ±2.8 

49.5 ±1.6 

66.1 ±0.9 

44.9 ± 0.8 

45.5 ±0.8 

45.2 ±1.2 

0 * 

water 

68.1 ±1.8 

46.5 ± 2.7 

36.4 ±1.9 

44.5 ± 2.8 

104 ±2.3 

33.3 ±2.3 

37.2 ±1.5 

32.9 ±2.1 

Ys L W 

41.0 

45.9 

47.0 

47.8 

31.2 

47.3 

46.7 

48.4 

Surface free energy (mJ 
-i-

Ys 

0.15 

0.49 

0.77 

0.82 

1.30 

0.63 

0.50 

0.81 

Ys' 

12.8 

43.6 

57.0 

47.1 

0.74 

58.7 

53.8 

59.7 

YsAB" 

2.80 

(-) 9.29 

(-) 13.28 

(-) 12.42 

(-) 1-96 

(-) 12.15 

(-) 10.33 

(-) 13.91 

m"') 

Ys 

43.8 

36.6 

33.7 

35.3 

29.2 

35.2 

36.3 

34.5 

*** 

(55.2) 

(60.2) 

(60.2) 

(33.1) 

(59.5) 

(57.0) 

(62.3) 

* Including 95 % confidence limits 
** Negative sign between brackets indicate presence of a negative value of Vys

+ or Vys" 
*** Data between brackets are based on a positive acid-base interaction. 

Table 5.6 Contact angles and surface free energies from sessile drops measured along 
and across the grain. 

Spruce 

Along 

Across 

Meranti 

Along 

Across 

Pine 
sapwood 

Along 

Across 

Contact angle 

diiodo-
methane 

33.3 ±1 .4 

52.5 ±1 .7 

50.8 ±2 .0 

64.2 ± 2.2 

41.1 ±1 .4 

61.4± 1.6 

Formamide 

25.4 ±2 . 4 

37.2 ±1 .9 

55.4 ±4 .6 

70.3 ± 3.2 

22.3 ±2 .6 

33.4 ±3 . 0 

o* 

water 

54.1 ± 1.7 

83.3 ±1 .9 

84.6 ±2 .3 

98.9 ±1 .9 

50.3 ±2 .0 

67.7 ±2 .2 

Surface free energy (mJ m' 

Ys 

42.6 

32.9 

33.8 

26.2 

39.1 

27.8 

+ 

Ys 

1.7 

6.4 

1.3 

1.0 

2.6 

7.0 

Ys' 

16.7 

0.05 

1.92 

0.13 

19.6 

5.88 

Y s A B 

10.8 

1.1 

3.1 

0.7 

14.2 

12.8 

') 

Ys 

53.3 

34.0 

36.9 

26.9 

53.3 

40.6 

Including 95 % confidence limits 
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2nd immersion 

1st immersion 

distance (mm) 

Figure 5.2 Wetting profile of water on meranti during the first and second immersion with 
dynamic contact angle measurements. 
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Figure 5.3 Wetting profile of diiodomethane on meranti during the first and second 
immersion with dynamic contact angle measurements. 
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1st immersion 
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distance (mm) 

Figure 5.4 Wetting profile of cyclohexane on meranti during the first and second immersion 
with dynamic contact angle measurements. 
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Figure 5.5 Wetting profile of water on spruce during the first and second immersion with 
dynamic contact angle measurements 



86 Surface energy determinations of wood: a comparison of methods and wood species 

Surface free energy data are also given in table 5.5. The Lifshitz-van der Waals 
fraction ranged between 45 and 48 mJ m"2 for the receding or second advancing data. The first 
advancing contact angle gave somewhat lower values, 41 and 31 mJ m"2 for spruce and 
meranti respectively. All results were generally comparable with data obtained by the 
dynamic contact angle measurements reported in the literature [18,30,39]. The acidic 
parameters were very low in all cases, and were similar to most other findings in literature 
(see table 5.1). The base parameters obtained from the advancing contact angle measurements 
during the first immersion were also low but much higher values were obtained from the other 
measurements. During both the first receding and with the second immersion it might be 
assumed that a molecular layer of the test liquid was still present on the surface of the wood. 
This means that only the first advancing contract angle can be considered as representing the 
true wetting process [45]. 

With the calculation of the total acid-base parameters at the wood surface, a problem 
arose with respect to negative square roots. Except for the advancing contact angle 
measurements on spruce all calculations according to equation 5.7 yielded negative square 
roots for either Vys' (1st advancing data on meranti) or negative Vys

+ (all others). Good [33] 
discussed the aspect of negative square roots and dismissed negative values of Vys" as 
artefacts. Whether or not this was true in this case is questionable, because the negative Vys" 
was due to the very high contact angle of water, which was real, keeping in mind the non-
wetting meniscus. The negative root of Vys

+ might be interpreted as a negative contribution to 
the total surface tension [33]. If only one square root is negative, the total acid-base 
component is negative. This logically reduces the total surface energy as is shown in table 
5.5. The numbers in brackets show the values if all of the data were assumed to be positive. 
The total energy of 43.8 mJ m"2 for spruce (advancing) was rather close to the data obtained 
by Mantanis and Young [30] for spruce and by Shen et al [19] for pine. 

5.3.3 Sessile drop measurements 
Contact angles on spruce, pine sapwood and meranti were measured both parallel and 

perpendicular to the grain of the wood (see table 5.6). Wetting along the direction of the wood 
fibres was much better than across the fibre direction, as was also reported by Shen et al [19]. 
This might be caused by the higher surface roughness encountered by the liquid during 
spreading across the grain and the possibility of penetration into open ends of wood 
capillaries at the surface, which might enhance the spreading in the parallel direction [23,25]. 
Furthermore, chemical heterogeneity might be different in both directions since in the 
perpendicular direction more cell wall middle lamella, with a higher lignin content [42], have 
to be crossed. The difference in the contact angle across and along the grain also had a strong 
effect on the surface free energy. The total surface energy measured along the grain was 
higher than across, due to the higher Lifshitz-van der Waals and acid-base interactions. With 
respect to the acid and base parameters, the results were quite confusing. In particular for 
spruce and pine sapwood the dominant parameter along the grain was basic whereas across 
the grain acid components were dominant. If this is true it would mean that along the fibre 
direction mainly proton accepting (basic) groups are present and across the grain proton 
donating (acid) groups prevail. Further research on the chemical composition of wood 
surfaces seems necessary to check whether this is real or whether the differences are an 
artefact due to different response of the liquids to surface roughness or capillary penetration. 
It was also remarkable that contact angles measured for the sessile drops along the grain were 
lower in comparison to the data from the dynamic measurements during the first immersion. 
This contradicts to findings reported for pine [19]. No negative square roots were observed for 
sessile drop measurements. 
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Table 5.7 Contact angles and surface free energies from sessile drops measured along the 
grain. Variations within and in between different wood species. 

Wood species Sample* Diiodo-
methane 

Contact angle °** 

Water Formamide 

Surface free energy (mJ m") 

Ys Ys Ys Ys Ys 

Framire 

Abies Alba 

Oregon Pine 

Western Red 

Cedar 

Padouk 

White 

meranti 

Iroko 

Pine 

Heartwood 

Acetylated 

P ine§ 

Thermal $ 

Treated wood 

1A 

IB 

2A 

2B 

1A 

IB 

2A 

2B 

1A 

IB 

1A 

IB 

1A 

IB 

2A 

2B 

1A 

IB 

2A 

2B 

1A 

IB 

1A 

IB 

1A 

IB 

1A 

IB 

33 ±2 

28 ± 1 

31 ±2 

29±2 

17±3 

16±3 

21 ± 3 

24±2 

14 ± 1 

M i l 

27 ± 2 

22 ± 2 

39 ±3 

37±2 

36 ±2 

37 ± 3 

26 ±2 

38 ± 2 

34 ±2 

37 ± 2 

30 ±2 

36 ±3 

22 ±3 

19±2 

20 ±2 

21 ± 2 

11 ± 2 

12 ± 1 

62 ± 4 

68 ± 2 

59 ± 2 

56±4 

58 ± 2 

59 ± 2 

64 ± 3 

58 ± 2 

78 ± 2 

72 ± 2 

79 ± 2 

69±2 

62 ± 4 

60±2 

60 ± 2 

67 ± 2 

60 ±2 

58 ± 4 

63 ±2 

60 ± 3 

72 ±2 

64±2 

64±2 

66 ± 2 

57 ± 2 

54±3 

61 ± 2 

51 ±3 

39 ± 2 

35 ± 3 

41 ± 3 

38 ± 2 

29 ± 3 

26 ± 2 

54 ± 5 

36 ±2 

36 ± 2 

30±4 

32 ± 3 

28 ±3 

51 ± 3 

47 ±2 

48 ± 2 

48 ±3 

34 ± 3 

46 ± 3 

42 ±3 

49 ±3 

48 ±2 

49 ± 3 

21 ± 2 

23 ± 2 

32 ±3 

28 ± 2 

30 ± 3 

29 ± 2 

43 

45 

44 

45 

49 

49 

47 

47 

49 

49 

46 

47 

40 

41 

42 

41 

46 

40 

42 

41 

44 

42 

47 

48 

48 

48 

50 

50 

0.6 

1.2 

0.3 

0.3 

0.7 

0.9 

0.4 

0.3 

1.2 

1.5 

2.6 

1.7 

0.0 

0.1 

0.0 

0.2 

0.7 

0.1 

0.4 

0.0 

0.2 

0.1 

2.1 

2.0 

0.5 

0.7 

0.6 

0.3 

14.0 

6.5 

18.5 

20.5 

13.6 

12.4 

21.6 

17.0 

1.4 

2.9 

0.6 

4.7 

21.5 

21.2 

21.4 

13.5 

13.6 

22.8 

14.9 

23.3 

8.1 

16.7 

6.7 

5.6 

16.6 

18.1 

11.4 

21.8 

6.0 

5.6 

4.5 

4.6 

6.3 

6.7 

-5.8 

4.7 

2.6 

4.2 

2.5 

5.7 

1.2 

2.5 

1.8 

3.2 

6.1 

3.3 

5.0 

0.9 

2.5 

2.2 

7.5 

6.7 

5.6 

6.9 

5.2 

4.9 

49 

51 

48 

49 

55 

56 

53 

51 

52 

53 

48 

53 

41 

44 

43 

44 

52 

44 

47 

42 

47 

44 

55 

55 

53 

54 

55 

55 

Samples 1 and 2 refer to woods from different origin, A and B are replicates taken from the 
same log. 
With 95% confidence limits; n ranges between 15 and 30. 
Acetylated according to procedure described in ref. [40]. 
Thermal treatment described in ref. [41]. 
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To determine the variability in wettability and surface energy between wood species 
and within individual wood species, a large number of samples were tested by measuring the 
contact angle along the grain which seemed to be the most reliable method; results are given 
in table 5.7. In general, the variability within one wood species was of the same order as the 
experimental error, even if the boards originated from different logs. The only exception to 
this was found for Abies alba where the two logs exhibited clear differences in wettability by 
diiodomethane and formamide. This was also the only case were a negative Vys

+ existed. 
The Lifshitz-van der Waals components dominated the surface energies for all of the 

wood species and the variations between the different wood species were relatively small. The 
same applied to the total surface energy data that were in close agreement to most of the data 
reported in literature. In comparison to the surface energies derived from polar and disperse 
components, the Lifshitz-van der Waals acid-base approach yielded lower surface energy 
values which were closer to the critical surface tension data of wood. The surfaces of the 
tropical hardwood species like Framire, Padouk, White Meranti, Iroko and the softwood Abies 
alba had hardly any acid parameter; the dark red meranti was an exception to this. The other 
untreated softwood surfaces were slightly more acidic. In this respect, it was remarkable that 
the thermal treated and acetylated pine wood showed a reduction in proton donating capacity. 
Due to the replacement of hydroxyl groups by the acetyl groups in acetylated wood a more 
acidic character would be expected. A possible explanation for this unexpected behaviour 
might be the removal of resinous acids during the acetylation or the thermal treatment [41]. 

Table 5.8 Influence of moisture on the contact angle and surface energy 

Contact angle °** Surface free energy (mJ m'2) 

Wood species 

spruce 

meranti 

RH%* 

33 

60 

94 

33 

60 

94 

Diiodo­
methane 

34 ±1 

34 ±1 

38 ±1 

45 ± 2 

51 ±2 

52 ±1 

Water 

50 ±1 

46 ±1 

46 ±1 

82 ± 2 

85 ±2 

84 ±2 

Formamide 

27 ±2 

32 ±1 

45 ±1 

54 ±3 

56 ±5 

82 ±1 

Y s L W 

42 

42 

40 

37 

34 

33 

+ 

Ys 

1.31 

0.59 

0.00 

0.64 

1.25 

2.17 

Ys" 

21.7 

29.9 

40.1 

3.31 

1.92 

16.5 

,, AB 
Ys 

10.7 

8.4 

0.7 

2.9 

3.1 

-12.0 

Ys 

53 

51 

41 

40 

37 

21 

* Relative humidity during storage of wood before measurement. 
** With 95% confidence limits; n ranges between 40 and 60. Angles measured along the grain. 

5.3.4 Influence of moisture 
Because wood is a hygroscopic material moisture will always be present on the 

surface. In order to study this effect samples were stored at relative humidities of 33 %, 60 % 
and 94 % to reach wood moisture contents of approximately 7 %, 12 % and 25 %. The results 
are presented in table 5.8. For diiodomethane and formamide, the wettability decreased with 
increasing moisture content. In case of water on spruce, a slightly improved wettability was 
observed going from 33 to 60 % RH but this effect was absent for meranti. Scheikl and 
Dunky [1] also studied the influence of the wood moisture content on wetting by water but 
could not find consistent trends. 

Increasing concentrations of water at the surface slightly decreased the Lifshitz-van 
der Waals components and the total surface tension. The most pronounced effect was seen for 
the acid-base parameters. For spruce the presence of water decreased the acid and increased 
the base parameters of the wood. With meranti at 94 % RH both an increase in acid and base 
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properties of the surface was observed. At 94 % RH a negative Vys
+ was found, leading to a 

negative contribution by the acid-base component to the total surface free energy. 

5.4 Conclusions 

Independent of the measurement techniques used, all of the wood surfaces proved to 
have low surface energies, typically between 30 and 50 mJ m"2. The electromagnetic Lifshitz-
van der Waals component was the major component in the surface free energy of wood. The 
total surface free energy of wood obtained by the Lifshitz -van der Waals acid-base approach 
yielded a lower surface energy than that obtained by measuring polar-disperse components 
and was also closer to the critical surface tension. The acid-base component of the surface 
energy of wood was small and under certain circumstances even negative. Values of the 
separate acid and base parameters appeared to be highly sensitive to measuring conditions; in 
particular the acid parameters showed high fluctuations. It should be emphasised that an 
inherent difference in sensitivity exists between the acid and base surface energy with respect 
to small changes in contact angle. To illustrate this both parameters are plotted in figures 5.6 
and 5.7 as a function of the contact angle of water and formamide. With a few exceptions the 
base parameter is dominant on wood surfaces. This might reflect the true chemical 
composition of the wood surfaces but criticisms on the calculation methods for the Lifshitz-
van der Waals theory, as proposed by van Oss, Good and Chaudhury [33, 34,45], have shown 
that the split up of water into equal acid and base parameters results in a large base parameter 
for most surfaces [47]. 

60 65 70 

Figure 5.6 
Acid part of surface parameter (mJ m" ) as a 
function of the contact angles of water and 
formamide with the contact angle of 
diiodomethane fixed at 40 °. 

2 0 2 S 3 0 3 S 4 0 4 5 S O S 5 6 0 S S 7 0 

contact angle formamide * 

Figure 5. 7 
Base part of surface parameter (mJ m" ) as a 
function of the contact angles of water and 
formamide with the contact angle of 
diiodomethane fixed at 40 °. 

The determination of contact angles by capillary rise measurements in wood powder 
columns is limited to the measurement of the Lifshitz-van der Waals component because non 
swelling solvents are needed, which exclude the measurement of acid and base parameters. 
The ys

LW obtained is lower than with other techniques, indicating that there might be a 
difference in chemical surface composition between solid and powdered wood. Dynamic 
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6. Wet Adhesion of Low-VOC Coatings on Wood; 
A Quantitative Analysis 

Summary 

Adhesion of coatings on wood is most critical under wet conditions. However, the 
mechanisms controlling the adhesion are not well understood. Therefore, a quantitative 
analysis of coating adhesion on wood is needed. A new technique is presented to measure the 
wet adhesion quantitatively, based on measuring the forces needed to peel the coating from 
the wood with a tape. Differences in peel forces corresponded to areas in the wood with a 
lower or a higher degree of coating penetration. Coatings with better penetration and substrate 
wetting showed an improved adhesion and the better adhering coatings had an increased level 
of cohesive failure in the coating. Chemical analysis of the air-faced and wood-faced side of 
the coatings showed differences in chemical composition. The stored strain energy due to 
internal hygroscopic stress could reduce the actual level of adhesion significantly. Surface 
energy effects did not contribute to reduced adhesion after exposure to water. The interfacial 
work of adhesion between coating and wood was very much lower than the measured force 
and lacked correlation with measured differences in adhesion. Therefore, it can be concluded 
that mechanical anchoring plays a dominant role in obtaining good adhesion of a coating on 
wood. 

Mari de Meijer, Holger Militz 
Submitted to Progress in Organic Coatings 
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6.1 Introduction 

In order to fulfil its protective and aesthetic functions, a coating should adhere well to 
its substrate for a long period. The adhesion should also be maintained at high moisture 
contents at the interface between coating and wood, which can either be induced by the 
presence of liquid water or high relative humidity (RH). This so-called wet adhesion is 
generally lower in comparison to the adhesion measured at standard conditions in the range 
between 50 and 65 % RH [1-3]. Depending on the formulation, the adhesion of waterborne 
coatings can be more sensitive to high moisture levels in comparison to traditional 
solventbome types [4-7]. Because of an increased use of waterborne coatings, a better 
understanding of the mechanisms controlling the adhesion of coatings on wood is desired. 

The general mechanisms governing adhesion phenomena are reviewed in many papers 
[8-14]. Those aspects particular relevant to the adhesion of wood will be discussed briefly. 
Wood has a rough surface [15] and a porous structure [16] with a typical porosity of 55-70 % 
depending on specific gravity and moisture content [17,18]. As a consequence, good surface 
wetting and capillary penetration is generally considered to be a prerequisite for good 
adhesion of a coating. It increases the contact area between the substrate and the adhering 
material and reduces the concentration of stresses on specific loci during adhesion 
measurement [8]. 

Many researchers have shown that substrate penetration varies with the type of coating 
applied [19-21]. In softwoods grown in temperate climates, clear differences exist between 
penetration in the wider (diameter 16-60 um) earlywood cells (tracheids) formed during 
spring and more narrow (diameter 6-25 um) latewood cells formed during summer [22-25]. 
Furthermore the angle between the length axis of the wood cells and the surface influences the 
number of pores at the surface and thus the potential for capillary penetration [25]. 

Some workers [26,27] have suggested that there is no relation between adhesion and 
penetration. However, there are many studies on both adhesion of glues [28,29] and coatings 
[30-32], in which differences in adhesion between early- and latewood areas correspond to 
varying degrees of substrate penetration. Normally the adhesion strength is higher in the 
earlywood, which corresponds with its deeper penetration. Adhesion is only higher in the less 
penetrated latewood cells, if the wood is preweathered before application of the coating. This 
can be explained by the fact the unprotected earlywood degraded faster during weathering 
which lead to a weaker bond strength [33]. Richter et al [34] reported increased adhesion 
strength of a coating with increasing surface roughness. From the results mentioned, it can be 
assumed that mechanical anchoring plays an important role in the adhesion of coatings to 
wood. 

Apart from mechanical interlocking, surface energy aspects and molecular interactions 
between coating and substrate are important in achieving good adhesion. The first approach to 
this was made by Zisman [35] through the concept of critical surface tension. The critical 
surface tension of wood lies around 50 mN m"1 [36-38] but can be strongly influenced by the 
way it is determined [38]. The surface energy concepts of Fowkes [39], Owens-Wendt [40] 
and Wu [41] in terms of dispersion and polar, or non-dispersion forces has also been applied 
to wooden surfaces. The surface free energy of softwoods ranged between 48 and 61 mJ m"2 

with a polar fraction of 25 to 40 % [36,42]. The more recent theory of van Oss et al [43] 
separates into Lifshitz van der Waals (LW) forces and Lewis acids (electron acceptor) and 
base (electron donor) (AB) interactions, which include hydrogen bonding. On softwood 
surfaces the Lifshitz van der Waals forces are dominant (y1"* approx. 40-50 mJ m"2) in 
comparison to acid-base interactions (yAB approx. 5-8 mJ m"2) [44,45]. To our knowledge no 
specific studies on the above mentioned molecular interactions between coatings and wood 
are published so far. 
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Interdiffusion of polymer chain segments or molecular entanglements might also 
contribute to adhesion between two polymeric phases [12, 46]. Theoretically, this could also 
happen at the interface of the coating polymer and the lignin, hemicellulose or cellulose 
polymers in the wooden cell wall. In practice however, this is extremely unlikely due to two 
factors. Firstly, the pore size in wooden cell walls ranges from 0.1 to 1 nm [47]. This means 
that dispersion or emulsion particles would be too large to enter the cell wall. Studies with 
polyethylene glycol indicated that penetration in water saturated cell walls only occurred if 
the molecular weight was below 3100 g mol'1 [48]. Secondly, intermolecular diffusion should 
take place above the glass transition temperature. Most of the wood polymers are in the glassy 
region: the Tg of lignin ranges between 80 °C (wet) and 200 °C (dry); the Tg of hemicellulose 
is between 0 °C (wet) and 180 °C (dry); cellulose has a (theoretical) Tg »200°C [49]. 

The weak boundary layer theory [50] explains the loss of adhesion as a failure in an 
intermediate molecular layer between adhesive and adherent. This molecular layer consists of 
low molecular weight impurities of various origins, including water. This theory has never 
been verified for wood, but it is known that low molecular weight extractives can easily 
migrate to the surface and might reduce adhesion [51]. Also lower molecular weight fractions 
in the coating (e.g. surfactants, thickeners or coalescing agents) can influence wet adhesion 
[52] because they might cause a weak boundary layer. 

Another important aspect in the evaluation of measured adhesion forces is the 
development of internal stresses in the coating, which can lower the actually measured 
adhesion force due to stored strain energy [53-55]. The internal stress within the coating can 
originate from three sources: stresses due to solidification during film formation; thermal 
stress due to differences in thermal expansion coefficients between coating and substrate, or 
hygroscopic stress due to differences in hygroscopic swelling and shrinkage between coating 
and substrate. The remaining residual stress can be different from the initial stress because of 
stress-relaxation in the coating [56-58]. 

Frequently used techniques to measure the adhesion of a coating on wood are: the axial 
pull-off test with a dolly glued on the coating (ISO 4624) [1,59,60]; shear measurements in 
torque mode [2,31,61] or block-shear tests [62] and the semi-quantitative x-cut or cross hedge 
(ISO 2409 or ASTM D3359). The first two methods are often difficult to interpret because 
cohesional failure can occur in the coating, glue or wood. These are often combined within 
one fractured surface. Furthermore, the measured force is influenced by the stress-distribution 
under the dolly and the method of cutting the coating around the stamp [63,64]. The third 
method suffers from reduced reproducibility due to manual influences during the application 
and removal of the tape and the visual assessment of the removed coating area. Several 
attempts have been made to improve the reproducibility by mechanising or automating the 
various actions [65-67]. Although adhesion measurements by peeling of coatings with 
pressure-sensitive tape in a tensile testing machine are successfully used on metals [68] and 
glass [69] this technique has not been applied to wood. Only peel test with cheesecloth glued 
to the wood with the liquid paint has been reported with limited success [34]. 

The objective of the work presented was to develop a method to measure quantitatively 
the adhesion between a coating and wood, in such a way that the measured adhesion strength 
can be further analysed. Special attention has been given to the relation between adhesion 
strength, surface free energy or work of adhesion and the microscopic structure of the wood. 
This gives the opportunity to understand whether the adhesion of the coating is improved by 
penetration into the substrate. 
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6.2 Experimental 

6.2.1 Wood and coating materials 
Two wood species were used in this study: spruce (Picea abies) with an average density 

of 480 kg m"3 and pine sapwood {Pinus sylvestris) with an average density of 470 kg m'3. The 
wood was cut and planed into boards with the convex side of the annual rings parallel to the 
test surface. Growth-ring width was between 2 and 6 mm and the wood was conditioned to an 
initial moisture content of around 14 %. 

Six model coatings based on commercially available polymeric binders were used in 
this study. All coatings were pigmented with titanium dioxide to a pigment volume 
concentration of about 17 %. Table 6.1 provides a brief overview of their characteristics. 
From previous studies [24,25], it is known that there is a wide variation of penetration into the 
substrate. Mechanical properties of the coatings were characterised by the measurement of 
modulus of elasticity, tensile strength, yield strength and elongation at yield and break, both at 
65 % RH (dry) and after immersion in water (see table 6.2). 

Table 6.1 Characteristics of coatings used 

Code Binder type Wood Surface Viscosity Viscosity Density 
penetration tension Pa s Pas 

Nm'1 (a) at I s ' 1 100 at 1 s"1 
kgm": 

(b) 
A d 

Ac2 

Ac3 

WBA 

HSA 

SBA 

acrylic dispersion 

acrylic emulsion 1 

acrylic emulsion 2 

alkyd emulsion 

high solid alkyd 

solvent borne alkyd 

very limited 

very limited 

very limited 

moderate 

very deep 

deep 

39.3 

32.4 

35.8 

39.2 

30.3 

28.2 

15.20 

4.17 

19.10 

2.90 

6.97 

1.61 

3.58 

1.98 

4.09 

0.29 

6.97 

1.64 

1282 

1250 

1253 

1243 

1160 

1386 

of liquid coating measured according to DIN 53419 
measured according to ISO 8130 

6.2.2 Peel experiments 
The adhesion measurements are based on peeling the coating from the wood. This was 

done by applying a pressure sensitive tape with a width of 20 mm on a coated wood sample; 
comparable to the well known tape-test (ASTM D3359). Contrary to this test method, the tape 
was not removed by hand but in a tensile-testing machine in order to measure the force 
against the peel-length. The tape was peeled at a rate of 30 mm min"1, at an angle of 180 °, 
which was the easiest angle to maintain constant during the experiment. Preliminary 
experiments showed that using this peel rate gave the most reliable results. This method is 
only successful if the adhesive tape adheres better to the coating than the coating adheres to 
the wood. So the pressure-sensitive tape with the strongest adhesion was selected first. 

From a large number of commercial products, the tape 3M no. 396 was found most 
suitable. This pressure sensitive tape consists of a polyester backing with a rubber glue. On 
aluminium, this tape had an adhesion strength of 600 N/m. The tape was applied by hand 
followed by pressing it to the coating with a wheel with a fixed weight. In order to avoid 
peeling beyond the area of the tape, incisions through the coating were made directly adjacent 
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to the tape. A V-shaped incision was made in the coating under the tape, to have a fixed 
starting point for delamination between coating and wood. Before application of the tape, the 
coating was cleaned with a 10 % ammonia-solution. 

Figure 6.1 Peel-test sample design. 

The interface between coating and wood was wetted from two grooves on both sides of 
the test area (fig.6.1). Through this uncoated grooves the water could rapidly penetrate the 
wood through the axial grain. An additional advantage of this approach was that the coating 
surface remained dry, which prevented a weaker adhesion of the tape. If the wood was wetted 
by liquid water, the wood-moisture content directly under the coating was around 30 % for 
pine sapwood and around 25 % for spruce. If the wetting was done by vapour (98 % relative 
humidity chamber), a wood moisture content of about 25 % was reached. Depending on the 
wood species and coating type, it took 1 to 7 days to reach the moisture contents mentioned. 

6.2.3 Contact angle measurements and surface characterisation 
Advancing contact angles (sessile drops) of the liquid coating on the wood were 

measured by a video-technique [70] to assess the wetting of substrates. It is known that 
contact angles on wood can differ on radial or tangential surfaces [71] and early- or latewood 
bands [29,37]. So these were measured separately. Measurements were also taken parallel and 
perpendicular to the grain, because liquids do not spread uniformly into all directions of the 
wood. Contact angles were measured at equilibrium. It was assumed that the equilibrium was 
reached as soon as the rate of change of the contact angle became constant. All changes at a 
constant rate are assumed to be due to capillary penetration into the wood [72]. 

Advancing contact angles of water, diiodomethane and formamide (all reagent grade) were 
measured on both wood (parallel and perpendicular to the grain) and on the air-faced and the 
wood-faced side (after detachment) of the coatings. The Lifshitz-van der Waals (Y LW ), acid 
(y +) and base (y") solid surface (Y s) free energy parameters were calculated according to the 
method described by Good [73]. Polar (Y ) and non-polar or disperse (y ) surface energies 
were calculated according to Owens-Wendt [40,74]. 
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Table 6.3 Equilibrium contact angles (°) of liquid coating on wood 

Surface Position Orientation Coating type 

Wood species type growth-ring measurement Acl Ac2 Ac3 WBA HSA SBA 

spruce radial 

tangential 

pine sapwood radial 

tangential 

EW: earlywood 

EW/LW 

EW/LW 

EW/LW 

EW 

LW 

LW: 

along 

across 

along 

across 

along 

across 

along 

across 

along 

across 

latewood 

83 

95 

80 

96 

74 

93 

71 

80 

80 

90 

EW/LW 

81 

98 

79 

107 

72 

106 

82 

95 

85 

99 

78 

95 

55 

79 

70 

96 

78 

93 

85 

95 

mixed early-

58 

79 

42 

65 

45 

64 

48 

70 

71 

78 

20 

29 

17 

33 

22 

35 

24 

30 

24 

33 

and latewood 

40 

55 

45 

57 

40 

54 

44 

52 

51 

58 

Figure 6.2 Microscopic image (SEM) showing influence of wood structure on the spreading 
of the coating droplet. Insert at higher magnification shows substrate penetration 
in the spreading liquid front. 
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6.3.2 Peel strength adhesion 
Initially, the tape peel-test was applied on both dry and wet samples but only the latter 

appeared to be successful because of the much lower adhesion of the coating to the wood. On 
dry wood, the adhesion of the coating on the wood was too strong, resulting in failure 
between coating and tape. Some attempts were made to glue the tape to the wood with a 
solvent-free epoxy glue but these were unsuccessful. Additional dolly pull-off tests confirmed 
the strong adhesion between coating and wood under dry conditions, since most of the failure 
was cohesive within the wood. 

On wet wood, the adhesion between tape and coating was mostly strong enough to 
measure the adhesion between coating and wood. A typical plot of peel-force against peeled 
distance is shown in fig. 6.3. The adhesion force (F) is expressed as measured force in 
Newton's (N), divided by the width (w) of the tape in metres (m). This is equal to energy per 
unit area (J m") because J= N.m. By using this unit, measured adhesion can be expressed in 
the same units as the interfacial work of adhesion. 
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Figure 6.3 Adhesion as a function of peeled distance on pine sapwood, inserted photo 
shows the corresponding early- and latewood zones. 

With all measurements, typical increasing and decreasing peel forces were observed. If 
the peeled distances were compared with the structure of the wood, it was evident that the 
highest peel forces corresponded with the earlywood zones and that the lowest peel forces 
with the latewood zones. Several experiments, in which the orientation and width of growth 
rings was varied, showed corresponding changes in peel forces. If the same test was 
performed on a flat metal surface, no fluctuating peel forces were seen. In the earlywood 
zone, coating penetration was deeper in comparison to the latewood zone, where penetration 
of the coating was absent or reduced [20,22,25,27]. Fig.6.4 shows a typical example to 
demonstrate this. Surface roughness in early- and latewood was also different as can be seen 
from fig.6.5. 
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Figure 6.4 Difference in penetration between early- and latewood (SEM-micrograph). 

Figure 6.5 Wood surface showing differences in surface roughness between earlywood 
(right) and latewood (left) (SEM-micrograph). 

In most cases, two measurements on each sample were made. The number of 
replicates for every combination of coating type and wood species ranged between 3 and 8 
The largest number of useful measurements was obtained for the acrylic coatings (Acl to 
Ac3). For the waterborne alkyd (WBA) and especially the solventborne (SBA) and high solid 
(HSA) failure between the coating and the tape occurred more often than for the other 
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coatings. This reduced the number of useful measurements obtained. As a consequence, the 
data measured for these coatings represents the areas with the weakest adhesion. An overview 
of the reproducibility within (error bars) and between samples is given in fig. 6.6 for coating 
Acl on pine sapwood. Although there is some variation between replicates, the test was 
sufficiently reliable to distinguish the level of adhesion between the different coatings. The 
differences between early- and latewood peel forces were quite consistent in all cases. 

The measured peel forces of all six coatings tested on pine sapwood and exposed to liquid 
water are given in fig.6.7. All three acrylic (Acl-Ac3) coatings showed similar adhesion 
values and differences between early and latewood were also comparable. The adhesion to the 
earlywood was in most cases 50 percent higher than to the latewood. Adhesion of the 
waterborne alkyd coating (WBA) was somewhat higher in comparison to Acl-Ac3, in 
particular in the earlywood. Adhesion of the SBA and HSA paint was the highest, adhesion 
on the earlywood was 2.5 to 3.4 times higher than on the latewood. All these differences were 
in very good agreement with differences in penetration between coatings, and between early-
and latewood. 
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Figure 6.6 Wet-adhesion of coating Acl on 8 different pine sapwood panels exposed to 
liquid water. 
Error bars indicate variation within the sample (95% confidence limits). 

The wet-adhesion values of coatings Acl to Ac3 on both pine sapwood and spruce are 
shown in fig. 6.8. No serious differences between these two wood species were found for these 
three coatings, only coating Acl had a slightly higher adhesion on spruce. The adhesion on 
spruce was higher than on pine with the WBA, HSA and SBA coatings, because the tape 
could not remove the coating from the spruce samples. This might have been caused by 
somewhat lower wood moisture content on spruce. 

The differences between pine sapwood samples exposed to liquid water and water vapour 
are given in fig. 6.9. Only results for the acrylic coatings can be presented, because with the 
other coatings failure between coating and tape occurred. This clearly indicated a better 
adhesion of the WBA, HSA and SBA coating after exposure to vapour. The adhesion of the 
acrylic coatings was very much higher if the samples were exposed to water vapour. 
Apparently the presence of liquid water at the wood coating interface reduced the adhesion 



104 Wet Adhesion ofLow-VOC Coatings on Wood; A Quantitative Analysis 

• earlywood (higher penetration) 

• latewood (lower penetration) 

acrylcl acryic2 acryfc3 atqMnuttion Ngh*oMt*yd *ofv»nt.*yd 

coating type 

Figure 6.7 Wet-adhesion on pine sapwood after exposure to liquid water. 

H earlywood B latewood 

A d Ac2 Ac4 
sprues 

A d Ac2 Ac4 
pin* 

sapwood 

Figure 6.8 Wet-adhesion on early- and latewood of pine and spruce after exposure to 
liquid water. 

atrangth 350 
J'm^ 300 

earlywood 

A d Ac2 Ac3 A d Ac2 Ac3 
liquid liquid liquid vapour vapour vapour 

Figure 6.9 Difference in wet-adhesion between pine sapwood samples exposed to liquid 
water and water vapour (98% RH). 
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strength further, although the wood moisture content was only slightly lower (25-28 % instead 
of 30-32 %). After exposure to water vapour, larger differences between acrylic coatings and 
between early- and latewood were observed. 

In order to make the measured peel forces comparable to the work of adhesion 
determined by other means, the work of peeling (Wp) had to be determined. The work of 
peeling is a function of the measured force per unit area of tape-width (F/ w), the peel angle 
(0), the modulus of elasticity of the coating (E) and the coating thickness (c) [14]. The work 
of peeling is given in table 6.6. 

(6.5) w > = | P ( i - c o s e ) / w 

,wI 2cE 

Table 6.4 Contact angles and surface free energies of coatings and wood 

contact angles ° 
Diiodo- Distilled For-
methane Water mamide Ys 

surface energy mJm 

Ys + Ys" Ysa D P 
Ys Ys Ysb 

Coating: Air-faced 

Wood-
faced 

Wood Along 

Across 

Acl 

Ac2 

Ac3 

WBA 

HSA 

SBA 

A d 

Ac2 

Ac3 

WBA 

HSA 

SBA 

spruce 

pine 
sapw. 

spruce 

pine 
sapw. 

48 

47 

49 

41 

53 

48 

50 

46 

46 

36 

-
50 

34 

41 

53 

61 

73 

68 

55 

64 

80 

77 

78 

77 

48 

85 

-
88 

54 

50 

83 

68 

61 

64 

53 

42 

77 

46 

74 

64 

58 

53 

-
73 

25 

22 

37 

33 

35 

36 

35 

39 

32 

36 

34 

37 

37 

41 

-
34 

43 

39 

33 

28 

0.01 

0.29 

0.02 

0.86 

0.95 

1.99 

0.85 

0.03 

0.47 

0.58 

-
0.17 

1.72 

2.57 

6.29 

7.07 

13.5 

24.5 

33.6 

13.6 

17.6 

3.8 

17.8 

11.4 

50.6 

1.20 

-
5.92 

16.8 

19.7 

0.1 

5.9 

36 

41 

36 

46 

41 

41 

42 

38 

46 

43 

-
36 

53 

53 

35 

41 

28 

25 

23 

33 

23 

34 

25 

30 

21 

41 

-
29 

35 

32 

37 

27 

8.6 

12.2 

21.8 

12.5 

6.8 

6.2 

6.9 

6.3 

26.3 

1.8 

-
2.4 

17.2 

21.4 

4.0 

14.4 

37 

37 

45 

46 

30 

40 

32 

36 

47 

43 

-
31 

52 

53 

41 

41 

a Ys = YLW + 2 ^VY7 b ys = ys
D + YsP 

6.3.3 Analysis of fractured surfaces 
After removal of the coating from the wood, the detached surfaces of wood and 

coating were examined by scanning electron microscopy. On the wood face of the coating 
clear imprints of the wood structure were visible. Parts of the coatings were clearly torn out of 
the wood cells as can be seen mflg.6.10. Some wood cell fragments like loose fibrils were 
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Figure 6.10 SEM image of WBA-coating detached from the wood, 
note coating materials torn out of the wood. 

Figure 6.11 SEM image of loose wood fibrils present at the detached coating side 

also observed in the coating (see fig.6.11), but true parts of the tracheid wall (as observed by 
Bardage and Bjurman [2]) could not be found. At magnifications of 10,000 x or more, a fine 
course structure was visible on the coating; this was most likely due to the pigment particles. 
Fractured pieces of coating material were observed in the wood, especially with the better 
adhering HSA and SBA coatings. Cohesive failure of the coating was observed in two ways. 
Firstly as true cohesive failure with the coating being still in its original position in the wood 
(fig.6.12), and secondly as cohesive failure after the coating had been partly torn out of the 
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wood (fig.6.13). The imprints of the pit-membranes present in the wooden cell walls (see 
fig.6.13), showed that the coating had perfectly wetted the fine structure of the cell wall. 

Figure 6.12 SEM image of cohesive failure with the coating (HSA) still in its original 
position in the wood. 

Figure 6.13 SEM image of cohesive failure after the coating (SBA) has been partly torn out 
of the wood. 

Diffuse reflectance infrared spectra of the wood-faced and air-faced surfaces of the 
coating showed two main differences. Firstly, the titanium-dioxide peak around 800 cm" was 
always higher at the air-faced surface. Secondly, the spectra of the wood-faced surfaces of the 
coatings clear showed features of the spectra of the pure binder, absent in the spectra of the 
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air-faced surfaces (see fig.6.14 as an example). This was most clearly seen in the range 
between 1500 and 1680 cm"1 (typical for C=C stretch in double bonds [78]), where the binder 
and wood-faced side of the coating showed specific peaks and valleys whereas the air-faced 
side of the coating only showed a broad shoulder. The infrared spectra suggested the existence 
of a binder-enriched layer close to the surface. This was also observed with TiC>2 pigmented 
paints based on various binders and applied on metal surface [79]. 

Diffuse reflectance infrared spectra of the wood under the peeled coating were 
compared to spectra of wood that had never been painted. No differences were observed 
except with the HSA coating as is shown infig.6.15. Here the wood spectrum showed many 
features specific for the coating like strong absorbency around 850 cm"1 (TiC>2). In 
combination with the SEM-analysis, it was evident that the HSA showed significant failure 
within the wood, in particular in the earlywood zones. 

Figure 6.14 Figure 6.15 
Diffuse reflectance infrared spectra of pure Diffuse reflectance infrared spectra of the 
binder (1), wood-faced coating surface (2) wood after peeling of the HSA coating (1) 
and air-faced coating surface (3) of the WBA- and uncoated wood (2). 
coating 

Differences in the chemical composition of the surfaces were further evaluated by 
measurement of contact angles with three different probes (diiodomethane, formamide and 
water) which were used subsequently to calculate the surface free energies. Table 6.4 shows 
these data for both air-faced and wood-faced coating surfaces and the wood itself. Contact 
angles on the wood-faced surface of the HSA coating could not be determined because of a 
large amount of cracks and wood fibres. The Lifshitz-van-der-Waals interactions were most 
dominant on both coating and wood. In comparison to the coatings, wood had a much 
stronger acidic character. On the air-faced side of the coating all coatings except SBA, had a 
strong base parameter and only a small acid parameter. The ratio between the parameters of 
the coatings was of about the same order as those reported by Osterwold and Armbruster [80]. 
On the wood faced side, the Lifshitz-van-der-Waals interactions were only slightly affected. 
However, acid and base parameters both decreased and increased depending on the coating 
type. It was difficult to judge to what extent this was due to changes in chemical composition 
in the surface, because the wood-faced side of the coating was very rough due to the imprints 
of the wood. Surface roughness effect had a strong influence on acid-base parameters as could 
be seen from the large differences between the wood data measured along and across the 
grain. The measurements along the grain seemed the most realistic ones, because they would 



Wet Adhesion ofLow-VOC Coatings on Wood; A Quantitative Analysis 109 

be least effected by roughness and by sharp edges. The data presented for the wood-faced side 
of the coating were the ones measured along the grain of the imprint of the wood structure. 

Both the coating and the wood had a strong disperse components in the surface free 
energy. The polar components was more variable, the wood (if measured along the grain) and 
coatings Ac2, Ac3 and WBA also had a substantial polar component. Comparing wood-faced 
and air-faced sides of the coating, the disperse component was not much affected but the polar 
component decreased except for coating Ac3. 

6.3.4 Interfacial work of adhesion 
From the surface free energies of both coating (y c) and wood (y w), the work of 

adhesion (Wa,;W) between the two phases was calculated according to the following equation 
[73] using Lifshitz-van der Waals-acid-base parameters: 

Wacw = y c+ yw-Ycw (6.6) 

w ^ = 2 (Vrc
LWytw + VrTr; + V v ^ c ) (6-7) 

Table 6.6 gives the interfacial work of adhesion between coating and wood calculated 
according to this equation. The measured differences in interfacial energy did not reflect the 
adhesion differences between the coatings. 

The interfacial work of adhesion after exposure to water (Wa
wet) was obtained from the 

interfacial energies between coating-water (YCL), wood - water (YWL) and coating - wood (yew) 
as follows: 

Wa
wet=YcL + YwL-Ycw (6.8) 

If the surface energy is expressed in terms of Lifshitz-van der Waals and acid-base 
interactions, Wa

wet can be obtained from the following equation [43,75] in which YL refers to 
water: 

(6.9) 
- 2 \ft\\ly^ + V Y I - yfrl)+ VYT(VY1V + VYC" - -jyi)- ^YwYc - VYWYC J 

The work of adhesion with polar and disperse components (Wwet
aDP) in the presence of water 

was calculated according to equation 6.8. The geometric mean method was used to calculate 
the polar and disperse interactions between coating, wood and water as it is shown in equation 
6. 10. 

YCL = Y C + Y L - 2 V Y ? Y T - 2 A / Y I Y T ; YWL = Yw + YL - 2^YWYL ~ 2A/YWYL 5 

Yew =Yc +Yw -2A/YcYw ^ Y C Y W (6-10) 

Inserting equation 6.10 into 6.8 gives: 

K? = 2(yL-^-M&-^-^ + ̂  + &&) (611> 

The calculated work of adhesion after exposure to water (Wa
wet) is given in table 6.5. 

Calculations are based on the surface energies given in table 6.4. The data of the air faced side 
of the coating and the wood data obtained along the grain were used because these data were 
most reliable. Regardless of the type of coating or the method of calculation, the work of 
adhesion was always positive, which meant that the reduction in adhesion strength was not 
due to surface energy effects. 
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Table 6.5 Interfacial work of adhesion between coating and wood after exposure to water 

Coating: W a LW-AB a DP 
wet (mJ m") W wet (mJ m") 

Ac1 
Ac2 
Ac3 

WBA 
HSA 
SBA 

19.6 
10.4 
4.7 

19.4 
14.1 
29.9 

84.0 
82.3 
79.2 
82.9 
84.4 
85.6 

The following data for water were used (mJ m" ): 

y™ 21.8; y+ 25.5; y" 25.5; y° 21.8; / 51.0 

Table 6.6 Quantitative analysis of the factors influencing adhesion for coatings on 
pine sapwood exposed to liquid water. W is expressed in J m"2 ; A is 
dimensionless. 

Coating: Measured work Elastic Interfacial work A(Wp/Wacw) Work of cohesive 
of peeling (W) strain of adhesion coating failure 

EW LW Energy (P) WCT £ W L W ^ c 

Ac1 

Ac2 

Ac3 

WBA 

HSA 

SBA 

152 

142 

156 

238 

682 

580 

107 

115 

110 

126 

200 

255 

0.087 

0.096 

0.094 

0.098 

0.093 

0.093 

28 

12341 

7415 

25 

74 

96 

1750 

1477 

1660 

2425 

7334 

6240 

1226 

1202 

1172 

1290 

2152 

2744 

3.3 

2.6 

2.9 

5.8 

22.4 

60.5 

6.3.5 Internal stress 
The maximum volumetric swelling of the coatings and pine sapwood between 65 % 

RH and immersion in liquid water is given in fig. 6.16. The alkyd based coatings clearly 
swelled less than the wood whereas the acrylic coatings swelled more than the wood. In 
particular Ac2 and Ac3 showed a very high swelling. The stored elastic energy due to internal 
strain from differential swelling between coating and wood was calculated according to 
equation 6.4 and is given in table 6.6. The stored strain energy due to internal strain in the 
coatings Acl, WBA, SBA and HSA was below the adhesion values measured. This was, 
however, not the case for the coatings Ac 2 and Ac 3, which had a very high stored elastic 
strain energy because the swelling of the coating was much higher than that of the wooden 
substrate. It should also be noted that, the differences between coatings Acl to Ac3 exposed 
to water vapour, were fairly consistent with the differences in the hygroscopic stress. The 
coating with the lowest stress (Acl) showed a much better adhesion than the ones with the 
higher internal hygroscopic stress (Ac2 and Ac3). 

The development and stress relaxation was measured directly; results are given in fig.6. 
17. The results should, however, be judged only in a qualitative way because variation 
between samples was very large (co-variation up to 70%). The strong variation was most 
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likely due to blistering of the coating on the metal strips during immersion in water. 
Nevertheless, some interesting trends were observed. Coatings Ac2 and Ac3 showed the 
highest swelling stresses in liquid water in accordance with the direct swelling measurements, 
the developed stress only relaxed slowly. The other coatings showed a negative internal 
stress, which indicated contraction of the coating. This could be due to film formation or 
extraction of materials during immersion in water [55]. Coating WBA showed a typical 
behaviour, directly after immersion a positive stress developed (swelling) followed by a 
decrease to negative values. This was probably due to extraction of hydrophilic materials 
because similar changes in weight were observed during immersion of the WBA coatings. At 
65 or 94 % RH, no significant stress was developed except for coating SBA. 

pine sapwood 

SBA 

HSA 

WBA 

Ac3 

Ac2 

A d 

•' 
l» 
l» 
1 2.6 

— 

•— 
•"• 

• " 
HHI 
- \ — i — 

• " 
— i — 

0 20 40 60 80 100 

volumetric swelling % 

Figure 6.16 Maximum volumetric swelling of coatings and wood from 65 % RH to 
liquid water 

Figure 6.17 Development of internal stress in coatings 
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6.4 Discussion 

The measured peel work of adhesion (Wp) is a function of: interfacial work of 
adhesion (Wacw) calculated from equation 6.7, work expanded in plastic deformation during 
peeling (W1) and elastic energy stored in the coating because of internal strain (P). The 
relationship between these parameters is given by the following equation: 

Wp = Wa
cw + W d -p (6.12) 

The work expanded in plastic deformation was neglected in this study, because the forces 
used to peel the coating from the wood were clearly below the range where these coatings 
started to deform plastically. The plastic deformation of the coatings started at forces of 2.6 N 
mm"2 or higher whereas the force applied on the cross section of the coating was 
approximately 0.4 N mm"2 (acrylic coatings) to 2.1 N mm"2 (solvent borne alkyd). 

From the results it was obvious that equation 6.12 can not hold because P » Wacw 
which theoretically means that the coating should have detached spontaneously (Wp<0). 
There are three possible reasons why this did not occur. Firstly the hygroscopic stress might 
have relaxed very rapidly before the adhesion measurements were made. Secondly, it should 
be noted that the hygroscopic stress was calculated from the maximum swelling of the 
coating, which could be considerably higher than the swelling obtained during the test. 
Thirdly, a spontaneous detachment of the coating could be prevented by mechanical 
anchoring of the coating into the substrate. 

The partial cohesive failure of the coating might also have had an influence on the 
measured strength. The work of cohesive failure (Wc) tensile with a cleavage stress (at) in a 
bond during peeling at an angle of 180 ° is given by [81]: 

W C = 5 ^ T <613> 
4E 

Using the tensile strength and the E-modulus of the coating given in table 6.2, and an average 
coating thickness of 140 |am the work of cohesive failure was calculated. The work of 
cohesive failure based on wet strength properties is given in table 6.6. For the waterborne 
coatings, the work of cohesion was negligible. For the SBA or HSA it accounted for 3 to 10 
% of the measured peel strength. 

Neglecting the stored strain energy, an anchoring factor (A) can be introduced by writing: 

A = -^— (6.14) 
Wa 
"cw 

The calculated A-values are given in table 6.6 for both early- and latewood adhesion and 
ranked between 1200 - 2700 in less penetrated latewood cells to 1500-7300 in deeper 
penetrated earlywood cells depending on coating type. The value of A might reflect two 
factors, the first is the increase in contact area on a microscopic level between coating and 
wood and the second is a hooking or anchoring effect. Image analysis of the wood-coating 
interface showed an increase in the true contact area between the coating and the wood by a 
factor of 1.1 in the latewood and a factor of 1.5 in the earlywood. These factors are low in 
comparison to the magnitude of A. This indicates that hooking or anchoring might be the 
more important factor. 

Some of the results are still difficult to explain, although most of the factors that might 
influence measured adhesion data have been quantified. The penetration of the WBA coating 
in the outer wood cells was not much lower than for the SBA but the latter showed a much 
stronger adhesion. Also, the differences between the coatings in penetration of the latewood 
zones are rather small and do not seem to completely justify the large differences in measured 
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adhesion. An answer to these questions might come from the theory of weak boundary layers. 
Fractions of polymeric binder might cause weak boundaries because of their preferential 
accumulation in the wood-coating interface. Surfactants, present in high concentrations in all 
four waterborne coatings, could have negatively affected the adhesion because they act as loci 
of failure [69,82] or might cause electrostatic repulsion in the presence of water [43]. 

Water might contribute to the formation of a weak boundary layer as well if it 
accumulates in the coating-substrate interface [83]. This might even cause differences in 
adhesion between early- and latewood adhesion because differences in wood moisture content 
exist between these area's [84,85]. Wood moisture content in the earlywood zones would 
have been higher than in the latewood zones which causes higher swelling. Differences in 
swelling between early- and latewood could also be influenced by the angle between growth-
rings and the surface of the wood [86-87]. Both facts might lead to differences in stored strain 
energy on a microscopic level. 

6.5 Conclusions 

With the newly developed tape peel method, adhesion of coatings on wood could be 
measured up to adhesion forces of 300 to 400 J m"2. By comparing peel-strength with the 
wood microstructure, differences in adhesion within one growth-ring of the wood were 
observed. Adhesion was clearly higher in the deeper penetrated earlywood cells in 
comparison to the less penetrated latewood cells and differences in adhesion increased with 
better penetration and wetting. 

For the coatings studied, the method was limited to the measurement of wet adhesion, 
which was very much lower compared to the dry adhesion. The six coatings studied showed 
very clear differences in wet adhesion strength. The adhesion of the acrylic coatings was the 
lowest, followed by the alkyd emulsion and the highest adhesion was found for the 
solventborne or high solid alkyd paints. Water vapour reduced the adhesion strength, but the 
reduction was the strongest with liquid water. 

Differences between pine sapwood and spruce were small and seemed only to be 
related to differences in wood moisture content. The critical moisture content in the interface 
lies around 25 % for the acrylic coating and around 30 % for the other coatings. A 
thermodynamic evaluation of the work of adhesion after exposure to water showed no reasons 
for reduced adhesion. The lower wet adhesion can partially be explained by the stored strain 
energy due to internal stresses. The poorest adhesion was observed if the swelling of the 
coating was very much higher than the swelling of the wood. Weak boundary layers might 
also contribute to the decreased adhesion. 

Analysis of the fractured surfaces showed that partially cohesive failure had taken 
place in the coating. Cohesive failure was higher with the better adhering HSA and SBA 
paints. The calculated contribution of the cohesive failure to the measured work of adhesion 
was only in the range of 3-10 %. Analysis of the fractured surface by infrared analysis and 
contact angle measurements showed differences between the air-faced and wood-faced side of 
the coating. The wood-faced side of the coating seemed to be enriched in polymeric material. 

The measured work of peel adhesion was about 1200 to 7300 times larger than the 
interfacial work of adhesion between the coating and the wood. The differences in adhesion 
between the coatings did not correlate with the differences in interfacial adhesion but did 
show a good correlation with differences in penetration and wetting. This confirms that 
coating adhesion is strongly related to the penetration of a coating into wood. Firstly by 
mechanical anchoring or hooking and secondly by increasing the contact area between wood 
and coating on a micro level. The hygroscopic stored strain energy in coatings exposed to 
moisture was much higher than the interfacial work of adhesion, which only emphasised the 
importance of mechanical adhesion. 
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To obtain good adhesion of a coating to wood there are two critical factors. Firstly, the 
coating should wet the wood cells properly and to a certain extent penetrate into the open 
pores in the earlywood. Secondly, the hygroscopic expansion should be equal to that of the 
wood to minimise internal stress in the coating. To understand the adhesion of a coating on 
wood in more detail, an improved knowledge on microscopic moisture accumulation at the 
wood-coating interface and the chemical composition of the wood-faced side of the coating is 
desirable. 
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7. Sorption Behaviour and Dimensional Changes of Wood-
Coating Composites 

Summary 

The moisture related properties of wood-coating composites have been studied to 
evaluate the influence of coating penetration on the protection of wood against moisture. Pine 
sapwood samples were vacuum-impregnated with 7 pigmented and unpigmented coatings, 
both water and solvent borne. The retention and void filling of the coating have been 
determined. After drying, the samples were exposed to relative humidities between 33 and 98 
% and to liquid water and equilibrium moisture content and dimensional changes were 
measured. The rate of swelling and moisture sorption has been measured, the latter was also 
used to calculate diffusion coefficients. The sorption isotherms were analysed by the 
Hailwood-Horrobin equation. In order to obtain additional information on the hygroscopicity 
of coatings, similar measurement were made on free coating films. 

The void filling of wood with coating material has the strongest impact on the uptake 
of liquid water. A limited reduction was observed for the equilibrium moisture content, the 
diffusion coefficient during adsorption and the rate of dimensional change. No influence on 
the equilibrium swelling have been found but the shrinkage during desorption was however 
often slightly increased for the wood-coating composites. 

The limited impact of the penetrated coating on moisture related properties can to a 
large extent be explained by the low void filling after drying (20 -60 %) and the relatively 
high moisture sorption and swelling of the coating film itself. In general, it can be concluded 
that the moisture protection of penetrated coating material is low in comparison to coating 
applied as a film on the surface of wood. 

Mari de Meijer , Holger Militz 
Published in Holzforschung, 53, 1999, 553-560. 
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7.1 Introduction 

The protection of wood against liquid water and water vapour is one of the most 
important functions of a coating for exterior use. The reduction of wood moisture content 
should prevent the wood from cracking and decay by fungi. This aspect has become even 
more important with the introduction of waterborne coatings, which usually have a higher 
water permeability. Research on the permeability of various waterborne and other types of 
wood coatings has been carried out during recent years [1-7]. All these studies are dealing 
with the permeability of a coating applied as a film on the surface of the wood. Far less is 
known about the moisture related properties of the outer wood cells if they are filled with a 
penetrating coating. 

Schneider [8,9] studied the hygroscopicity and the diffusion of water in wood 
impregnated with linseed oil. Moisture diffusion rates and equilibrium moisture content were 
found to be reduced with increasing linseed oil content. Additional information about the 
hygroscopic nature of wood impregnated with polymers is available from various studies on 
bulking or dimensional stabilisation of wood. Militz and Peek [10] studied poplar, 
impregnated with polymers comparable to those used as binders in coatings, like waterborne 
acrylic dispersions, waterborne alkyd-emulsions and air-drying alkyd resins dissolved in 
methoxy-propanol. Most of these chemicals reduced the water sorption and the dimensional 
changes of wood. 

The polymers used in other studies are often based on the same monomers as those 
used in coating binders, but have a smaller molecular size or volume because they are 
intended to penetrate the transient capillaries in the wood cell wall. Dimensional stability of 
basswood and Eastern white pine, immersed with a water-dilutable air-curable alkyd-resin, 
was studied by Smulski and Cote [11]. Initially, a moderate reduction of swelling was 
observed, but this effect was lost after leaching. Treatments of basswood with various 
mixtures of waterborne polymers and cosolvents [12] caused only a small reduction of 
shrinkage. Kabir et al [12] used, among other chemicals, a 7% solution of an acrylic polymer 
and a combination of water dilutable alkyd resin (5%) and butyl carbitol (20%) to stabilise 
Southern yellow pine. Both chemicals caused certain water repellence, but only the acrylic 
resin caused a small reduction of swelling (Anti-Shrink-Efficiency of 13%). Ellis [13] treated 
maple, red oak and Southern pine with various acrylate monomers followed by an in situ 
polymerisation. For most of the acrylates, no permanent reduction in swelling was found. 

The objective of this research is to measure the water sorption, diffusion rates and 
subsequent dimensional changes of wood cells which are filled with a coating, which will be 
further referred to as "wood-coating composites". A better knowledge of the moisture content 
and the dimensional changes of wood-coating composites will help to judge the usefulness of 
improving the penetration characteristics of wood primers. Furthermore, a better 
understanding of the dimensional changes in the wood-coating interface will facilitate the 
research on development of stress and cracking in topcoats. Finally, knowledge about the 
moisture content in wood-coating composites can help to understand the susceptibility of 
coatings to biological degradation like mould-growth and blue-stain in service. 

7.2 Materials and Methods 

Seven different model coatings with known formulations have been used in this study. 
The selection was based on penetration characteristics determined in previous research [14]. 
Four unpigmented (denoted with U) coatings have been used: a waterborne acrylic dispersion 
(WAD-U), an alkyd emulsion (WBA-U), a high solid alkyd resin with a reactive solvent 
(HSA-U) and a traditional solventborne alkyd (SBA-U). The formulation of the unpigmented 
coatings consisted only of the commercial binder and either water or white spirit as diluent. 
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To facilitate drying a siccative mixture was added in case of the alkyd resins and coalescent in 
case of the acrylic dispersion. Opaque paints (denoted with P), pigmented with titanium 
dioxide to a pigment volume concentration of about 17 %, were also included for the alkyd 
emulsion (WBA-P), high solid alkyd (HSA-P) and solventborne alkyd (SBA-P). A pigmented 
acrylic dispersion was not used, because of its very limited penetration into the wood. An 
overview of the properties of the coatings is given in table 7.1. All coatings contained about 5 
% of the fluorochrome Rhodamine B for examination of the penetration with a fluorescent 
microscope after treatment. Preliminary tests with a binder containing a covalently bond 
anthracene fluorochrome showed no significant separation of the Rhodamine B from the 
polymer solution. All tests were made on Nordic grown, industrially pre-dried, defect free 
pine sapwood (Pinus sylvestris) with a density of 546 to 580 kg m"3 and a growth-ring width 
of 2 to 5 mm. 

Table 7.1 Physical properties of the coatings tested 

water-vapour 

density" mass % volume % transmission rate d 

kg.m"3 solidsb solids" kg.m"2h 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

1250 

1395 

1133 

1046 

1033 

979 

910 

56 

88 

67 

48 

61 

94 

45 

45 

91 

44 

41 

40 

64 

35 

10.60 

1.31 

0.69 

3.63 

1.51 

1.34 

1.03 

a: determined according to ISO-2811 
b: determined according to ISO-3251 
c: determined according to IS0-3233 
d: determined according to ASTM-1653 in range: 98-65% RH 

If the coatings used in this study are applied on surfaces along the grain of the wood, 
the penetration is mostly limited to depth of 3 to 15 cells away from the surface [14]. 
Therefore, in practice sorption and dimensional changes in the wood-coating composites will 
take place in very small areas of less then a square millimetre. Because measurement of 
dimensional change and moisture content on such small areas is beyond the possibility of 
existing measuring equipment, the following alternative approach was used. 

Small blocks of 33 x 33 x 4 mm (radial x tangential x longitudinal direction) were 
impregnated by an overnight vacuum of 0.01 bar, subsequent immersion by the coating whilst 
maintaining vacuum, followed by an overnight pressure treatment at 7 bar under a nitrogen 
atmosphere to avoid oxidative drying of the coating during impregnation. After treatment, 
samples were wiped free from coating on the surface and allowed to dry at room temperature 
for several days. The samples originated from four different areas in one piece of wood. To 
reduce the disturbing influence of variation inside the wood, treatments and replications were 
allocated within a blocked experiment. Eight to ten replicates have been used for most 
measurement. For measurements on the coating itself, free films were prepared on plastic 
sheets from which the coating was removed after drying. 
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conditioning at 33 % RH conditioning at 66 % RH 

impregnation with coating 

1 
reconditioning at 33 % RH reconditioning at 66 % RH 

conditioning at 94 % RH 

immersion in liquid water 

conditioning at 98 % RH 

reconditioning at 66 % RH 

oven-drying at 102 °C 

T= 23 °C 

Figure 7.1 Environmental conditions used during the experiments 

Climatisation of the samples at various relative humidities was done in boxes over 
corresponding saturated salt solutions at a temperature of 23 °C. An overview of the 
environmental conditions used during the experiments is given in fig. 7.1. Weight changes 
were recorded to an accuracy of 1 mg. Dimensions of the wood-coating composites were 
measured by either discrete measurements with a digital thickness gauge with an accuracy of 
lum, or continuously in a swellograph with an accuracy of 10 urn. All samples were oven-
dried (103 ± 2 °C) afterwards to determine dry-mass. Dimensional changes in the free coating 
film were determined by calculating the volume from the mass of displaced water, whilst 
submersing the film in water hanging under an analytical balance in analogy to the ISO 3233 
standard. According to this standard, the volume of the coating is calculated according to the 
following formula. The time for submersing the film to determine volume (V) is only a few 
seconds, therefore the uptake of water during this determination can be neglected in 
comparison to the uptake of moisture during climatisation. 

V = -
m„ir-m, liquid J 

(7.1) 

With: niair being the mass of the coating in air, muqujd being the mass of the coating while 
submersed in water and pwater is the density of the water. The distribution of the coating 
material within the wood has been evaluated by light, fluorescence- and scanning electron 
microscopy. 
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7.3 Results and Discussion 

7.3.1 Coating impregnation 
The coatings have been impregnated into wood which has been climatised at 33 % 

relative humidity to a moisture content of about 11 % and into wood which has been 
climatised at 66 % relative humidity to a moisture content of about 14 %. Somewhat higher 
quantities of coating could be impregnated in the wood samples with the lower moisture 
content. The uptake on a mass basis, retention and fractional void filling data are given in 
table 7.2. The fractional void filling (FVf) of the wet coating is calculated according to the 
following procedure described by Siau [15], in which the porosity of wood is expressed as a 
function of specific gravity of the wood (G) and the wood moisture content (u). 

w„ 

o V 
r coating wood 

(l-G(0.667 + 0.01u) 
(7.2) 

With: Wcoating is the weight of the coating taken up by the wood with volume Vw00d ; p coating is 
the density of the liquid coating. The void filling of the dry coating is obtained by multiplying 
the void filling of the wet coating with the volume based solid matter content of the coating. 

Table 7.2 Uptake, retention and fractional void filling of the wood-coating composites 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

mass-uptake 

kgco.iing' * 8 wood 

1.5 

1.5 

1.1 

1.2 

1.3 

1.0 

1.0 

climatised at 33 % RH 

retention 

k&m-.m"1 

876 

870 

658 

669 

766 

591 

566 

void filling 

wet coating 

0.78 

0.70 

0.65 

0.71 

0.83 

0.67 

0.69 

void filling 

dry coating 

0.35 

0.63 

0.28 

0.29 

0.33 

0.43 

0.24 

mass-uptake 

K&coating' ^ 6 wood 

1.3 

1.3 

1.0 

1.0 

1.2 

0.9 

0.9 

climatised at 66 % RH 

retention 

kbakain"' 

729 

717 

541 

553 

638 

496 

468 

void filling 

wet coating 

0.66 

0.58 

0.54 

0.60 

0.70 

0.57 

0.58 

void filling 

dry coating 

0.29 

0.53 

0.23 

0.25 

0.28 

0.36 

0.20 

Although the fractional void filling by the liquid coating is fairly high, the remaining void 
filling after drying is rather low, due the decrease in volume of the coating after drying. An 
exception to that is observed for the high solid coatings which have a dry fractional void 
filling of 0.4 to 0.6, due to the higher percentage solids on a volumetric basis. The 
microscopic examination of the samples showed that the coating has penetrated into the 
centre of the samples. Nevertheless, many lumina are not filled (see fig.7.2) which is 
consistent with the relatively low dry fractional void filling. The coating has mostly wetted 
the cell wall well, but occasionally small cavities between coating and cell wall are observed 
(see Jig. 7.3). No signs of cell wall penetration by the coating were observed. 
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% 

„,lt * •/*"-""% 

Figure 7.2 SEM-microphotograph of pine sapwood impregnated with WAD300-U 
at a magnification of 200X. 

Figure 7.3 SEM-microphotograph of pine sapwood impregnated with HSA-P at a 
magnification of 1500 X. 
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7.3.2 Moisture sorption 
The equilibrium moisture content (mass of water as percentage of dry mass of the 

sample) of the wood-coating composite at relative humidities of 33, 66, 94 and 98 % is shown 
in fig.7.4 Depending on the type of sample, it took 6000 to 20,000 minutes to reach 
equilibrium. Most of the wood-coating composites show lower equilibrium moisture content 
in comparison to the control at relative humidities up to 94%. At a relative humidity of 98 %, 
the moisture content in the wood-coating composites increases to a higher level, which is 
closer to that of untreated wood. An unexpected behaviour has been observed for the 
unpigmented solvent borne alkyd SBA-U, which showed very high equilibrium moisture 
content. The equilibrium moisture content of the wood filled with unpigmented solvent borne 
alkyd resin is higher as for the wood and the resin separately. Apparently, the presence of the 
alkyd resin inside the wood facilitates the adsorption of water molecules. The increase in 
moisture content during immersion in liquid water of the samples previously climatised at 94 
% relative humidity, is given iafig.7.5. The filling of the wood with coating material appears 
to be very effective in repelling the uptake of liquid water far above fibre saturation point. 
The reduction in moisture content in the wood-coating composites is permanent because 
lower equilibrium values are reached. This is most likely the result of filling voids inside the 
wood with coating material, which reduces the space available for liquid water. The very 
strong reduction by the HSA-P and HSA-U is supporting this idea because these products 
have the highest void filling by dry coating material. 

moisture content % 

20 40 60 80 

relative humidity % 

Figure 7.4 Moisture content of the wood-coating composites at various relative humidities 
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Figure 7.5 Increase in moisture content of samples (previously climatised at 94 % RH) 
during immersion in liquid water. 

The equilibrium moisture content of free coating films has also been determined at the 
same relative humidities and after immersion in liquid water. The results belonging to this 
experiment are given in table 7.3 Within the studied range of 66 to 98 % relative humidity, 
the moisture content of the coating itself is actual constant, excluding some variation due to 
experimental errors. After immersion in liquid water, the moisture content increased strongly. 
The unpigmented acrylic coating WAD-U showed an increase in moisture content at already 
lower relative humidities, with an extremely high uptake of liquid water. 

Table 7.3 Equilibrium moisture content of free coating films 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

10.3 

4.9 

4.7 

3.3 

15.6 

16.6 

12.3 

i 

33 

± 

± 

± 

± 

± 

± 

± 

relative humidity % 

1.9 

0.2 

0.2 

0.2 

0.6 

0.9 

1.2 

10.9 

5.2 

4.8 

6.2 

14.7 

17.2 

11.8 

94 

± 

± 

± 

± 

± 

± 

± 

1.5 

0.2 

0.1 

0.2 

0.5 

0.9 

0.2 

liquid 

water 

15.2 

9.8 

13.9 

65.7 

20.2 

27.7 

24.6 

± 1.3 

± 0.2 

± 0.2 

± 4.8 

± 0.6 

± 1.0 

± 1.1 
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The sorption data of the wood-coating composites have been fitted by the Hailwood-
Horrobin equation [16,17] following the procedure described by Yasuda et al [18]. Fit 
parameters (A, B, C) and equilibrium constants are given in table 7.4 together with the r . Ki 
is the equilibrium constant between the free dissolved (capillary condensed) water in the solid 
material (either wood or coating) and the hydrate (surface bound) water. K.2 is the equilibrium 
constant between the dissolved water and the external vapour pressure. W is the molecular 
weight of the polymer substance necessary to associate with one molecular weight of water. 

Table 7.4 Calculated values of A, B, C, Ki, K.2 and W belonging to the Hailwood-Horrobin equation 

WAD-U 

WBA-P 

HSA-P 

SBA-P 

WBA-U 

HSA-U 

SBA-U 

control 

r2 

0.83 

0.80 

0.73 

0.80 

0.81 

0.78 

0.93 

0.76 

A 

4.377 

5.69 

2.444 

3.313 

2.364 

1.999 

1.586 

2.039 

B 

0.297 

0.346 

0.244 

0.256 

0.209 

0.204 

0.117 

0.194 

C.10"3 

2.159 

2.539 

1.601 

1.749 

1.425 

1.331 

0.706 

1.383 

K, 

1.10 

1.10 

1.13 

1.11 

1.12 

1.13 

1.12 

1.12 

K2 

66.922 

63.829 

76.099 

68.897 

73.345 

76.655 

63.114 

77.737 

W 

11080 

13697 

7135 

8678 

6618 

5884 

3814 

6055 

The Hailwood-Horrobin equation fits the experimental data reasonably well with r2 

values of 0.72 or higher. Ki is clearly increased in case of the HSA-P and HSA-U, which 
means an increase in the amount of free dissolved water and decreased in case of WAD-U and 
WBA-P, which means an increase in surface bound water. The equilibrium between dissolved 
water and the external vapour pressure (K2) is hardly influenced by the coating treatment 
except for SBA-U. The values of W are somewhat increased, again apart from the SBA-U 
coating. Hailwood-Horrobin fit parameters obtained by Hartley and Schneider [17] for wood-
polymer composites of sugar maple also showed an increase of Ki and W. K2 did not showed 
a consistent change because it increased with certain treatment and decreased for others. 

7.3.3 Moisture diffusion coefficients 
Diffusion coefficients are calculated from the sorption-data in the range of 66-98 % 

RH and 98-66% RH. The calculation is based on Fick's second law for unsteady-state 
diffusion [19]. Furthermore, it is assumed that at the surface of the sample, the equilibrium 
moisture content between sample and surrounding air is reached instantaneously. The initial 
moisture content is assumed to be equally distributed at the start of the sorption experiment. 
For the vapour adsorption, the initial rate of sorption is used to calculate the diffusion 
coefficient according to the equation given by Siau [15]. 

^ (7.3) [E]' = 
- i 2 

u, - u 

um - u „ V 
With: ut is the moisture content at time t, uo the initial moisture content and Ux. the moisture at 
equilibrium (infinite time). D is the diffusion coefficient that is assumed to be concentration 
independent and L is the thickness of the sample. By plotting E 2 against t, the diffusion 
coefficient can be determined from the linear part of the slope. An example of such a plot is 
given infig.7.6. 
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Figure 7.6 Plot of E2 against time used to calculate the diffusion coefficient for 
moisture absorption from the slopes of the lines 

Equation 3 can only be used to calculate the diffusion coefficient from the initial rate 
of sorption, or in other words if 1 is smaller than 0.6 [15] In the desorption experiments the 
initial desorption proceeds rather fast which has lead to an insufficient number of 
observations being available in the initial desorption stage. Therefore the diffusion coefficient 
were calculated from the final rate of desorption given by the following equation [19]. 

— {ln(u_o-u_J} = 
DTT 2 

(7.4) 

The diffusion coefficient can now be obtained from the slope in a plot of In (ut=o - Ut=a,) 
against t. Diffusion coefficients of the free coating films are obtained from the measurements 
of the water-vapour transmission rates (F) given in table 7.1, the film thickness (1) and the 
equilibrium water concentration on both sides of the film (Ci and C2), using the following 
equation [19] for steady-state diffusion. 

F = D (Ci - C2) /1 (7.5) 

The calculated diffusion coefficients for the wood coatings composites and the free coatings 
films are given in table 7.5. 
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Table 7.5. Moisture diffusion coefficients of wood-coating composites and free 
coating films 

Diffusion coefficients m2 s"1.10'" 

Wood-coating composites * 

RH - change 

66-98 % 

98-66 % 

WBA-P 

4.6 ±1.3 

7.5 ±3.5 

HSA-P 

5.5 ± 0.5 

6.8 ±2.0 

SBA-P 

7.8 ±1.3 

6.3 ±2.0 

WAD-U 

5.0 ±1.0 

7.4 ±2.8 

WBA-U 

11.0±1.4 

6.8 ±1.7 

HSA-U 

6.5 ± 0.8 

7.6 ±2.5 

SBA-U 

4.8 ±0.6 

5.6 ±1.9 

control 

13.6 ±1.8 

9.0 ±4.9 

Free coating films 

98-66 % 27.0 8.5 1.3 4.6 4.4 3.9 1.9 -

a: including 95 % confidence 

The impregnation of the wood with a coating reduces of the moisture diffusion 
coefficient slightly. However in comparison to the reduction achieved by a coating film 
applied on the outside of the wood, the reduction is only very limited. The diffusion 
coefficients from the desorption experiments are somewhat higher than those from the 
adsorption experiments. During desorption the influence of the coating material on the 
moisture diffusion is even further reduced. The moisture diffusion coefficients of the wood-
coating composites ranged between 4.6 to 11.0 x 10"12 m2 s"1. This is comparable to the 
diffusion coefficients of 0.546 to 24.95 x 10"12 m2 s"1 reported by Hartley and Schneider [17] 
for wood polymer composites of sugar maple. Somewhat higher values have been reported in 
other studies. Schneider [9] measured a transverse diffusion coefficient of 53 x 10'12 m2' s"1 

for Picea glauca that was filled with linseed oil to a concentration of 40 % and diffusion 
coefficients between 33.3 and 38.5 x 10"12 m2 s"1 for sugar maple filled with a methyl 
methacrylate like polymer [20]. 

The diffusion coefficients of the free coating films are slightly lower in comparison to 
the data of the wood-coating composites. The correlation between moisture diffusion 
coefficient and water vapour transmission rate seems low, but this can largely be explained by 
differences in water uptake in the film. For example, the relatively high water-vapour 
transmission for the WAD-U is not reflected in the diffusion coefficient because of the higher 
moisture content in the coating, which reduces the concentration gradient. Only the free film 
of WBA-P shows an exceptional high vapour transmission and diffusion. Because this is not 
reflected in the data of the wood-coating composite, the free film may have had some 
microscopic defects like entrapped air-inclusions that could have increased the water 
transmission rates. Differences between coatings are very small and the ranking order is not 
consistent for adsorption, desorption or free film diffusion. Therefore, it is questionable 
whether differences in diffusion coefficients between coatings are significant, also because 
confidence limits of the diffusion coefficients are relatively large. 

7.3.4 Dimensional changes 
The dimensional changes and Anti-Shrink-Efficiencies (ASE) at different equilibrium 

moisture contents are given in table 7.7. The ASE is defined by the following formula: 

ASE dimensions""treaied - dimensions^,, ^ m „ ^ ^ 

dimensions^^,^ 
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The wood-coating composites do not show a reduction in equilibrium shrinkage or swelling at 
any of relative-humidity steps studied. Often the dimensional change is slightly increased as 
can be seen from the negative ASE. 

The small or negative effect on equilibrium dimensional change is consistent with 
findings of Ellis [21], Kabir et al. [12] and the results of Smulski and Cote [11] after leaching. 
In a study on poplar, a higher reduction in ASE was found, in particular for the alkyd-resins 
studied [10]. This can possibly be explained by different treatment conditions and mainly by 
different curing conditions at higher temperatures. However, in the study of Militz and Peek 
[10] also a strong reduction in ASE was observed after leaching the samples. 

The ratio between tangential and radial swelling is only seriously affected for the 
WBA-P samples because the radial swelling is reduced with no reduction or even a small 
increase in tangential swelling. The wood coating composites show a higher increase in 
tangential shrinkage compared to radial shrinkage. Therefore, the T/R-ratio is often increased 
during shrinkage. This can be explained by the presence of coating material in ray-cells, 
which affects only the radial movement of the wood [12]. 

A possible reason for the small or negative impact of the coating impregnation on the 
dimensional stability of wood could be the swelling of the coating material itself. Therefore 
the volumetric swelling of free coating film itself has been determined and the results are 
given in table 7.6. In many cases, the swelling of the free coating film is low, even below the 
detection limits of the method used. With the exception of the WAD-U, the coating swells 
less or equally to the wood. However the very high swelling of the WAD-U films, up to 43 % 
in liquid water, does not cause an additional swelling of the wood. This indicates that the 
wooden cell wall is still controlling the actual swelling within the wood-coating composite. 
The swelling of the free coating film is of the same order of magnitude as the swelling data 
reported by Nakato [22] but mostly lower as the ones reported by Browne [23]. The coatings 
used in these studies however differ in chemical composition from the ones used in this work. 

Table 7.6 Volumetric swelling of free coating films 

WBA-P 

HSA-P 

SBA-P 

WATMJ 

WBA-U 

HSA-U 

SBA-U 

66%-98% 

2.2 ± 0.3 

1.5 ± 0.1 

-
8.1 ± 0.4 

2.5 ± 0.7 

3.4 ± 1.5 

1.8 ± 0.3 

94%-liquid 

-

0.6 ± 0.1 

-
41.2 ± 4.4 

-

-
3.8 ± 0.5 

: not detectable 
average values with 95 % confidence limits 
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Table 7.7 

RH-step Code 

Equilibrium dimensional changes of wood-coating composites 
dimensional change % * ASE % b 

Radial Tangential T/R-ratio Radial Tangential 

33 % - 94 % 

94 % - liquid 

65 % - 98 % 

98 % - 65 % 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

Control 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

Control 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

Control 

WBA-P 

HSA-P 

SBA-P 

WAD-U 

WBA-U 

HSA-U 

SBA-U 

Control 

0.9 ± 

1.3 ± 

1.2 ± 

1.2 ± 

1.0 ± 

1.2 ± 

1.1 ± 

1.2 ± 

1.2 ± 

1.5 ± 

1.6 ± 

2.0 ± 

1.3 ± 

1.9 ± 

1.8 ± 

1.6 ± 

1.0 ± 

1.4 ± 

1.7 ± 

1.4 ± 

1.2 ± 

1.5 ± 

1.5 ± 

1.6 ± 

1.2 ± 

1.1 ± 

1.5 ± 

0.6 ± 

1.2 ± 

1.3 ± 

1.7 ± 

0.9 ± 

0.4 

0.4 

0.3 

0.4 

0.3 

0,4 

0.3 

0.3 

0.6 

0.6 

0.6 

1.0 

0.6 

0.8 

0.7 

0.6 

0.5 

0.6 

0.7 

0.8 

0.6 

0.5 

0.6 

0.6 

0.6 

0.6 

0.7 

0.0 

0.7 

0.6 

0.8 

0.5 

2.8 ± 

2.7 ± 

2.5 ± 

2.9 ± 

2.5 ± 

2.8 ± 

2.4 ± 

2.6 ± 

3.7 ± 

3.9 ± 

3.9 ± 

4.5 ± 

3.8 ± 

4.6 ± 

4.3 ± 

4.0 ± 

3.7 ± 

3.4 ± 

3.7 ± 

3.2 ± 

3.8 ± 

3.6 ± 

3.3 ± 

3.5 ± 

4.1 ± 

3.6 ± 

3.9 ± 

2.3 ± 

3.8 ± 

3.3 ± 

4.6 ± 

2.6 ± 

0.4 

0.3 

0.3 

0.5 

0.3 

0.3 

0.3 

0.4 

1.3 

1.3 

0.7 

1.3 

0.8 

1.0 

1.0 

0.9 

0.7 

0.5 

0.6 

0.7 

0.7 

0.7 

0.8 

0.7 

0.7 

0.4 

0.7 

0.3 

0.9 

0.9 

1.1 

0.7 

3.0 

2.1 

2.0 

2.5 

2.5 

2.2 

2.2 

2.1 

3.1 

2.6 

2,4 

2.3 

2.9 

2.5 

2.4 

2.5 

3.7 

2.4 

2.2 

2.2 

3.1 

2.5 

2.2 

2.2 

3.5 

3.4 

2.6 

3.7 

3.2 

2.6 

2.8 

2.7 

28 

-5 

-13 

2 

4 

-2 

10 

25 

11 

18 

2 

30 

0 

9 

39 

9 

-7 

17 

10 

4 

5 

5 

-21 

-32 

11 

-3 

-11 

-36 

-9 

-3 

2 

-12 

-1 

-8 

8 

6 

-1 

8 

1 

10 

-10 

-1 

-7 

0 

-8 

10 

-14 

-4 

6 

-37 

-40 

-48 

0 

-26 

-21 

-59 

a: Average value with 95 % confidence limits 
b: ASE is calculated from control corresponding to the same sample block 
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The influence of the coating impregnation on the rate of dimensional change from 66-
98-66 % RH has been studied as well. Fig. 7.7 shows the fractional swelling (swelling at time 
t relative to the equilibrium swelling). The wood-coating composites do show a reduction in 
swelling rate, in particular for the HSA-U and HSA-P samples. In the desorption range no 
reduction in shrinkage rate has been observed. 

2 3 
log time min 

Figure 7.7 Fractional tangential swelling rate from 66 - 98 % RH against logarithmic time 

7.4 Conclusions 

For the coatings used in this study, the filling of the void volume of the wood with 
coating material has only a limited impact on moisture sorption behaviour and dimensional 
change. The highest reductions in hygroscopicity are found for the uptake of liquid water 
above the fibre saturation point of the wood. With respect to the equilibrium moisture content, 
diffusion coefficient and swelling rate, only a small reduction is observed for the wood-
coating composites in comparison to the untreated pine sapwood. 

The limited impact on the moisture related properties of the wood-coating composites 
could be explained by two reasons. Firstly, after drying of the coating only 20 to 60 % of the 
void volume is effectively filled with coating material due to the strong decrease in volume of 
the coating upon drying. Secondly the coating material itself is also hydrophilic and tends to 
swell under certain circumstances although the coating transmits and absorbs less water than 
wood does. 

In comparison to the influence of a coating applied as a film on the outside of wood, 
the reduction of sorption behaviour, moisture diffusion and dimensional change by the 
coating material penetrated into the wood is only very limited. Practically, only a serious 
impact of coating penetration on the reduction of liquid water uptake can be expected. This 
does however not mean that coating penetration is not important, because adhesion can still 
be improved [24]. 
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8. MOISTURE TRANSPORT IN COATED WOOD 
Part 1: Analysis of sorption rates and moisture content profiles in 

Spruce during liquid water uptake * 

Summary 

The sorption of liquid water in coated spruce was determined by measuring the change in 
the overall moisture content of the wood as a function of time, and by determination of the 
moisture content profiles after various time intervals. The coatings studied included a 
solventborne alkyd coating and two waterborne acrylic coatings with different layer thickness. 
Uncoated wood was used as a reference. 

The measured data were analysed according to different models, which were based on 
capillary flow or on diffusion with a constant or a changing surface concentration. The apparent 
diffusion coefficients based on sorption rates ranged between 7.65 and 98.16 x 10"1 m s"2 

depending on the surface treatment. These diffusivities were however, not suitable to predict the 
moisture content profiles in the coated wood, which showed a strong increase close to the 
surface. 

The most accurate prediction of the moisture content profile was based on the changing 
surface concentration and the diffusion coefficient from sorption data of uncoated wood. In 
general, diffusion seemed to be the most important factor in the transport of water. Capillary 
flow of water only influenced the sorption very close to the surface of the wood. This aspect 
became more important for uncoated wood. 

Mari de Meijer, Holger Militz 
Accepted for Holz als Roh- und Werkstoff 
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8.1 Introduction 

In order to avoid the emission of volatile organic components during the application of 
coatings, the use of waterborne coatings gained importance in the decoration and protection of 
wood. Although waterborne coatings showed a large variation in water-permeability depending 
on their formulation [1], in general the resistance against transport of moisture was lower in 
comparison to solventbome coatings. This prompted to a large number of research activities 
during the last decades, evaluating the permeability of free coating films, water absorption and 
desorption rates of coated wood and moisture content in outdoor weathering trials [2-10]. In 
general the results of these studies showed that the average moisture content for wood coated 
with waterborne coatings was higher than for wood coated with solventbome coatings. It was 
also found that fluctuations in wood moisture content during the year increased with a higher 
coating permeability. On the other hand, as long as the end-grains were properly protected [11-
13] and the coatings film maintained its integrity [7], the observed average wood moisture 
contents were in general below the point of about 20 to 25 % moisture content where risk of 
decay by fungi can be expected. 

However, most of these results deal with average moisture content data and far less 
information was available on the distribution of moisture within the wood. Ekstedt [5] studied 
the moisture distribution in coated wood by means of microdensitometry and X-ray CT-
tomography. His results showed sharp increases in the moisture content at the surface of the 
wood after exposure to water. Furthermore, the moisture distribution was influenced by the 
development of cracks and blue-stain at the surface. In a study on the moisture balance in 
painted wood panelling, Hjort [3] observed moisture contents of over 40 % at the surface of 
spruce coated with a waterborne acrylic coating after exposure to 97.6 % relative humidity. Both 
observations showed that at the surface of coated wood relatively high moisture contents could 
be reached. These high moisture contents might lead to rapid swelling of the wood at the surface 
which could cause stresses in the coating film which eventually might lead to coating failure. 
The high moisture contents at the wood surface could also create favourable conditions for the 
growth of blue-stains and moulds [14]. 

The first objective of the present work was to measure the moisture content distribution 
of the wood as a function of coating permeability after long term exposure to liquid water. The 
second objective was to determine the driving forces for the moisture transport, which could be 
diffusion, capillary uptake or a combination of these two phenomena. In this case, the exposure 
of the coated wood to liquid water was preferred over the exposure to high relative humidity, 
because constant moisture concentrations were more easily maintained with liquid water. Also, 
in practice the wood would absorb significant amount of liquid water from rain or dew [15]. 

8.2 Theory 

In general terms, the increase in moisture content of coated wood as a function of time is 
controlled by the moisture flux into the coating and the wood, which is proportional to the 
driving force times a conductance factor [16,17]. Excluding any thermally induced phenomena, 
the following two physical processes can cause a moisture flux into either coating or wood: 
1. Adsorption of water molecules to available molecular sites like hydroxyl groups present in 

both the wood and the organic material in the coating. The absorption of water molecules to 
wood or coating can also cause a change in the diffusion resistance making the diffusion 
coefficients of the wood or the coatings concentration dependent [8, 18, 23]. 

2. Diffusion of water molecules through the air-filled lumina of the wood and as bound water 
diffusion through cell walls and pit membranes [19] provided the wood moisture content is 
below the fibre saturation point. In coatings diffusion takes place through the free volumes of 
coating polymers or along particle interfaces and surfactant in case of latex paints [20, 21]. 
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The general form of Ficks law for unsteady state diffusion in one direction is governed by: 

(8.1) 
5(u) = IDa2(u) 
at 5x2 

In the case of diffusion in a plane sheet with an uniform initial concentration distribution, a 
constant diffusion coefficient and a constant concentration at the boundary of the sample, the 
following solution of equation 8.1 applies [22]: 

E = 
M, 

• = l - Z 
n=o(2n + l ) V 

exp{-ID(2n + l )V t / 41 2 } (8.2) 

The diffusion coefficient can be obtained from plot of E against the square root of time [23]: 

ID = 
l2 ( dE 

5.1 Id-Vt 
(8.3) 

The specific length for diffusion is two times the sample thickness for unidirectional 
diffusion. It should be noted that the diffusion coefficient obtained in this way should actually 
be called an apparent diffusion coefficient because it can be influenced by non-Fickian types 
of diffusion [26]. If the moisture content at the boundary is constant, the moisture content as a 
function of position in a semi-infinite medium is given by [22]: 

• ( " , 
-u0)erf . 

y4iDt; 
(8.4) 

If the moisture content at the boundary is changing linearly with time the following equation 
can be used to predict the moisture content profile [22]: 

u = u0 +q t 1 + -
2IDt 

1-erf 
2VIDt 

4IDt 

VrclDt 
(8.5) 

With boundary conditions: 
U = Uo, 

u = Uo + q V t, 
x > 0 , 
x = 0, 

t = 0 
t > 0 

3. Liquid flow through wood or coating capillaries with the capillary pressure as driving force. 
Although a coating might seem to be a non-porous material, on a microscale various pores 
with different sizes can exist. Apart from capillary liquid flow, the very small capillaries can 
also cause Knudsen diffusion or slip flow resulting in faster diffusion than normal [25]. 
Nevertheless, it can be expected that the coating will strongly reduce the rate of liquid water 
flow by blocking the wood capillaries on the surface. Capillary liquid flow will be governed 
by Darcy's law for liquid flow and the expression for capillary pressure: 

dV, K A AP 
dt 

AP = 
2y cos9 

t i x 
(8.6) 

Combining these equations and expressing the water uptake in terms of fractional void filling 
of the wood gives [23]: 
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F = -
pv„ 

4K.Y,cosGt 

Vi v. L2 r 
(8.7) 

Equation 8.7 shows that the liquid water uptake is controlled by the permeability, effective 
capillary radius and the degree of wetting of the wood and the coating. Indeed Hora [26] 
found positive correlations between contact angles of water on coated wood and the water 
absorption rates. 

8.3 Experimental 

Industrially pre-dried, Nordic grown, defect free Spruce (Picea abies Karst.) with a 
density of about 450 kg m"3 and an initial wood moisture content between 11 % and 13 % was 
used in the experiments. The average width of the growth-rings was around 2 mm. All 
measurements were carried out in duplicate with one set of samples taken out of one wood beam 
(referred to as Sample 1) and another set originating from a second beam (referred to as Sample 
2). Each set consisted of 24 wood blocks with a size of 110 x 65 x 80 mm. The set of samples 
was grouped into four blocks with different surface treatment. Each group contained six samples 
used for different water absorption times. An overview of the sampling structure is given in fig. 
8.1. 

Sample 1 

/ Solventbome „„ „ / Waterbome 80 urn / Waterbome / I,„coated 7 
/ alkyd / j acrvhc / j acrylic / _ ] _ / 

{, I i I I (A I I I I 7 M I \\(A\ FfFV 
/t. t. t. t . t. t. J * , t. t . t. t. I * . / . t- t . t. t. t. \Sk. t. ». t t5 tt f 

Sample 2 

A A A 
V 

Annual ring orientation 

Figure 8.1 Sampling structure of the two wood-blocks. 

One radial surface was treated with one of the three coatings tested or left untreated in 
case of the uncoated reference sample. All other sides were treated with a 2-pack polyurethane 
coating with a very low moisture permeability to ensure one-dimensional moisture movement. 
The test coatings were: a white pigmented opaque solventborne alkyd paint with a dry film-
thickness of 80 urn applied in two layers, a white pigmented opaque waterborne acrylic paint 
with a dry film-thickness of 80 urn applied in two layers and the same acrylic paint with a dry 
film-thickness of 160 um applied in four layers. All coating were commercial products intended 
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to be used as wood primers. Application of the paint was done by brush followed by a drying 
period of several weeks at ambient conditions. 

The wood was exposed to moisture by hanging the samples with the test face in liquid 
water at a temperature of about 23 °C. Average wood moisture contents were determined by 
frequently weighing the sample to an accuracy 0.01 g. After time durations of 72, 240, 408, 576, 
1100 and 1683 hours, samples were taken out of the test and sawn into 11 slices of about 10 mm 
thickness to measure the moisture profile. Immediately after sawing the weights of the slices 
were recorded to an accuracy of 0.01 g and dried at 103 ±2 °C to determine the dry-mass. The 
thickness of the slices was also measured with a digital thickness gauge (accuracy of 0.01 mm) 
to determine the exact position in the wood block. 

8.4 Results and discussion 

The overall wood moisture contents of the different wood blocks are shown in fig. 8.2 as 
a function of sorption-time. Because samples were withdrawn during the test for the 
determination of the moisture content profile, the number of observations decreased with time. 
After 1700 hours the moisture content of the wooden blocks coated with the solventborne 
coating was between 15% and 18%. After the same duration the wood coated with a waterborne 
acrylic coating had a moisture content between 18% and 23% with a coating thickness of 80 um 
and between 17% and 23% with a coating thickness of 160 um. The uncoated blocks exhibited a 
much faster increase in wood moisture content up to 20 % or 30 %. In all cases the blocks from 
Sample 1 exhibited a faster water adsorption in comparison to those originating from Sample 2. 
Because both samples were taken from different logs, this difference would be the result of a 
variation in permeability of the wood. The variation between samples from the same log were 
quite small as could be seen from the variation in moisture content between the various 
measurements during the initial stage of water adsorption. 

None of the samples reached a true equilibrium moisture content within the time-span 
studied. There were two possible reasons for this. Firstly in most cases the fibre saturation point 
was not yet reached and secondly liquid water uptake was still ongoing beyond the fibre 
saturation point. Apparent moisture diffusion coefficients were calculated from a plot of the 
increase in dimensionless concentration against square root of time according to equation 8.3. 
The final equilibrium moisture content (u*,) was set to 30 %, corresponding to the equilibrium 
moisture content at 100 % relative humidity as it was found in separate measurements and data 
provided in literature [27]. The moisture diffusion data are provided in table 8.1 including the 95 
% confidence limits. In order to separate the moisture diffusivity in the wood from the resistance 
of the coating against moisture diffusion the following resistance factor was calculated: 

coated wood 

uncoated wood 

(8.8) 

There was a consistent reduction in moisture diffusivity by the coating, depending both on the 
coating type and the film thickness. Typically reductions by a factor of 0.08 to 0.4 were 
achieved. 

The diffusion coefficients for the uncoated wood were in the same order of magnitude as 
the ones found by Fakhouri et al [28] for the absorption of liquid water in spruce. In comparison 
to the results of Wadso [29] obtained for vapour diffusion in spruce, the measured data were a 
factor 10 to 30 larger. This might be explained by the faster moisture transport with liquid water. 
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Figure 8.2 Increase of the wood moisture content during sorption of liquid water. 

Table 8.1 Apparent diffusion coefficients and diffusion resistance factors 

Sample Coating 
lower 

95 % limit 

I D m i ' l O ' 1 

average 
upper 

95 % limit 

1 

2 

solventbome alkyd 80 um 

waterborae acrylic 80 um 

waterborne acrylic 160 \xm 

uncoated 

solventbome alkyd 80 fim 

waterborne acrylic 80 um 

waterborne acrylic 160 um 

uncoated 

7.46 

23.55 

15.51 

92.78 

2.45 

11.80 

7.14 

30.41 

8.41 

25.88 

16.92 

98.16 

2.75 

12.48 

7.65 

31.23 

9.43 

28.29 

18.38 

103.56 

3.07 

13.18 

8.17 

32.05 

0.086 

0.264 

0.172 

-

0.088 

0.400 

0.245 

-

The moisture content profiles obtained for different sorption times gave very valuable 
additional information about the moisture transport process. For all samples a clear decrease in 
moisture content could be seen with increasing distance away from the surface exposed to water. 
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Close to the exposed surface the wood moisture content was fairly high. After 1700 hours all 
coated samples from the first group (Sample 1) had moisture contents of 25 % or more. The 
samples from the second group (Sample 2) also showed an increase up to 20% or 25%, which 
was consistent with the lower overall moisture content. All the uncoated samples had a wood 
moisture content far above the fibre-saturation-point close to the surface. 

The measured concentration profiles were compared with the theoretical predictions 
given by equation 8.4 and 8.5. Therefore the following two questions had to be answered. Firstly 
whether the surface concentration (x=0) could be considered as constant and secondly, which 
value of the diffusion coefficient should be used, namely the ones obtained from the coated or 
the uncoated samples. 

Only the concentration profiles for the uncoated samples could be reasonably well 
described with a constant surface concentration (equation 8.4) which was assumed to be 30 %. 
The results given in fig. 8.3 and 8.4 show both measured and calculated data. Only at moisture 
contents clearly above the fibre-saturation-point, the model could not predict the measured data. 
This was logical because here the capillary liquid flow was the main type of water transport 
process instead of moisture diffusion. The assumption of a constant surface concentration 
(equation 8.4) was incorrect for the coated wood as is clearly shown in fig- 8.5. For coated wood 
the moisture content at short distances (x < 20 mm) was overestimated whereas at longer 
distances (x > 50 mm) the moisture content was underestimated. 

Table 8.2 Rate of change of the wood moisture content at the surface 

Sample Coating ks^'lO"4 r2 

1 solventbome alkyd 80 urn 5.80 0.963 

waterbome acrylic 80 urn 8.16 0.943 

waterborne acrylic 160 um 5.40 0.884 

uncoated 32.34 0.970 

2 solventbome alkyd 80 um 4.38 0.927 

waterbome acrylic 80 um 6.18 0.621 

waterbome acrylic 160 um 4.98 0.998 

uncoated 10.17 0.863 

For an accurate prediction of the moisture content profiles by equation 8.5, the rate of 
moisture content change at the surface had to be estimated. This was done by extrapolating the 
measured concentration profiles to x = 0. The rate of change appeared to be fairly linearly 
dependent on time. In table 8.2 the rate of moisture content change at the surface is given 
including the r 2 data. The rate of change was both dependent on the type of coating and the 
permeability of the wood. 

The measured moisture content profiles were fitted by equation 8.5 in two ways: firstly 
by using the diffusion coefficient obtained from the sorption rates of the coated wood blocks and 
secondly by using the diffusion coefficient of the uncoated wood. For the solventbome alkyd 
coating both fits are given in fig. 8.6 and 8.7 respectively. The profiles calculated with the 
apparent diffusion coefficient of the coated wood strongly underestimated the measured values, 
in particular after longer sorption times. A good prediction of the data was found if the apparent 
diffusion coefficients of the uncoated wood were used. This is actually quite logical because the 
diffusivity of the moisture in the wood was in principal not influenced by the presence of a 
coating. The coating caused a lower moisture content at the surface and a decrease of the in 
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going moisture flux. This model could also predict the moisture content profiles for the other 
coatings as is shown in fig. 8.8 and 8.9. The strongest deviations of the measured data from the 
model were found at the higher concentrations at the surface after longer sorption times. This 
was probably due to the fact that at this stage capillary water flow contributed significantly to the 
sorption process. The model with changing surface concentration was also applied to the 
uncoated samples but this resulted in a severe overestimation of the moisture content profiles. 
This is because of the fact that the rapid change in wood moisture content at the surface of the 
uncoated wood is controlled by capillary sorption instead of moisture diffusion. 
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Figure 8.3 
Measured (symbols) and calculated (lines) 
moisture content profiles of uncoated wood 
Sample 1. 

Figure 8.4 
Measured (symbols) and calculated (lines) 
moisture content profiles of uncoated wood. 
Sample 2. 
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Figure 8.5 
Measured (symbols) data and calculated (lines) 
moisture content profiles of Sample 1 with 
solvent borne alkyd coating assuming a constant 
surface concentration (u x=0) according to 
equation 8.4. 

Figure 8.6 
Measured (symbols) data and calculated(lines) 
moisture content profiles of Sample 1 with 
solvent borne alkyd coating assuming a changing 
moisture content at the surface according to 
equation 8.5 (ux-o) and using the ID from the 
sorption of coated wood (ID = 7.46. 10"" m.s"2). 
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Figure 8.7 
Measured (symbols) data and calculated 
(lines) moisture content profiles of Sample 1 
with solvent borne alkyd coating assuming 
a changing moisture content at the surface 
(u x=o) according to equation 8.5 and using the 
ID from the sorption of uncoated wood 
(ID= 92.78. 10""m.s"2). 

Figure 8.8 
Measured (symbols) data and calculated 
(lines) moisture content profiles of Sample 1 
with waterborne acrylic coating (80u.m) 
assuming a changing moisture content at the 
surface (u x=o) according to equation 8.5 and 
using the ID from the sorption of uncoated 
wood (ID= 92.78 . 10"" m.s"2). 

A comparison of the moisture content profiles of samples with different surface 
treatments but approximately the same overall wood moisture contents is given in fig. 8.10. A 
moisture content of 19 % was reached for the uncoated sample 1 within 240 hours. This took 
1683 hours for the wood coated with the solventborne alkyd and for the waterborne acrylic this 
moisture content was reached within 1011 hours. The moisture content profiles for both coated 
samples with the same overall moisture content were almost identical. The moisture content for 
the uncoated sample was quite different, close to the surface the moisture content was higher but 
deeper in the wood the moisture content was lower in comparison to the coated wood. 
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Figure 8.10 Moisture content profiles of Samples with the same overall moisture content, 
surface treatment and sorption times differ. 
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The influence of capillary water uptake was evaluated on the basis of equation 8.7 by 
plotting the following variables which should result in a linear relationship: 

against £ 
The porosity of the wood was calculated from the following relationship [23]: 

= 1-G (0.667 + 0.0 lu) with G = 
V P, 

(8.9) 
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Figure 8.11 Plot of the fractional void filling of liquid water in Sample 1 against V(t/va). 

Fig. 8.11 shows the plot of the above mentioned variables for Sample 1. The overall fractional 
void filling of the wood was restricted to 1.2 % for the uncoated wood. A linear relationship was 
only observed for the uncoated wood at longer sorption times. This was in good agreement with 
the moisture content profiles which showed void filling above the fibre saturation point at this 
stage. The coated samples did not show a true linear relationship, which indicated that moisture 
diffusion was the main transport process in these cases instead of capillary uptake. 

8.5 Conclusions 

As expected, the results of this study clearly showed that a coating had a strong influence 
on the sorption process of liquid water into wood. The degree of reduction of moisture sorption 
depended on the coating type and the film thickness. The moisture content profile in the wood 
was also influenced by the presence of a coating. In comparison to uncoated wood, the change in 
moisture content within the wood was levelled off. The coating type had no influence on the 
shape of the moisture content profile as long as the overall moisture content was equal. 

The liquid water sorption process in uncoated wood was a combined effect of diffusion 
and capillary water uptake. If a coating was present at the surface, the capillary water uptake is 
almost completely excluded. This is in agreement with earlier findings on wood which was 
filled with coating material [2]. 

Apparent diffusion coefficients obtained from sorption rates of coated wood were useful 
in quantifying the reduction of the sorption rate. They could not, however, be treated as true 
diffusion coefficients because they failed to predict the moisture content profiles accurately. The 
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moisture content profiles in coated wood can best be modelled by using a model which takes into 
account a changing wood moisture content at the surface in combination with diffusivities 
obtained from uncoated wood. The influence of the coating has to be incorporated by its impact 
on the rate of moisture content change at the surface rather than by the change in apparent 
diffusion coefficient. 

Uncoated wood can be reasonably well described by a model with a fixed concentration 
at the surface. Only very high moisture contents close to the surface are not well predicted, 
because capillary liquid uptake is the main driving force under these circumstances. The 
importance of capillary liquid flow in uncoated wood after relatively long sorption times was 
confirmed by analysing the fractional void filling as a function of time. 

Finally, it should be mentioned that the results presented here are intended to be used to 
analyse laboratory studies on moisture sorption in coated wood. Care has to be taken before 
using them to predict real life situations because there the surface will never be exposed to liquid 
water for such a long time. Changes in the surface conditions by lower relative humidity or 
surface heating due to solar irradiation will complicate the entire moisture transport process 
including the moisture content profiles inside the wood. 
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MOISTURE TRANSPORT IN COATED WOOD 
Part 2:Influence of coating type, film thickness, wood species, 

temperature and moisture gradient on kinetics of sorption and 
dimensional change* 

Summary 

The sorption of moisture by spruce and meranti coated with both waterborne and 
solventborne coatings was studied during controlled conditions. Experimental variables 
included: coating film thickness, temperature and gradients in relative humidity (33 - 98, 65-
98 or 33-75 %) or exposure to liquid water. Changes in moisture content of the wood and the 
tangential or the radial dimensions were recorded as a function of time. 

Apparent moisture diffusion coefficients were calculated from the initial slope of the 
fractional weight increase following Fick's second law for unsteady state conditions. The 
apparent moisture diffusion coefficients were clearly influenced by both coating and wood 
species. The fastest moisture adsorption was observed for uncoated spruce which could be 
explained by the rapid capillary uptake of water. Moisture diffusion in coated samples of 
spruce or with coated or uncoated meranti was much lower. With the exception of liquid 
water, moisture diffusion during desorption was faster than during adsorption. The measured 
moisture diffusion coefficients should be considered as apparent because they were dependent 
on the initial and final moisture content. Moisture diffusion was found to be strongly 
dependent on temperature with activation energies between 55 - 76 kJ mol"1. 

The rate of dimensional change was described by a two-parameter asymptotic 
regression model that included one constant for the rate of dimensional change and an 
asymptotic constant given by the dimensions at equilibrium wood moisture content as an 
asymptote. The differences in rate constant were influenced by the same factors as those for 
moisture diffusion. The correlation between rate constant and moisture diffusion coefficient 
was good except for very high moisture diffusion coefficients that were controlled by 
capillary water uptake. 

Mari de Meijer, Holger Militz 
Accepted for Holz als Roh- und Werkstoff 
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9.1 Introduction 

Reduction of the rate and magnitude of changes in moisture content of the wood is one 
of the primary functions of a coating that has to protect wood during outdoor weathering. The 
introduction of waterborne coatings has generally led to an increased movement of moisture 
through the coating film [1-4]. In many circumstances, this will result in faster, larger and 
more frequent fluctuations in wood moisture content. 

Previous research on the mechanisms governing moisture transport like diffusion and 
capillary sorption are discussed in more detail in the first part of this paper [2]. In this second 
paper the following aspects of moisture protection by a coating are studied: 

- differences between the uptake of water in the vapour and liquid state, 
- two wood species, spruce and meranti are compared, 
- influence of the coating film thickness, 
- temperature influences on moisture transport in coated wood. 

The moisture protection by the coating is evaluated in two ways: firstly by the measurement 
of the sorption rate and the calculation of apparent moisture diffusion coefficients, and 
secondly by the determination of the rate of dimensional change in both the radial and 
tangential directions. 

An improved knowledge about the rate of both moisture adsorption and desorption 
and their subsequent impact on the dimensional changes of the wood will help in 
understanding and predicting the performance of coated wood in practice. The equilibrium 
wood moisture content is not influenced by the coating, but many studies on outdoor 
weathering of wood, have shown reductions in moisture content or dimensional change if a 
coating is present [4, 5-10]. The observed reductions can be explained by the fact that the 
coating reduces the rate of moisture transport induced by a change in the environmental 
conditions like relative humidity, solar irradiation or rain. Because in an outdoor 
environment, steady state conditions are never reached, the reduction in sorption rate actually 
means a permanent reduction in average moisture content or dimensions. 

Dimensional changes can influence performance of both the coating and the wooden 
construction itself. The difference in hygroscopic expansion between coating and substrate 
can cause internal stress inside the coating [11] which can lead to cracking [12]. The 
reduction in differences in moisture content within the wood and its subsequent dimensional 
change improves the performance of glued-laminated wood [13]. Finally a limitation of the 
dimensional movement of wood is needed to prevent jamming of windows and doors [14]. 

9.2 Materials and methods 

Nordic grown spruce (Picea abies Karst.) with an average density of 483 kg m"3 and 
dark red meranti (Shorea spp.) with an average density of 685 kg m'3 were used. All of the 
samples were industrially pre-dried to a moisture content of around 16 %. Samples with 
dimensions of 40 x 40 x 37 mm (width x thickness x length) were sawn out of one board. To 
guarantee clearly defined radial and tangential surfaces the samples had their growth rings 
parallel to one surface. Only for the studies on the influence of temperature, smaller samples 
(dimensions of 24 x 24 x 22 mm) were used to obtain equilibrium conditions more quickly. 
Conditioning of the samples was done over saturated salt solutions to reach relative 
humidities (RH) of 33 % ( MgCl2.6H20), 65 % (NaN02) and over distilled water (to reach 98 
% RH ) at a temperature of 23°C. Liquid water uptake was determined by immersion in liquid 
tap water. Sorption studies at different temperatures were performed over solutions of 
saturated NaCl which gives a relative humidity of 79 % to 73 % in the temperature range 
between 5 and 55 °C. Changes in the moisture content of the wood were determined by 
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weighing to an accuracy of 0.01 g. Dimensional changes were measured at four locations on 
two sides of the sample (radial or tangential) with a digital thickness gauge to an accuracy of 
0.001 mm. All of the data presented are average values based on at least three replicates. Two 
types of white pigmented commercial wood coatings were used: one solvent borne alkyd and 
one waterborne acrylic dispersion. Application was done by brush in two to four layers 
depending on dry film thickness which ranged between 60 and 180 um. Axial surfaces of the 
wood were sealed with three layers of a very moisture tight two-pack polyurethane coating. 
An overview of the entire experimental set-up is provided in^ig. 9.1. 

SB-alkyd 
coating 

Spruce blocks 
24 x 24 mm 

coating 

^ 23*1 
NT~ 28*1 

^ 55*1 

5*C 
'C 
'C 

5S*C 

WB-acryllc 
coating 

^ - 23*1 
^ - 28*1 

> SS'I 

X ~ - 28"! 
^ 55*1 

5'C 
'C 
'C 

5S'C 

5"C 
C 

•c 
55'C 

3 3 % 

to 

7 5 % 

RH 

Figure 9.1. Schematic overview of experimental set-up. 

9.3. Results and discussion 

9.3.1 Moisture sorption and diffusion coefficients 
From the plots of increase or decrease in moisture content with time the apparent 

diffusion coefficients were calculated according to the procedure given by Siau [15]. The 
dimensionless moisture concentration was calculated according to the following formula. 

(9.1) 
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The dimensionless concentration from the block shaped samples was based on 4-sided 
diffusion into a square block. Most analytical solutions of Fick's second law, from which 
diffusion coefficients can be derived, are based on parallel-shaped bodies with diffusion into 
only two directions. Siau [15] described the following way to transform the dimensionless 
concentration from a 4-sided sorption experiment into one, which can be treated as being 
based on parallel-shaped bodies. Identical diffusion rates in the radial and tangential 
directions were assumed. This seemed a reasonable assumption taking into account the 
relatively small differences in the radial and tangential diffusion mentioned in previous 
studies {16,17]. 

1- E 4-sided — ( 1 - E 2-sided) ' (9.2) 

As long as E < 0.6 the diffusion coefficient could now be derived from the slope of E against 
the square root of time using the following equation. 

ID = 
fd{l-V(l-E4.sided)}^ 

dVt 5.10 
(9.3) 

The diffusion coefficient derived in this way should be considered as an apparent diffusion 
coefficient because it is known from previous research [17, 18] that diffusion is often 
influenced by non-Fickian behaviour. This was also the case in the present experiments as 
could be seen in the deviations from a straight line shown in fig. 9.2. The linear parts of the 
curves were used to calculate diffusion coefficients. The non-Fickian behaviour could be 
partly explained by the fact that capillary water uptake played a role in cases where the 
samples were exposed to liquid water, in particularly for uncoated wood [2]. 

1000 2000 3000 
square root time s 0.5 

Figure 9.2 Plot of dimensionless moisture concentration against square root of time 
A: delayed initial sorption; B: fast initial sorption; C: pure Fickian sorption. 

A special problem arose, if the equilibrium moisture content had to be determined for 
samples immersed in liquid water. As could be seen from fig. 9.3, equilibrium was not 
reached within even 160 days. However, after twenty days any increase in wood moisture 
content did not give an additional change in dimensions. This clearly indicated that the fibre 
saturation point was reached and any further increase in wood moisture content would be due 
to the capillary uptake of water in the cell lumina. Therefore, the moisture content of the 
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wood at the point of maximum swelling was taken as the equilibrium moisture content in 
calculations of diffusion coefficients. 
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Figure 9.3 Increase in moisture content and swelling of spruce samples immersed in 
water. 

Fig. 9.4 and 9.5 show the dependence of the apparent diffusion coefficient on coating 
film thickness during respectively adsorption in the range 33-98 % RH and desorption in the 
range of 98-33 % RH respectively. 
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Figure 9.4 
Apparent diffusion coefficients as a function of film 
thickness obtained from moisture adsorption 
measurements in the range 33-98 % RH. 

Figure 9.5 
Apparent diffusion coefficients as a function of 
film thickness obtained from moisture 
desorption measurements in the range 98-33% 
RH. 

The film thickness had an influence on the diffusion coefficient but it was limited in 
comparison to the type of coating. The strongest influence of film thickness was observed for 
the waterborne acrylic dispersion during moisture adsorption. Comparing diffusion 
coefficients for adsorption and desorption experiments, the uncoated samples and the ones 
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with a solventborne coating gave more or less similar results. However, the waterborne 
acrylic coatings showed a slightly higher diffusion coefficient during adsorption in the range 
of33-98%RH. 

Table 9.1 Diffusion coefficient obtained for different wood species, 
moisture gradient and coatings. 

wood exposure uncoated SB-Alkyd WB-Acryl 

spruce 65%-98% 1.35 ± 0.06 1.10 ± 0.06 1.35 ± 0.04 

65%-liquid 13.14 ± 5.45 4.03 ± 0.68 3.73 ± 0.46 

98-65% 4.37 ± 0.21 2.48 ± 0.23 2.39 ± 0.16 

liquid-65% 4.04 ± 0.20 2.29 ± 0.22 2.22 ± 0.15 

meranti 65%-98% 0.30 ± 0.01 0.12 ± 0.00 0.23 ± 0.01 

65%-liquid 1.14 ± 0.11 0.15 ± 0.01 0.31 ± 0.02 

98-65% 0.90 ± 0.04 0.27 ± 0.01 0.45 ± 0.01 

liquid-65% 1.21 ± 0.03 0.14 ± 0.01 0.21 ± 0.01 

Table 9.1 gives the apparent diffusion coefficients of spruce and meranti for sorption 
of liquid water and water vapour in the range of 65-98 % RH. Water transport was clearly 
lower for meranti compared to spruce which reflected the differences in permeability between 
these two species. With the exception of spruce exposed to liquid water, moisture diffusion 
proceeded faster during desorption than during adsorption. The very high moisture diffusion 
coefficients obtained with liquid water on spruce can be explained by the capillary uptake of 
water [19]. As it was expected from many previous observations [1,5,3], water transport 
through the waterborne acrylic coatings was faster in comparison to the solventborne alkyd 
coating. 

The apparent diffusion coefficients for liquid water uptake of uncoated wood are 
slightly higher in comparison to the results obtained for earlier findings [2]. It should, 
however, be noted that in this case both radial and tangential surfaces are exposed to water, 
whereas in the previous study the main area of exposure was the tangential surface. A second 
factor that might attribute to the difference in diffusion coefficient, was the size of the sample 
which considerably larger in the previous experiment. Fakhouri et al [20] reports diffusion 
coefficient of respectively 4*10"9 m2 s'1 (radial) and 3*10"9 m2 s"1 (tangential) for the transport 
of liquid water into wood. 

9.3.2 Influence of temperature on moisture diffusion 
Apparent diffusion coefficients were measured at temperatures of 5, 23, 28 and 55 °C 

for spruce without a coating and with a solventborne alkyd or a waterborne acrylic coating 
(film thickness of 80(xm). The equilibrium moisture content was calculated as a function of 
temperature. From the diffusion coefficients the activation energies were calculated according 
to the Arrhenius equation: 

- E a 

ID = ID (9.4) 
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Table 9.2 Diffusion coefficients and equilibrium moisture content (EMC) at 75 % RH 
as a function of temperature; activation energies of diffusion 

T°C 
5 

23 
28 
55 

SB-
ID 

alkyd 
0.27 
1.66 
3.41 

39.60 

• m V ^ O - 1 0 

WB-Acryl Uncoated 
0.68 
2.20 
5.59 

50.37 

4.53 
9.92 

23.12 
163.73 

EMC % 
13.6 
12.3 
11.8 
9.8 

E kJ mol"1 76.1 66.5 55.7 

(A 

* 
Q 

-15 
XSB-alkyd 

AWB-acryl 

o uncoated 

0.00036 0.00039 0.00042 

1/T (K-1) 

0.00045 

Figure 9.6 Plot of diffusion coefficient against reciprocal absolute temperature to obtain 
activation energies from the slope of the line. 

The activation energy can be obtained from the slope if the diffusion coefficient is 
plotted against the reciprocal absolute temperature. Fig. 9.6 shows this plot, all other results 
are given in table 9.2. The moisture diffusion of the wood was strongly increased with 
temperature, which was to be expected from previously reported research [21-24]. The 
temperature dependence of the moisture diffusion was somewhat reduced if a coating was 
applied but is still clearly present. This corresponded with findings in literature [19, 25]. This 
might indicate that the moisture movement through the coating was less sensitive to 
temperature, which could also be seen from the increased activation energies. 

The calculated activation energies of the diffusion coefficients were somewhat higher 
than those mentioned in literature. Mantanis et al [26] mentioned activation energies in the 
range of 32.2 to 50.2 kJ mol"1 for diffusion in uncoated wood. Richard et al [27] reported 
activation energies of 35.2 kJ mol"1 for diffusion of water vapour into carboxylated styrene-
butadiene copolymer latexes. 

The decrease in equilibrium moisture content with increasing temperature was to be 
expected [16, 28]. The lower equilibrium moisture content would have indirectly also effected 
the measured diffusion coefficient. If the initial sample temperature was lower than the 
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temperature during sorption, the same amount of adsorbed water would have given a higher 
diffusion coefficient because the fractional moisture uptake was increased due to the 
reduction of the maximum amount of adsorbed water. If the test temperature was below the 
pre-conditioning temperature, the opposite would happen which leads to a lower diffusion 
coefficient. 

9.3.3 Modelling of dimensional change 
Below the fibre saturation point, the rate of shrinkage or swelling can be expected to 

be directly proportional to respectively moisture adsorption and desorption. Stamm [16] even 
derived moisture diffusion data from swelling data. The rate of dimensional change can be 
described by the initial linear rate [22] or by a two-parameter asymptotic regression model 
[29]. The latter approach was used to describe the dimensional movement of the wood. 

y = y raax(l-e"kt) (9.5) 

By rewriting equation 9.5 to the following one, k could be obtained from a linear regression: 

ln(l - - ^ - ) = -kt (9.6) 
J max 

The shrinkage rate was expressed on the basis of the maximum swelling data (ymax) and the 
final dimensions after shrinkage (ymin): 

In ( y ~ y - i ° ) =-kt (9.7) 
(y - y • ) 
\J max J mm/ 

The time needed to reach 50 % of the equilibrium dimensions was defined by: 

- ln(l-0.5)_ 0.6932 
t o , - - — p - (9-8) 

The data obtained from the model given in equation 9.5 to 9.8 are provided in table 9.3. The 
model fitted the observed experimental data well as could be seen from the high values of r2. 
Fig. 9.7 shows both the experimental and model radial swelling data of meranti in the range 
of 66-98 % RH. The dimensional changes correlated well with the diffusion coefficients as 
can be seen in fig. 9.8. Deviations were only observed for very high moisture diffusion 
coefficients obtained with the uptake of liquid water. This can be explained by the fact that 
with liquid water sorption the moisture content in the outer cells might rise above the fibre 
saturation point where no additional contribution to swelling was made [30, 31]. 

The time needed to reach 50 % of the maximum dimensions (to.s) was between 1 
(uncoated) and 25 days for spruce depending on the presence of a coating. For meranti, the 
swelling rate was much lower, the half time to swell ranged between 6 and 86 days. The 
strong reduction in swelling rate of the coated samples explains why during outdoor 
weathering, where steady-state conditions do not exist, the coating gives a permanent 
reduction in the dimensions of the wood [5, 32]. The swelling rate was slightly higher in the 
radial direction. This was caused by the fact that the swelling rate was calculated from the 
ratio between actual and maximum swelling. Therefore, the higher maximum swelling in 
tangential direction reduced the rate of swelling. 



Moisture transport in coated wood. Part 2 157 

Table 9.3 Data obtained from modelling the dimensional changes. 

wood exposure 

spruce 33-98 

65-98 

65-liquid 

98-65 

liquid-
65% 

meranti 65-98 

65-liquid 

98-65 

liquid-
65% 

coating 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

none 

SB-Alkyd 

WB-Acryl 

film 
thick­
ness 
(urn) 

0 

60 

120 

180 

60 

120 

180 

0 

80 

80 

0 

80 

80 

0 

80 

80 

0 

80 

80 

0 

80 

80 

0 

80 

80 

0 

80 

80 

0 

80 

80 

radial 

k 
days"') 

0.19 

0.04 

0.04 

0.03 

0.10 

0.07 

0.06 

0.31 

0.18 

0.23 

1.20 

0.59 

0.70 

0.28 

0.26 

0.28 

0.28 

0.18 

0.19 

0.08 

0.03 

0.06 

0.11 

0.04 

0.07 

0.05 

0.02 

0.03 

0.04 

0.01 

0.01 

K).5 Ymax / min 

(days) % 
3.6 

15.5 

19.0 

20.7 

7.1 

9.5 

11.8 

2.2 

3.9 

3.0 

0.6 

1.2 

1.0 

2.5 

2.6 

2.5 

2.5 

3.9 

3.7 

8.5 

23.3 

12.2 

6.4 

16.0 

10.4 

14.2 

39.2 

26.5 

16.0 

86.2 

50.5 

2.7 

2.5 

2.7 

2.7 

3.1 

2.9 

2.1 

1.7 

1.5 

1.5 

1.8 

1.6 

1.7 

0.3 

0.2 

0.2 

0.3 

0.2 

0.1 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

0.5 

0.5 

0.5 

0.4 

0.4 

0.4 

r2 

0.99 

0.98 

0.99 

0.99 

0.99 

0.99 

0.99 

1.00 

1.00 

1.00 

0.99 

1.00 

1.00 

0.92 

0.96 

0.98 

0.95 

0.95 

0.96 

0.97 

0.91 

0.96 

0.99 

0.97 

0.97 

0.98 

0.98 

0.99 

0.87 

0.79 

0.83 

tangential 

k 
(days') 

0.17 

0.03 

0.03 

0.03 

0.11 

0.07 

0.06 

0.20 

0.14 

0.16 

0.39 

0.33 

0.34 

0.26 

0.25 

0.26 

0.29 

0.20 

0.21 

0.03 

0.02 

0.03 

0.09 

0.04 

0.06 

0.05 

0.02 

0.03 

0.03 

0.01 

0.01 

MJ.5 Ymax/min 

(days) % 
4.1 

20.9 

23.0 

25.4 

6.5 

9.5 

12.2 

3.5 

5.1 

4.3 

1.8 

2.1 

2.0 

2.7 

2.7 

2.6 

2.4 

3.5 

3.3 

21.7 

27.9 

23.8 

7.9 

18.8 

11.6 

13.6 

44.1 

25.9 

22.0 

79.3 

48.6 

4.5 

3.9 

4.4 

4.2 

5.3 

5.0 

4.7 

3.9 

3.6 

3.6 

4.1 

3.8 

3.9 

0.4 

0.3 

0.3 

0.5 

0.4 

0.3 

4.2 

4.1 

4.1 

4.3 

4.3 

4.1 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

r2 

0.99 

0.99 

1.00 

1.00 

0.97 

0.99 

0.98 

0.97 

1.00 

1.00 

0.85 

0.93 

0.93 

0.89 

0.95 

0.96 

0.94 

0.95 

0.96 

0.95 

0.99 

0.97 

0.98 

0.88 

0.95 

0.99 

0.98 

1.00 

0.91 

0.93 

0.92 
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Figure 9.7 Radial swelling of meranti samples in the range of 66-98 % RH. Dots represent 
measured data, lines are fitted according to equation 9.4. 
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Figure 9.8 Correlation between apparent diffusion coefficients and the rate of dimensional 
change. 

The equilibrium dimensions were hardly influenced by the presence of the coating, which is 
logical, because the equilibrium moisture content was not changed. The only exception was 
for the spruce samples, where a somewhat higher variation in equilibrium dimensions was 
observed. This was most likely due to errors in the measurements of dimensions caused by 
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uneven surfaces due to raising of latewood bands during swelling of the wood. The 
equilibrium dimensions after desorption were clearly above the dimensions before start of the 
moisture adsorption. This can be easily explained by the hysteresis in moisture sorption. The 
hysteresis effects were in the range of 0.2 to 1.4 percentage in dimensional change, which was 
in good agreement with the data given by [33]. 

9.4. Conclusions 

The apparent diffusion coefficients obtained in the experiments discussed give 
valuable information about the influence of wood species, coating type and coating thickness 
on the rate of moisture sorption. In general, the highest sorption rates were found for uncoated 
wood, followed by wood coated with a waterborne acrylic coating whereas the slowest 
sorption is obtained with the solventbome alkyd. Moisture diffusion in spruce proceeded 
much faster in comparison to meranti. These findings correspond well with results from 
studies where the moisture content in the coated wood was monitored in practice [3, 5, 6, 19, 
34]. 
Increased temperature lead to faster moisture diffusion which compliments the findings that 
darker coloured paints give rise to faster fluctuations in moisture contents in the wood [35, 
36] or higher fluctuations in dimensional change [9]. The coating film thickness had only a 
limited influence on the moisture diffusion which means that that a higher permeability of 
coatings can not easily be compensated by a higher film thickness. 

Comparing the diffusion rate for adsorption and desorption, the latter was higher, 
except for adsorption of liquid water on spruce. This can easily be explained by the important 
role of capillary water uptake [2]. The large difference in liquid water sorption versus the 
lower desorption supports the practical knowledge that water accumulation in wooden joinery 
is almost always related to fast adsorption of liquid water. 
The moisture diffusion coefficients obtained should be considered apparent diffusion 
coefficients, which means that their absolute values can be strongly influenced by the 
conditions during which they were obtained. There were several indications that Fickian 
diffusion was not always valid. The initial fractional sorption curves did not always follow a 
straight line from the origin. This can indicate the influence of a surface resistance effect [18]. 

Furthermore, the diffusion coefficients depended on the initial and final relative 
humidities used during the measurement. Comparing diffusion coefficient for spruce from the 
range 33-98 % RH (initial moisture content: 7%) and 65-98 % (initial moisture content: 12 
%), the latter were considerably higher, in particular for the coated samples. The diffusion 
coefficients from the smaller sized samples tested in the range of 33-75 % RH were a factor 5 
to 10 higher then those from the range 33-98%. The sample size was not likely to be 
responsible for this, because Rosen [37] reported that higher apparent diffusion coefficients 
were produced with thicker samples. Differences in moisture content prior and during the 
sorption process seemed to be a more likely explanation. Stamm [16] and Avramidis and Siau 
[21] reported increasing diffusion coefficients with increasing moisture content which might 
explain the differences between 65-98 and 33-98 % RH. Wadso [17] reported lower diffusion 
coefficients for the step 75-84 % RH in comparison to 54-75 %. Droin et al [38] also 
mentioned decreasing diffusion coefficients with increasing initial moisture content. 
According to Siau [15], the bound water diffusion in the cell wall was positively correlated to 
moisture content whereas the vapour diffusion in the lumina was negatively correlated. 
Differences in the prevailing process might explain the conflicting results mentioned. 

The applied two-parameter asymptotic regression model described the actual data 
well. The rate constants for dimensional change showed the same dependence on wood 
species, coating type and moisture gradients as the moisture diffusion coefficients. The 
correlation between these two parameters was quite good, except with the very high diffusion 
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coefficients observed with liquid water sorption. This indicated that water uptake above the 
fibre saturation range was taking place under these circumstances. 

Acknowledgements 

The authors would like to thank Barend van de Velde, Maarten IJspeert and Wiro 
Cobben for their assistance in carrying out the practical experiments. The work presented was 
financed by the Dutch Innovative Research Program on Coatings (IOP-verf) under contract 
number IVE-93.812 

References 

[I] Ahola, P.; Derbyshire, H.; Hora, G.; Meijer, M. de; Water protection of wooden 
window joinery painted with low organic solvent content paints with known 
composition, Holz als Roh- und Werkstoff, 57,1999,45-50. 

[2] Meijer, M. de; Militz,H.; Moisture transport in coated wood Part 1: Analysis of 
sorption rates and moisture content profiles in spruce during liquid water uptake. 
Accepted for Holz als Roh- und Werkstoff, 1999. 

[3] van Linden, J.A.; Oort, P.; Water permeability: comparison of methods and paint 
systems. XXII Fatipec Conference Budapest, IV, 1994, 135-148. 

[4] Bottcher, P.; Zum Verhalten unterschiedlich feuchtedurchlassiger Anstriche auf 
einigen einheimischen Holzarten bei naturlicher Bewitterung, Holz als Roh- und 
Werkstoff (33), 1975, 116-120. 

[5] Meijer, M. de; Creemers, J.G.M.; Cobben, W.N.H.; Interrelationships between the 
performance of low-voc wood coatings and the dimensional changes of the wood 
substrate, Advances in exterior wood coatings and CEN standardisation PRA-
conference Brussels, paper 9, 1998a. 

[6] Meijer, M. de; Creemers, J.G.M.; Cobben, W.N.H.; Ahola,P; Influence of a 
dipping preservative treatment on the performance of wood finished with waterborne 
coatings. IRG/WP 98-40121 Maastricht, The Netherlands, 1998b. 

[7] Roux, MX.; Wozniak, E.; Miller, E.R.; Boxall, J.; Bottcher, P.; Kropf, F.; Sell, J.; 
Natural weathering of various surface coatings on five species at four european sites, 
Holz als Roh- und Werkstoff, 46, 1988, 165-170. 

[8] Sell, J.; Untersuchungen zur Optimierung des Oberflachenschutzes von Holzbauteilen, 
Teil 1: Bewitterungsversuche mit Fensterrahmen-Abschnitten, Holz als Roh- und 
Werkstoff, 40, 1982,225-232. 

[9] Sell, J.; Physikalische Vorgange in Wetterbeanspruchten Holzbauteilen 
Fensterrahmen, Holz als Roh- und Werkstoff, 43, 1985, 259-267. 

[10] Teichgraber, R.; Measurement and Evaluation of the Interactions between Paint 
Systems, Wood Species and Climate, Holz als Roh- und Werkstoff, 31, 1973, 127-
132. 

[II] Perera, D.Y.; Van den Eynde, D.; Moisture and temperature induced stresses 
(hygrothermal stresses) in organic coatings, Journal of Coatings Technology, 59 (748), 
1987, 55-63. 

[12] Floyd, F.L.; Predictive model for cracking of latex paints applied to exterior wood 
surfaces, Journal, of Coatings Technology, 55 (696), 1983, 73-80. 

[13] Turkulin, H.; Dauerhaftigkeit von lamellierten Holzfensterprofilen Feuchteverlauf 
und Formstabilitat, Holz als Roh- und Werkstoff, 50, 1992, 347-352. 

[14] Graystone, J.; Moisture transport through wood coatings: the unanswered questions. 
Advances in exterior wood coatings and CEN standardisation PRA-conference 
Brussels, paper 6, 1998. 



Moisture transport in coated wood. Part 2 161 

[15] Siau, J.F.; Transport Processes in Wood (Springer Series in Wood Science), Springer, 
Berlin Heidelberg New York Tokyo, 1984, 29,186. 

[16] Stamm, A.J.; Bound water diffusion into wood across-the-fiber directions, Forest 
Products Journal, 10,1960, 524-528. 

[17] Wadso, L.; Unsteady-state water vapour adsorption in wood: an experimental study, 
Wood and Fiber Science, 26, 1994, 36-50. 

[18] Absezt, I.; Koponen, S.; Fundamental diffusion behaviour of wood, International 
conference on wood-water relations Cost Action E8 Copenhagen Denmark, 1997. 

[19] Hulden, M.; Hansen, CM.; Water permeation in coatings, Progress in Organic 
Coatings,13,1985,171-194. 

[20] Fakhouri, B.; Mounji, H.; Vergnaud, J.M.; Comparison of the absorption and 
desorption of water between scots pine and spruce after submersion in water, 
Holzforschung, 47, 1993, 271-277. 

[21] Avramidis, S.; Siau J.F.; An investigation of the external and internal resistance to 
moisture diffusion in wood, Wood Science and Technology, 21,1987,249-256. 

[22] Walker, I.K.; Changes of bound water in wood Non Fickian changes of weight at 25 
°C. New Zealand, Journal of Science, 20, 1977, 3-10. 

[23] Bramhall, G.; Fick's law and bound water diffusion, Wood Science, 8 (3), 1976, 153-
161. 

[24] Stamm, A.J.; Diffusion and penetration mechanism of liquids into wood, Pulp and 
paper magazine of Canada, 1953. 54-63. 

[25] Yaseen, M.; Funke, W.; Journal of the Oil Colour Chemist Association, 61, 1978, 
284. 

[26] Mantanis, G.I.; Young, R.A.; Rowell, R.M.; Swelling of wood Part 1 Swelling in 
water, Wood Science and Technology, 28, 1994, 119-134. 

[27] Richard,J.; Mignaud, C; Wong, K.; Water vapour permeability, diffusion and 
solubility in latex films, Polymer International, 30, 1993, 431-439. 

[28] Choong, E.T.; Movement of moisture through softwood in the hygrpscopic range, 
Forest Products Journal, 1963, 489-498. 

[29] Rypstra, T.; Analytical techniques for evaluation of wood and wood finishes during 
weathering, PhD-thesis, University of Stellenbosch South-Africa, 1995, pp. 243. 

[30] Keylwerth, R.; Untersuchungen iiber freie und behinderte Quellung I Freie Quellung, 
Holz als Roh- und Werkstoff, 20 (7), 1962, 252-259. 

[31 ] Noack, D.; Schwab, E.; Bartz, A.; Characteristics for a judgement of the sorption and 
swelling behaviour of wood, Wood Science and Technology, 7, 1973, 218-236. 

[32] Kiguchi, M.; Suzuki, M.; Imamura, Y.; Weatherability of exterior wood coatings in 
Japan, Advances in exterior wood coatings and CEN standardisation PRA-conference 
Brussels, paper 12, 1998. 

[33] Rijsdijk, J.F.; Laming, P.B.; Physical and related properties of 145 timbers 
Information for practice, Kluwer Academic Publishers, Dordrecht, Boston, London, 
1994. 

[34] Samuelsen, B.; Exterior high performance wood coatings systems. Advances in 
exterior wood coatings and CEN standardisation PRA-conference Brussels, paper 8, 
1998. 

[35] Schultz, H.; Bottcher, P.; Neigenfind, W.; Effect of some paints and colours on the 
moisture conditions of naturally weathered wood specimens, Holz als Roh- und 
Werkstoff, 31 (3), 1973, 132-137. 

[36] Janotta, O.; Der Einfluss des Farbtones und der Wasserdampfdurchlassigkeit von 
Anstrichmitteln auf die Feuchtigkeitsverteilung im Holz. Auswirkungen auf die 
Kondenswasserbildung an Holzverbundfenstern, Holzforschung und Holzverwertung, 
31 (3), 1979, 45-59. 



162 Moisture transport in coated wood. Part 2 

[37] Rosen, H.N.; The influence of external resistance on moisture adsorption rates in 
wood, Wood and Fiber, 10 (3), 1978: 218-228. 

[38] Droin, A.; Taverdet, J.L.; Vergnaud, J.M.; Modeling the kinetics of moisture 
adsorption by wood, Wood Science and Technology, 22,1988, 11-20. 

Nomenclature 

u Wood moisture content (mass-mass0Ven-dry) / mass0Ven-dry x 
100%. 

Uoo Final equilibrium wood moisture content (mass-massoven-dry) / mass0Ven-dry x 
100%. 

uo Initial wood moisture content (mass-mass0Ven-diy) / massoven-diy x 
100%. 

ux=0 Wood moisture content at the boundary (mass-mass0Ven-diy) / mass0Ven-dry x 
100%. 

ID* Apparent moisture diffusion coefficient m2 s"1 

t Time s or days 
Elided Dimensionless moisture concentration for 

four sided diffusion in a square block 
E2-sided Dimensionless moisture concentration for two -

sided diffusion in a parallel plate 
1 Specific length = 2x sample thickness m 
y Dimensional change % 
ymax Equilibrium dimensions after swelling m 
ymin Equilibrium dimension after shrinkage m 
k rate constant s"1 

to.s time to reach 50% of maximum dimensions days 
Ea Activation energy kJ mol"1 
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10. GENERAL DISCUSSION AND CONCLUSIONS 

In this thesis several aspects of the interactions between wood, in particular softwoods, 
and low-VOC coatings have been studied and discussed in comparison to the behaviour of 
traditional solventborne alkyd coatings. The work focuses on how the properties of coatings 
and wood might affect phenomena occurring at the interface between the materials. The 
studied aspects included the substrate penetration and wetting, the adhesion of coatings to 
wood, the moisture sorption and the dimensional changes. The aim is to find ways in which 
these aspects might be used to predict, understand and further optimise the durability of 
exterior wood coatings and wooden joinery as a whole. In this respect, it should, however, be 
emphasised that the service life of wood during exterior use not only depends on the coating 
but on many other factors like exposure conditions and substrate design as well (see chapter 
1.2). 

10.1 Penetration of coatings into wooden substrates 

The microscopic studies presented in chapter 2 showed that penetration of a coating 
into wood is both controlled by the ability of the coating to flow into the capillaries present in 
the wood and by the number of open pores present at the surface. The lowest penetration was 
observed for the waterborne acrylic dispersion followed by the alkyd emulsions, solventborne 
alkyds and high solid alkyds. Addition of pigment or thickener strongly reduced the 
penetration. This is in good agreement with results reported in other studies on the penetrating 
capacity of waterborne acrylic dispersions and alkyd emulsions coatings on wood [1,2,3]. In 
softwoods, the penetration of a coating is mainly limited to the outer tracheids and the rays. 
This pattern was also observed in several previous studies with spruce and pine sapwood 
[1,4]. If the penetration of a coating exceeds the length of a single cell element, the 
permeability of the wood has an influence on the depth of penetration as well. With the 
studied softwoods, this was directly related to the permeability of the pits between ray cells 
and tracheids or combinations of these cell elements because the cell wall itself is 
impermeable to binders or pigments. 

The polymeric binders and pigments used in coatings are very small (typical radius 
below 400 nm) in comparison to the radius of a tracheid (5-30 um) but are still far too large to 
penetrate the micro-pores in the cell wall which have a size of 0.1-lnm [5]. In previous 
studies [6,7] it was observed that a coating or larger polymer can not penetrate the cell wall. 
During the flow of a coating through pits, the particle size might have an influence since size 
exclusion effects and particle agglomeration around pit membranes were observed. In chapter 
2, a flow model is described that gives the possible penetration pathways of a coating in 
relation to the anatomical structure of softwoods. The studies for meranti (Shorea spp.) 
showed that the penetration was limited to the flow of the coating into vessels and rays. To 
extend this flow model to hardwoods, studies with more permeable hardwood species would 
be required. 

In chapters 3 and 4, the capillary penetration has been quantified in three different 
ways: firstly by measuring the maximum depth of coating penetration in the axial direction 
after drying, secondly by measuring the volumetric uptake from combined measurements of 
contact angle, height and diameter of droplets and thirdly by gravimetric measurements. The 
static measurement of final penetration depth on a microscopic level has the advantage of 
giving an accurate penetration depth of the coating in relation to capillary radius. The other 
two methods only give information on a macroscopic scale but can measure the rate of 
capillary penetration. 
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The capillary flow model developed by Washburn [8] can relate, at least qualitatively, 
most of the phenomena observed in the penetration process. In this model, the capillary 
pressure is the driving force for the penetration but the flow rate is also influenced by the 
viscosity of the penetrating liquid. The rate of capillary rise is proportional to the surface 
tension of the liquid, the cosine of the contact angle and the radius of the capillary and is 
inversely proportional to the viscosity and the height of rise (excluding gravity induced 
factors). 

In chapter 4, it was shown that during capillary uptake the solid matter content of the 
coating increases due to the selective uptake of water or organic solvent into the cell wall. The 
influence of the uptake of water into the cell wall could also be seen from the deeper 
penetration with higher wood moisture content {paragraph 3.3.4). This causes an increase in 
viscosity of the coating, which becomes the limiting factor in the penetration of a coating into 
wood. Additionally the capillary pressure will also drop with increasing solid matter content. 
How fast this limiting level is reached largely depends on the nature of the polymeric binder. 
Binders based on emulsions or dispersions reach an almost infinitely high viscosity at solid 
matter contents of 60 % or less. Binders based on solutions (in this thesis limited to 
solventborne polymers) retain a relatively low viscosity at higher concentrations. The 
penetration of an alkyd based binder is reduced in the presence of a catalyst for oxidative 
drying (chapter 2). This indicates that cross-linking of the polymer network also contributes 
to the viscosity increase during capillary uptake, although this will occur at a much slower 
rate than the increase in solid matter content. The increase in viscosity at low shear rates, as 
observed for most of the binders studied, also reduces the penetration because it can be 
estimated that shear rates during the flow into the wood are low (0.1 s"1 or less). Additionally, 
the low viscosity of dispersions and emulsions at higher shear rates requires the use of 
thickeners to obtain an acceptable application viscosity. This however has an adverse effect 
on the penetration capacity of the coating. 

Decreased penetration with a reduction of liquid surface tension, whilst maintaining a 
complete wetting of the substrate is predicted by the Washburn model and has been 
demonstrated experimentally in studies with increasing surfactant concentration in water. The 
increased reduction of penetration at surfactant concentrations above the critical micelle 
concentration (where the surface tension no longer decreases) suggests that surfactants might 
be adsorbed at the wooden cell wall. This behaviour seems to be independent of the type of 
surfactant. 

The proportionality between the capillary radius and the maximum penetration depth 
has been confirmed for most of the coatings studied but some striking contradictory cases 
were observed for the deep penetrating unpigmented high solid and solventborne alkyd 
coatings. It is not fully understood why the smallest capillaries showed the deepest 
penetration in those cases. Possibly, the viscosity is no longer a limiting factors under these 
conditions, which make an alternative model applicable in which the penetration depth is 
inversely proportional to capillary radius. Further refinement of the flow model is also needed 
to predict the maximum penetration depth quantitatively. Even if all relevant parameters for 
the Washburn model are known from direct or indirect measurements (see chapter 4), a 
viscosity correction factor is needed to fit the model to the measured data. Direct 
measurement of the flow rate of a coating in a single capillary in combination with the in situ 
measurement of solids content might be able to resolve these questions. 

If penetration of the coating into the wood is a desired property, the following 
practical recommendations can be given. Firstly, the increase of the viscosity at high solid 
matter content and low shear rates should be as limited as possible. This is in conflict with the 
rheological properties of dispersions or emulsions that show a rapid viscosity increase with 
increased volume fraction of particles and at the same time low viscosity at lower volume 
fractions, requiring thickeners for high shear applications like spraying and brushing. This 
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suggests that those low-shear application techniques like dipping or flow coating (sprinkling 
of paint) are preferable. Specific modification of the associative thickeners might also 
contribute to the desired behaviour of higher viscosity at low solids content and high shear 
rates without a very rapid increase in viscosity at higher solid contents as was demonstrated 
recently [9]. Secondly, for an optimum penetration the surfactant concentration should be 
limited to the levels needed to obtain complete wetting because an excess amount of 
surfactant will only lower the liquid surface tension and hence the capillary uptake. 

10.2 Adhesion and surface free energy 

The surface energy was characterised in chapter 5 using contact angle measurements 
followed by the calculation of the Lifshitz-van der Waals, acid-base and total surface free 
energy components according to the theory of van Oss, Chaudhury and Good [10,11]. The 
total surface free energy of wood ranges between 35 and 55 mJ m"2 with a dominant Lifshitz-
van der Waals component and only a small (and for special cases even negative) acid-base 
contribution. The acid and base parameters showed less consistent results as they depended on 
the method of measurement. For most wood species, the base parameter is significantly larger 
than the acid parameter if measured along the grain of the wood. If measurements are taken 
across the grain, the acid parameter is dominant. The reason for this phenomena, also 
observed by others [12], is not clear but might be related to chemical heterogeneity, surface 
roughness or capillary penetration. Adsorbed molecular layers of test solvent or water also 
have a strong influence on the measured contact angle. 

In chapter 5, three different methods to measure the contact angles of liquids on wood 
were compared. The capillary rise method appeared to be of limited use because it can not 
deal with a swelling solvent like water. The dynamic contact angle measurements (Wilhelmy-
plate principle) can give very valuable information about advancing and receding contact 
angles and its relation to surface roughness. By comparing data from the first and second 
immersion, solvent absorption effects could be studied. The contact angle measurements from 
droplets are the easiest to perform and do not require an additional measurement of the sample 
perimeter. However, with all of the methods the results should be interpreted with care 
because the basic assumptions in the Young's equation like absence of roughness, chemical 
purity and no solvent absorption at the surface are generally not fulfilled. This might also 
explain the large differences in results obtained in different studies as it was summarised in 
paragraph 5.1. 

The adhesion of a coating was measured quantitatively using a newly developed 
method, based on measurement of the forces needed to peel the coating from the wood by 
means of a pressure sensitive tape attached to a tensile testing machine (see chapter 6). 
Adhesion forces up to approximately 350 J m"2 can be measured due to the limited adhesion 
of the coating to the tape. For the coatings studied, it means that only adhesion on wood with 
a high moisture content (25-30 % in the interface) could be measured. This so-called wet-
adhesion is, however, found to be most critical in practice and reduced adhesion at high 
moisture content has been reported previously [13,14]. 

The observed adhesion differences between early- and latewood zones clearly 
correspond to differences in substrate penetration. Differences between coatings are 
considerable, the lowest values (around 50 J m"2) are found for adhesion of the least 
penetrating acrylic coatings on latewood; the highest values are observed for the adhesion of 
deep penetrating high solid paints on the earlywood (above 300 J m"2). Adhesion differences 
between early- and latewood have not been described for coatings so far but is known to 
occur for glues [15]. The measured work of adhesion has been analysed by the contribution of 
the interfacial work of adhesion and the negative contribution due to stored elastic strain 
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energy as it was proposed by Perera [16]. The stored elastic strain energy, as it was calculated 
from stresses due to the swelling differences between coating and wood, can reach very high 
values that even exceed the actually measured adhesion data. In those cases, the adhesion will 
only be based on mechanical anchoring. Very high levels of stored strain energy are reached 
if the coating swells much more than the wood. Volumetric swelling between 10 to 70 % was 
observed for the acrylic coatings with swelling of about 2.7 % for the alkyd coatings (solvent-
and waterborne). The higher adhesion in the presence of water vapour instead of liquid water 
seems also to be related to differences in swelling stresses. 

From the Lifshitz-van der Waals and acid-base parameters of both coating and wood 
the interfacial work of adhesion has been calculated [10,11]. Also, in the presence of water as 
a third phase, the total interaction between the interfaces remains attractive. The magnitude of 
the interfacial forces is very much lower than the measured adhesion data and no rank 
correlation between interfacial and measured adhesion was observed. This emphasises the 
importance of increased surface area and mechanical anchoring for obtaining good adhesion. 

Analysis of the fractured surfaces showed that partially cohesive failure had occurred, 
mainly in the deeply penetrated parts of the coating. Furthermore, differences in the chemical 
surface composition were observed between the wood and air faced sides of the coating. 
Surfactant adsorption on to the wood as observed during penetration studies (chapter 4) might 
have also affected adhesion, because the potential negative influence of surfactants on 
adhesion as was demonstrated in studies on the adhesion of latex on glass [17] and for the 
adhesion of waterborne alkyd and acrylic paints on wood [18]. 

To summarise, it can be stated that in order to obtain good adhesion of a coating on 
wood, a good wetting and a certain amount of substrate penetration are required. To maintain 
good adhesion at high moisture contents, the elastic strain energy originating from 
hygroscopic stress should be minimised. This means that dimensional changes of both coating 
and wood should match each other as closely as possible although some difference will 
always remain because of the different shrinkage and swelling of wood in the radial and 
tangential directions. 

10.3 Moisture sorption and dimensional changes 

The protection against moisture and dimensional changes was evaluated in several 
ways. The studies with the coating present inside the pores of the wood (chapter 7), showed 
that a penetrated coating is far less effective in protection against water in comparison to a 
coating applied as a film on the surface as was described in chapter 8 and 9. The filling of the 
wood pores with a coating only prevented the capillary uptake of liquid water to a large 
extent. Moisture vapour diffusion, equilibrium moisture content and swelling or shrinkage are 
only slightly affected. Other studies with wood that was impregnated with polymeric material 
also report a relatively strong impact on liquid water repellency but no or limited impact on 
dimensional change [19,20]. This can be explained by the fact that the coating itself also 
adsorbs a significant amount of water and sometimes exhibited considerable swelling itself. 
Furthermore, due to shrinkage upon drying, the final void filling of the wood is relatively low. 
Nevertheless, several studies have shown a positive influence of a water-repellent pre-
treatment on coating durability [21, 22, 23]. This might indicate that uptake of liquid water 
has a more pronounced impact on coating failure than the changes in relative humidity. 

The measured moisture content profiles (chapter 8) gave valuable information about 
the actual moisture transport processes in coated and uncoated wood. For uncoated wood in 
direct contact with water, both diffusion and capillary water uptake takes place. The latter is 
mainly responsible for the high moisture content at the surface. In coated wood, the moisture 
transport is mainly diffusion controlled. Apparent moisture diffusion coefficients obtained 
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from sorption rates of coated wood samples are not suitable to predict the moisture content 
profiles. The values actually measured can be far more accurately predicted if the apparent 
diffusion coefficients of the wood itself are used and the influence of the coating is taken into 
account by a change in moisture content at the surface. 

The apparent moisture diffusion coefficients derived from coated samples in chapter 9 
are useful to evaluate the influence of coating type, film thickness, temperature and wood 
species (spruce and meranti). They should, however, not be considered as representing the 
diffusion process inside the wood as was explained in chapter 8. If moisture diffusion 
coefficients are obtained from tests with the samples immersed in liquid water both true 
vapour diffusion and capillary flow are incorporated in the apparent moisture diffusion 
coefficients. In chapter 9 it was demonstrated that apart from the permeability of the coating 
itself, the wood species, the temperature and the coating thickness have a marked influence on 
the moisture diffusion rates. The impact of coating thickness is, however, not large enough to 
easily compensate for differences in moisture permeability between coatings by the 
application of thicker coatings. With vapour diffusion, desorption proceeds faster than 
adsorption. With liquid water, the (capillary) uptake proceeds much faster than the release by 
vapour diffusion, in particular with spruce. The employed two parameter regression model 
developed by Rypstra [24], was found to be suitable to describe the rates of dimensional 
change, which were closely related to the apparent moisture diffusion coefficients. 

The moisture sorption measurements described are mainly intended to understand the 
basic phenomena of moisture transport in coated wood. Practical situations are far more 
complex because boundary conditions are continuously changing. This will have a significant 
influence on the actual moisture content and its distributions as was demonstrated in studies 
by Derbyshire and Robson [25] and Bancken and Frencken [26]. 

10.4 Concluding remarks 

Finally some general differences and similarities between waterborne and 
solventborne (including high solid alkyds) coatings will be addressed. With respect to 
capillary flow of a coating into wood, the nature of the carrier medium appeared to be a 
dominant factor. Dispersing or emulsifying the polymeric binder in an aqueous environment 
has a strong impact on its rheological behaviour. In combination with the surfactants applied, 
this has an adverse impact on the penetrating capacity of a coating into the wood. The reduced 
penetration, in combination with high hygroscopic stresses observed in some acrylic coatings, 
is mainly responsible for the reduced wet adhesion of waterborne coatings in comparison to 
the solventborne counterparts. 

The moisture permeability of waterborne coatings is higher than for solventborne 
ones. This has already been demonstrated in various studies [27,28,29] but was confirmed 
again. On the other hand, moisture content levels that are a risk for wood decay (above 20 %) 
are reached only after very long periods of continuous exposure to moisture that will never be 
observed in practice. This means that if decay in wooden joinery occurs, this will be due to 
other factors than the coating permeability like e.g. rapid water entry through unprotected end 
grains. In this sense, waterborne coatings will not differ from solventborne ones. 

It has also been shown that moisture sorption and swelling of the coating itself is often 
only slightly lower than for wood, sometimes the swelling is even far exceeded. This fact can 
bring new insights towards the stresses and coating failures during exterior exposures. The 
stored strain energy concept [16] from chapter 6 might also be used to understand stress in 
exterior wood coatings in terms of differences in hygroscopic expansion between the coating 
and the wood. This concept might be used to understand the origin of coating failure during 
exterior exposure better. 
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ANNEX I List of abbreviations 

AB: 

Acl: 

Ac 2: 

Ac 3: 

ACDIS: 

ACEMUL: 

ALKEMUL: 

D: 

HSA: 

L: 

LW: 

Mn: 

Mw: 

n: 

OPS: 

P: 

p: 

RH: 

s: 

SB: 

SBA: 

SEM: 

SOLVALK: 

Ti02: 

U: 

UV: 

VOC: 

WAD100: 

WAD300: 

WB: 

WBA: 

acid-base 

acrylic dispersion coating type 1 

acrylic emulsion coating type 2 

acrylic emulsion coating type 3 

acrylic dispersion 

acrylic emulsion 

alkyd emulsion 

disperse 

high solid alkyd 

liquid 

Lifshitz-van der Waals 

number averaged molecular weight 

weight averaged molecular weight 

number of observations 

Organo Psycho Syndrome 

pigmented 

polar 

relative humidity 

solid 

solventborne 

solventborne alkyd 

scanning electron microscopy 

solventborne alkyd 

titanium dioxide 

unpigmented 

ultraviolet 

Volatile Organic Compound 

waterborne acrylic dispersion with a particle size of about 100 nm 

waterborne acrylic dispersion with a particle size of about 300 nm 

waterborne 

waterborne alkyd emulsion 
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ANNEX II Coating formulations 

The formulations of the coatings used in chapter 2,3,6 and 7 is given below in weight 
percentage. 

Pigmented paints: 

water 
preservative 
defoamer 
propylenglycol 
pigment wetting 
agent 
Ti-02 pigment 
water 
WAD 300-binder 
WAD 100-binder 
coalescent 
defoamer 
thickener 
water 

HSA-binder 
Ti-02 pigment 
HSA-binder 
dryer* 
solvent 
anti-skinning agent 

water 
preservative 
defoamer 
cosolvent 

WAD 300 WAD100 
2,50 
0,10 
0,30 
2,50 
1,00 

24,00 
1,00 

58,60 
-

1,50 
0,10 
1,72 
6,68 

HSA 
23,12 
40,90 
23,12 

6,89 
5,34 
0,62 

pigment wetting agent 
Ti-02 pigment 
water 
Ac 1 binder 
coalescent 
defoamer 
thickener 

2,50 
0,10 
0,30 
2,50 
1,00 

24,00 

( 

Ac1 
0.34 
2.00 
0.10 
0.30 
2.50 

24.00 
1.00 

64.00 
1.50 
0.10 
4.16 

1,00 
-

32,73 
1,50 
0,10 
0,46 
3,81 

water 
dispersing agent 
pigment wetting agent 
stabiliser 
Ti-02 pigment 

defoamer 
WBA-binder 
dryer* 
water 
thickener 

SBA-binder 
Ti-02 pigment 
white spirit 
SBA-binder 
dryer* 
anti-skinning agent 
white spirit 

wetting agent 
cosolvent 
water 
defoamer 
Ti02-pigment 
preservative 
Ac2 or Ac 3 binder 
cosolvent 
thickener type A 
water 

WBA 
12,18 
2,38 
0,50 
0,99 

23,82 

0,10 
44,39 

0,50 
14,06 
1,09 

SBA 
39,46 
25,51 

9,91 
5,97 
3,31 
0,50 

15,33 

Ac 2 / 3 
5.71 
0.90 
0.50 
0.50 

22.72 
0.10 

62.96 
1.00 
4.50 
1.10 
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Binder solutions: 

WAD 300-binder 
WAD 100-binder 
WBA-binder 
HSA-binder 
SBA-binder 
water 
white spirit 
coalescent 
dryer* 

WAD300 
63,0 

-
-
-
-

36,0 
-
1,0 
-

WAD100 
-

67,0 
-
-
-

32,0 
-
1,0 
-

WBA 
-
-

60,0 
-
-

37,5 
-
-
2,5 

HSA 
-
-
-

82,0 
-
-

14,0 
-
4,0 

SBA 
-
-
-
-

62,0 
-

35,0 
-
3,0 

*: Mass percentage dryer (siccative) is expressed on the basis of total products, containing 
5 to 15 % active ingredient. 
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