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Abstract

The moisture sorption behaviour of wood strongly influences the durability of exterior-coated wood. Wood charac-
teristics are known to influence the water sorption of uncoated wood. Despite this, the majority of the research on
coated wood has been focused on the coating properties. This study aims to investigate the impact of heartwood,
sapwood and density on the moisture content (MC) and crack formation of coated Norway spruce (Picea abies (L)
Karst.). Boards with film-forming coatings or a non-film-forming coating were exposed outdoors during 3 years.
Crack development and the mass of the boards were recorded during this period. Heartwood and sapwood samples
showed no differences in MC. Thus, a coating seems to reduce the differences in water sorption behaviour that is
present in uncoated heartwood and sapwood spruce. The reduction is probably related to wetting properties and
different sorption mechanisms, involving free and bond water diffusion. However, the low-density samples had sig-
nificantly higher MC levels than the high-density samples. The high-density samples with a non-film-forming coating
showed a higher number of cracks than those with lower density. Furthermore, sapwood samples had a remarkably
high number of cracks when compared to the corresponding heartwood samples, despite a similar density and MC.
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Introduction

Low levels of and variation in moisture content (MC) are
key factors for a long service life of coated wood products
in exterior use. It is well known that different wood char-
acteristics, for example, wood density and the presence
of heartwood tissues, affect water sorption in wood [1].
However, in the field of wood coatings research, previous
studies have mainly focused on the properties and behav-
iour of the coatings and have only considered evaluations
of different combinations of wood substrates to a limited
degree [2-6]. Still, the wood substrate constitutes a major
part of the coated wood product.
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and indicate if changes were made.

However, some have highlighted the role of the sub-
strate for coated wood. Van Meel et al. [7] indicated that
the reduction in water sorption depends on the unique
combination of wood and coating. Dark red meranti,
along with pine, was found to have a higher reduction in
water sorption when coated with a solvent-borne system,
while spruce had a similar reduction in water sorption
independent of whether a solvent-borne or a water-borne
coating system was used. Similar observations have also
been presented by De Meijer [8] who concluded that
the “service life of a coating during outdoor weathering
depends... on properties of the coating, the wood itself
and the conditions during exposure”

Most of the exterior coating systems on the market are
so-called film-forming coatings. Such coatings are mostly
based on an acrylic-, alkyd- or acrylic—alkyd-based resin.
In Sweden, a popular alternative is the traditional calci-
mine coating system (i.e. “rodfarg” based on wheat flour
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with a small amount of linseed oil and some mineral
additives). The calcimine system belongs to the non-film-
forming coatings and is known to be highly permeable
with a low resistance to weather abrasions [9].

Norway spruce (Picea abies (L.) Karst.) is one of the
most common species in the Nordic market for coated
facades in exterior use. Studies on uncoated spruce show
a difference in water sorption properties depending on
parameters such as wood density, growth ring width
and the presence of heartwood [10-12]. For example,
uncoated heartwood spruce absorbs a smaller amount
of water as compared to sapwood in a tangential direc-
tion [12—14] and in a longitudinal direction [15, 16]. A
study on the liquid water sorption levels of coated spruce
[17] had findings that showed a higher MC in low-den-
sity spruce. This establishes an expectation that heart-
wood tissues have a similar influence on water sorption
in coated and uncoated wood. Especially, since a coating
does not change the equilibrium moisture content (EMC)
in wood, it only delays the sorption rate [18]. EMC is the
moisture level where the water uptake and release in the
wood are equal. There are, however, fewer studies on the
variation in MC of outdoor-exposed coated spruce sub-
jected to both liquid water (precipitation) and humidity
variations. Additionally, the weathering of wood often
leads to crack formation, especially in the outer layers of
the wood, due to photochemical (i.e. sun radiation) sur-
face degradation and moisture variation [19, 20].

The objective of this paper was, therefore, to study
the MC and crack formation of outdoor-exposed coated
spruce in relation to two levels of wood density and
the presence of heartwood of sapwood. This paper also
examines film-forming and non-film-forming coating
formulas to highlight possible interactions among wood-
coating properties.

Materials and methods

Wood material

Twenty-three (23) logs of Norway spruce were selected
from two stands in the southern part of Sweden. At the
time of felling, the sapwood border was marked on each
log. The logs were sawn into planks of 25 and 50 mm
thickness. The different thicknesses were employed to
achieve maximum material output from each log. The
planks where dried in an industrial kiln with a maxi-
mum temperature of 70 °C to a MC of approximately
17% relative oven-dry basis. The dried material was
downsized with a band saw to 2042-mm x 100 £ 2-
mm x 375+2-mm boards (radial x tangential x lon-
gitudinal direction). The board samples were straight
grained and free from dead knots, cracks and resin
pockets. Next the boards were divided into the follow-
ing parameters, high and low density, and heartwood
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and sapwood. Prior to coating, the boards were condi-
tioned to a stable mass in a climate chamber at 20 °C
and 65% relative humidity (RH). The oven-dry density
of the board samples was estimated from their mass
and volume in this conditioned state, using an EMC of
12% with a standard deviation (std) of 0.5%. The EMC
was determined from 140 pieces of uncoated spruce
(70 pieces heartwood, 70 pieces sapwood) from the
same wood source as the experimental material. The
140 pieces had a density range of 313-489 kg/m?® (with
a mean of 388 kg/m® and a std of 68 kg/m?). The EMC
was determined by measuring the stable mass at the
specified climate conditions relative to the stable oven-
dry mass at an oven temperature of 103 °C. The esti-
mated oven-dry density and the growth ring width of
the samples are presented in Table 1.

Coating

This study used four water-borne coating systems,
whereof three are film-forming coating systems and one
is a non-film-forming coating system. The film-forming
coatings had a basecoat of an alkyd or an alkyd—acrylic-
based resin. The top coats were based on an acrylic
(A), alkyd (B) or alkyd—acrylic hybrid (C) resin. The
non-film-forming coating (D) was a traditional Swed-
ish calcimine paint based on wheat flour, linseed oil
and copper oxide. Combinations of the base and top
coats are shown in Table 2. The colour of the coatings
was red (NCS 5040-Y80R). The choice of the red colour
was due to the calcimine coating only being available
in a few colours with the red being the most common
one. The four coatings were commercially available at
the time the experiment began in 2009. The complete
coating formula was unknown, and only the solvent and
resin were specified.

All boards were coated on their tangential sections
facing the bark side and on the radial and longitudinal
sections. The tangential section facing the pith was left
uncoated. Boards coated with the film-forming systems
had one base layer and two top layers. The boards coated
with the non-film-forming system were coated with two
layers of the same calcimine formula whereof the first
layer used a paint solution diluted with 10% water.

The application of the coatings was performed accord-
ing to the manufacturers’ recommendations regarding
layers, thickness and drying. A brush was used for the
application and the boards were dried between each
layer at 20 °C and 65% RH. A total of 80 board samples
were prepared, which comprised of five samples of each
wood—coating combination. Prior to outdoor exposure,
the samples were stored in a climate chamber at 20 °C
and 65% RH.
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Table 1 Wood sample characteristics, MC,, and crack length
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Wood characteristics Oven-dry density Growth ring width MC,, Crack length year Replicate number
[kg/m?! [mm] [%] 2012 [mm]

Coating A

Low-density

Heartwood 329 (18) 80(1.9) 176 (0.7) 0 1-5

Sapwood 372 (23) 50(0.7) 17.3(04) 41-45

High-density

Heartwood 440 (29) 2.8(0.8) 16.0 (0.2) 21-25

Sapwood 480 (35) 1.8(0.8) 16.2(0.2) 61-65

Coating B

Low-density

Heartwood 327 (14) 78(2.2) 18.3(0.5) 6-10

Sapwood 336 (9) 54(1.5) 19.0 (0.9) 46-50

High-density

Heartwood 446 (39) 32(1.6) 17.2(0.3) 26-30

Sapwood 488 (53) 1.8 (0.4) 17.4(0.5) 66-70

Coating C

Low-density

Heartwood 332(17) 9.0(1.9 183 (0.5) 11-15

Sapwood 371 (44) 6.8(1.3) 18.2(1.2) 51-55

High-density

Heartwood 457 (62) 16.8 (0.5) 31-35

Sapwood 493 (48) 24(05) 16.5(0.7) 71-75

Coating D

Low-density

Heartwood 326 (17) 94 (0.9 21.9(1.0) 373 (87) 16-20

Sapwood 347 (34) 6.2(1.9) 224(1.7) 575 (587) 56-60

High-density

Heartwood 431 (44) 3820 204 (0.5) 905 (338) 36-40

Sapwood 471 (43) 1.6 (0.9) 20.5(0.5) 2359 (667) 76-80

Mean values of five replicates with standard deviation in parenthesis. Topcoats A-D: coating systems described in Table 2. MC,,=the mean value of the measurements
during the period September 2009-August 2012. Crack lengths counted when wider than 0.2 mm

Table 2 Description of the four coating systems

Coatings Basecoat Top coat
A Alkyd Alkyd-acrylic hybrid, 2 layers
B Alkyd-acrylic Acrylic, 2 layers
C Alkyd Alkyd, 2 layers
D Calcimine (10% diluted  Calcimine, 1 layer
with water)
Exposure

The board samples were exposed outdoors facing south
for a 3-year period beginning in June 2009. The expo-
sure site was Asa research station, 40 km north of
Vixjo, Sweden. The samples were placed vertically on
hooks approximately 60 cm above ground, at a 45° angle

to the south. A small plastic bar supported the samples
from behind. No roof or wall covered the replicates.

Evaluation

Approximately, every other month beginning in Septem-
ber 2009, the mass of the samples was recorded with an
accuracy of 0.1 g. The moisture content was determined
relative to the oven-dried mass. The presence of cracks
was evaluated annually in June counting the length (mm)
of cracks wider than 0.2 mm. A steel ruler and feeler
gauge were used to measure the length and thickness of
the cracks.

Data analysis

The interpretation of measurement data from multiple
occasions is somewhat limited using two-dimensional
statistical methods. Therefore, as a complementary
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method, the so-called principal component analysis
(PCA) [21] was applied to interpret the data to describe
the most pronounced differences between the sample
groups.

The PCA simultaneously analyses multiple measure-
ments of each replicate and recalculates the data from
the original variable coordinates into new coordinates
(i.e. principal components (PC)) for increased clarity
of possible differences in the data [22]. The PCA in this
study recalculates the MC values of multiple occasions
into a score plot with the first two principal components
(PC1 and PC2).

A score plot illustrates any correlations between the
samples. Replicates with similar data are closely located
in groups or trends on the PC1 and PC2 coordinate
planes. A linear regression model with variables accord-
ing to the following equation was additionally used to
compare the normalised linear coefficients among the
variables under study, that is,

MC = MCpt + Xk + F, )
where X variable, k linear coefficient and F error factor
for the parameter. MCp,t. is the average of MC,, of the
total population (i =80), defined according to the follow-
ing equation:

MCpt = <Z MCmi) /80, (2)

1

where i replicate number, in total 80. MC,; in the fol-
lowing equation is the average MC of each replicate (i)
including the MC of all measured occasions (n=15) over
a subsequent time period, or

MCp; = (Z MCn> /15, ®)
1

where # is the nth occasion of measured MC over a sub-
sequent time period. MC, is the general term for MC,;
when no specific replicate is mentioned. The PCA was
performed using Simca 13.0 and the linear regression
with Modde 9.1 from Umetrics. An additional one-way
analysis of variance (ANOVA) with a Tukey test on the
MC,, was performed using the software program IBM
SPSS statistics 24.

Results and discussion

As presented in Table 1, the MC,, was significantly lower
for the samples with a film-forming coating than the
samples with a non-film-forming coating. A similarly
lower result of the film-forming coatings is also pre-
sented in Fig. 1a, which shows the MC fluctuations of the
samples with the film-forming coatings (as an average of
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all samples with coating systems A, B and C) and with
the non-film-forming coating (as an average of all sam-
ples with coating system D). All samples followed the
variation in ambient RH and precipitation (Fig. 1b), but
the curves of the two film-forming categories diverged
at higher MC values and cohered at lower values. The
higher MC of the samples with a non-film-forming coat-
ing confirms the higher moisture permeability of such
coating, resulting in faster water sorption during periods
with high precipitation and RH and likewise, faster des-
orption during periods of drier weather. Figure 2 shows
boxplots with the median MC_, values of each wood—
coating combination. The results in the boxplot further
support the higher permeability of the non-film-forming
coating.

Figure 3 presents the average MC of the samples with
a film-forming coating. The influence of density is pro-
nounced in the figure. As can be seen, the low-density
wood displayed larger MC changes compared to the
high-density wood. Figure 4 presents the MC fluctuations
of the corresponding samples with the non-film-forming
coating (D). A similar pattern in MC variations’ relative
density was observed for samples with a calcimine coat-
ing. The deviation in MC between high- and low-density
samples with a non-film-forming coating was larger than
those of samples with a film-forming coating.

Figure 5 presents the linear coefficient (k value) of
the wood and coating parameters, relative to the MC
of the total replicates (MC,;7), R?=0.42, Q*=0.86. R’
is the coefficient of determination and Q’ is the predic-
tive ability of the model. A negative k value means that
the parameter is likely to result in a lower MC,, and the
opposite for a positive value. The k value confirms pre-
vious results, showing that all three film-forming coat-
ings (A, B and C) had a negative value and led to a lower
MC,,, while the non-film-forming coating (D) had a posi-
tive value and a higher MC_..

Furthermore, the k value supports the results from
Figs. 3 and 4, with a positive value for low-density wood
and a negative value for high-density wood (95% signifi-
cance). However, the k value of the parameters of heart-
wood and sapwood had no significant effect on the MC_..

It seems like the variation in MC of coated spruce is
more related to wood density than to heartwood and
sapwood characteristics, and the influence of density is
independent of the coating permeability. Low-density
spruce with larger lumens and thin cell walls facilitates an
increased diffusion of water through the wood structure
[23, 24], which is also likely to increase MC fluctuations
in coated low-density wood. It is, therefore, suggested
that the wood characteristics such as density and growth
ring width impact the water sorption behaviour of coated
spruce both in terms of seasonal MC fluctuations and
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average MC over time (MC,_). The sorption behav-
iour of coated spruce was furthermore similar to that of
uncoated wood, which has an increased diffusion with
decreased density [12, 24]. The uncoated backside of the
samples might have contributed to this similarity.
Moving to PCA, the model used all measured data
along the timeline as input, R*=0.77 and Q?=0.69. This
means that each sample contributed with multiple val-
ues that have been measured during the test period. The
following score plots in Figs. 6, 7 and 8 contain the same
data but are coloured according to different parameters.
Figure 6 is the score plot presenting the pattern of dif-
ferent coatings. The figure shows a clear division of the
two clusters, i.e. the film-forming (A, B, C) and non-
film-forming (D) coatings. The cluster of film-forming
coatings is further separated into the different coatings.
Replicates with coating B had the most positive PC2 val-
ues, followed by coatings C and A (in decreasing order).
The score plot does not reveal the magnitude of MC
relative to different variables; rather, the position of each
replicate illustrates how close they are relative to others

in MC. Hence, coatings A and B had the most contrast-
ing MC among the film-forming coatings since they are
farthest from each other as shown in Fig. 6. Next, Fig. 7
is coloured according to the parameter of high- and low-
density wood. Like previous figures, Fig. 7 shows a sepa-
ration among different groups, but in this case, the focus
is on density conditions.

Comparing the pattern seen in Fig. 6 with the pattern
in Fig. 7, a separation between high- and low-density
wood can be seen within each cluster of film-forming and
non-film-forming coatings. The third score plot, Fig. 8,
illustrates the colouring related to the heartwood and
sapwood characteristics. Figure 8 is the only score plot
with no clear clusters of colours or pattern. Hence, the
results of this work did not indicate any impact of heart-
wood or sapwood characteristics on the MC of coated
spruce exposed to outdoor conditions. In contrast to this
study, other studies have shown that uncoated heartwood
spruce absorbs a lower amount of water as compared to
sapwood [16, 25]. However, all the aforementioned stud-
ies are related to uncoated spruce wood. It seems that a
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coating system reduces such differences in water sorp-
tion behaviour between the heartwood and sapwood of
spruce, which is probably related to a changed sorption
mechanism involving free and bond water diffusion and
wetting properties. However, more studies are needed to

produce a deeper understanding of the sorption mecha-
nisms involved for coated wood.

The ANOVA analysis with a subsequent Tukey’s test
showed a significantly different MC_, among some of
the samples. Coating B had a significantly different
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MC,, between high-density heartwood and low-density
sapwood. Coating C had a significantly different MC,
between high-density sapwood and low-density heart-
and sapwood. Coating D had a significantly different
MC,, between low-density sapwood and high-density
heart- and sapwood. However, the scattered ANOVA
analysis did not show any general trends. The overall
impression was that depending on the coating, different
wood combinations contributed to a significantly differ-
ent MC,,. Coatings do not change the EMC of the wood;
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Replicates close in space have a similar MC. A-D: coating systems
described in Table 2

it only delays the water transportation through the film.
The boundary conditions for the wood are, however,
changed with a coating on the top. Hence, the scattered
ANOVA suggests that the water sorption of coated wood
depends not only on the sorption capacity of the wood,
but on its interaction with the properties of the coating.
Table 1 also presents the length of cracks on the sam-
ples at the end of the experiment in June 2012. At this
point, none of the samples with a film-forming coat-
ing had any visual signs of cracks, which can be due to
the relatively low MC fluctuations during the exposure
period. The first signs of cracks on the non-film-forming
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coating D appeared during the second year of exposure.
As can be seen in Table 1, the high-density sapwood with
coating D had a substantially higher crack length than
the other wood samples. The dimensional movement of
wood is related to the density and MC of the wood [19],
and there is a tendency of a higher number of cracks on
the high-density samples. However, the two samples of
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high-density heartwood and sapwood with coating D had
a large difference in crack length despite a similar density
and MC (heartwood: p=431 kg/m?®, MC=20.04%; sap-
wood: p =471 kg/m3, MC =20.05%). Sandberg [26] stud-
ied the crack development of coated and uncoated wood
and found a higher number of crack lengths on sapwood
samples, irrespective of whether they were coated or not.
Her finding strengthens the results in this study; however,
the combination of large differences in crack formation
with a similar MC was still unexpected. The differences
in crack formation might be related to the moisture gra-
dients of the coated heartwood and sapwood samples.
Future studies of moisture gradients in outdoor-exposed
spruce boards are, therefore, suggested to investigate if
such relationship exists since this study only measured
the average MC of the board. Svensson and Martensson
[27] described, for instance, the stress formation of an
uncoated sapwood board during drying, with increased
drying stress at the surface when the board reached zero
moisture gradient. Growth ring orientation also contrib-
utes to differences in crack development. For example,
radially sawn wood with vertical growth rings shows less
crack developments, especially when compared to flat
sawn wood with horizontal growth rings [28]. The wood
samples in this work had the same type of growth ring
orientation (horizontal).

Conclusions

The samples coated with a non-film-forming coating (D)
had a faster water uptake and release than the samples
coated with a film-forming coating (A, B and C). The
larger variations of MC confirm a higher permeability in
a non-film-forming coating.

Coated heartwood and sapwood showed no signifi-
cant differences in MC, as opposed to the behaviour
of uncoated spruce. This lack of difference in sorption
behaviour indicates that a coating system changes the
sorption difference that is seen in uncoated spruce heart-
wood and sapwood, even for highly permeable coatings.
This is probably related to the different sorption mecha-
nism involved in free and bond water diffusion and wet-
ting properties. However, more studies are needed for a
deeper understanding of the change in conditions when a
coating is involved.

There were, however, a significantly faster MC increase
and decrease for the low-density spruce samples as com-
pared to high-density samples, independent of the coat-
ing permeability. The overall findings suggest that wood
characteristics such as density impact the water sorption
of coated spruce both in terms of seasonal MC variations
and average MC over time (MC,)).

Samples with the non-film-forming coating (D) devel-
oped cracks during the exposure time. High wood
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density influenced to higher degree the number of cracks
as compared to samples with a lower density. In the case
of the high-density samples, sapwood had a remarkably
higher number of cracks (i.e. crack length) despite a simi-
lar density and average MC over time (MC, ). The cause
behind the observed difference is not clear, but a future
study about the moisture gradients of coated heartwood
and sapwood panels is suggested to further investigate
the observation.
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