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Surface Free Energy and Dynamic Wettability of
Differently Machined Poplar Woods

Zhiyong Qin, Qiang Gao,* Shifeng Zhang,* and Jianzhang Li*

The surface free energy and dynamic wettability of wood are important to
the performance of its adhesive bonding strength. In this work, the
surface free energy of poplar wood samples machined with different
processes were calculated by the OWRK (geometric mean) and vOCG
(acid-base) methods, and the dynamic wettability of adhesives on wood
samples was studied using the S-D wetting model. The results indicate
that the contact angles of reference liquids on rotary wood samples were
greater than those on planed or sawn wood, and the rotary wood
samples were more hydrophobic. The effect of surface roughness on
contact angle was insignificant compared with surface structure
morphology. The total surface free energy was almost the same for the
planed and sawn wood, as calculated by the OWRK and vOCG
methods, and the surface free energy of rotary wood samples was lower
than that of planed or sawn wood samples. The initial and equilibrium
contact angle increased as the viscosity of adhesive increased for all the
wood samples, and the contact angles of rotary wood samples were
greater than those of planed or sawn wood; however, the K-value was
lower. The wettability of the loose side was higher than that of the tight
side. Contact angles decreased when surface free energy increased,
while the K-value increased.
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INTRODUCTION

Wettability refers to how easily and efficiently a liquid spreads over a solid
surface (Baldan 2012). The wettability of wood is an important parameter that provides a
series of information on the interaction between the wood surface and liquids (such as
water, coating, and adhesives) (Gray 1962; Elbez 1978; Gardner et al. 1991; Gindl et al.
2004; Rathke and Sinn 2013), which also has a significant influence on the bonding
strength of wood composites. Adequate wetting of the wood surface by an aqueous resin
solution is a fundamental requirement for a generation of strong adhesive joints (Hse
1972; Jennings et al. 2005).

The surface free energy of wood, similar to wettability, is a useful parameter that
has often been correlated with the biological interactions of wood. Surface free energy
can be calculated by many methods based on the contact angle of liquids on wood (Gindl
et al. 2001a). Recently, as well as in the past, much research has been undertaken
examining differences in wood surface free energy in relation to the properties of
porosity and anisotropy. It was found that the species, surface roughness, pH value, and
aging time all influenced surface free energy (Cao et al. 2005, Gindl et al. 2001b, Little et
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al. 2013, Mohammed-Ziegler et al. 2004). Gardner et al. studied the dynamic wetting
behavior of different wood species using the dynamic contact angle method and studied
and compared the methods for calculating surface free energy as well (Gardner et al.
1991; Walinder and Gardner 2002). Gindl et al. (2004) determined that the effect of
aging time on surface free energy is significant using the contact angle measurements
combined with X-ray photoelectron spectroscopy. They also concluded that the acidity of
wood compared with surface energy components is a good relative measure for the
classical acidity and pH value between different wood species. Vazquez et al. (2003,
2011) investigated the effect of veneer side wettability on the bonding quality of
Eucalyptus globulus plywood prepared using tannin—phenol-formaldehyde adhesive, as
well as the surface characterization of rotary-peeled Eucalyptus veneers, by confocal
laser scanning microscopy.

When a liquid wets wood, three effects can be observed: 1) the formation of an
interface between the wood surface and the liquid drop, 2) the spreading of the drop on
the wood, and 3) the penetration of the liquid into the wood. Wetting of wood by a liquid
is a complex process involving a series of physicochemical processes. Therefore,
studying the wetting process may be more meaningful than studying only the initial
equilibrium contact angle (Shi and Gardner 2001). There are also many factors (such as
surface tension phenomena and viscosity of liquids, wood aging, drying processing, and
defects) that influence penetration (Huang et al. 2012). Contact angle measurements with
a sessile drop method represent a direct method for evaluating the wetting process.

The different processes by which wood is machined may influence the structure,
morphology, and chemical composition of the wood surface, which cause the different
wettability of liquids on wood. The aim of this work was to determine the influence of
different machined processes (planing, dis-sawing, and rotary cutting) for poplar wood
surfaces on its wettability. The surface free energy was calculated using the OWRK and
vOCG methods. The penetration of phenol formaldehyde adhesives into wood was
evaluated using the S-D model, and the relationship between the surface free energy and
dynamic wettability was also discussed.

EXPERIMENTAL

Materials and Methods

Fast-growing poplar was chosen as the model species because it is widely used in
the Chinese wood industry for the preparation of wood panel and furniture (Han et al.
2009, Hua and Jin 2006). All of the samples were obtained from a local wood product
manufacturer (Hebei, Wen’an Country) and machined by planing, dis-sawing, or rotary
cutting (boiling at 80 °C first and then cutting with a rotary cutter at a speed of 32 mm/s)
in the laboratory, then placed in air conditioning for seven days before use in the
experiment. The average age of wood was 30 years old. They each had final dimensions
of 100 mm x 25 mm x 3 mm (length x width x thickness).

In this study, contact angle measurements were tested using a series of three
liquids: distilled water, formamide, and diiodomethane. All liquids were of HPLC grade
and purchased from Tianjin Chemistry Company. The specifications of their surface
tension and components are shown in Table 1 (Van Oss et al. 1990).
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Table 1. Surface Tension and Components of the Test Liquids

Surface Free Energy (mJ/m?)
Type of Liquid Reference d . _
3 et () reGf no| on
Distilled Water 72.8 21.8 51.0 255 255
Formamide 58.0 39.0 19.0 2.28 39.6
Diiodomethane 50.8 50.8 0 0 0

Phenol formaldehyde (PF) adhesives were chosen to investigate the dynamic
wettability of adhesive on wood. PF adhesives with formaldehyde/phenol (F:P) molar
ratios of 2.25 were formed in the laboratory. The mixture of phenol (98%), catalyst
(sodium hydroxide solution 40%), and formaldehyde aqueous solution (37%) was added
into the reactor and stirred uniformly, heated to a temperature of 90 °C, maintained at this
temperature for 50 min, then cooled to 80 °C. The second part of the formaldehyde
aqueous solution and catalyst were then added into the reactor, heated, and maintained at
90 °C for 30 min. Adhesives with different viscosities were collected every 20 min
during the process of reaction and named Al, A2, or A3, according to the sequence of
collection. The fundamental properties of the adhesives are listed in Table 2.

Table 2. Specifications of the PF Adhesives

Viscosit Surface Free Ener Densit Solid Content
Sample (mPa.s)y (MJ/m?) 9y g/cm3y pH Value %)
Al 53.7 66.87
A3 102.6 67.79 1.19-1.21 11.8-12.0 44.37-44.50
A5 189.9 68.23

* The surface free energy of the adhesive was characterized using the pendant drop method.

Image Analysis

Images of the surfaces of machined wood samples parallel to the grain direction
with 100x magnification were obtained using scanning electron microscopy. An S-3400N
(HITACHI, Japan) scanning electron microscope (SEM) operating at a 10-kV
acceleration voltage was used to visualize the surfaces. Prior to imaging, samples were
coated with gold—palladium in a sputter coater (E-1010, HITACHI, Japan).

Surface Roughness Test

According to DIN4768, the roughness parameters of the arithmetic mean of the
deviations absolute values of the mean line profile (Ra) were measured using a Surtronic
3+ Roughness tester (Taylor/Hobson Company, England) with a 2-um diamond stylus tip
radius. All measurement results were processed using a digital Gaussian filter. Eight to
ten wood samples were used for roughness measurement, and the error of unevenness did
not exceed +10%.

Contact Angle Measurement

Contact angle measurements on the surfaces of samples parallel to the grain were
performed with an optical contact angles apparatus (OCA 20 DataPhysics Instruments
GmbH, Filderstadt, Germany) equipped with a video measuring system with a high-
resolution CCD camera and a high-performance digitizing adapter that enables
instantaneous and frequency registration. SCA 20 software (DataPhysics Instruments
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GmbH, Filderstadt, Germany) was used for data acquisition. Sessile Droplets (3 puL,
measured with a microsyringe) of liquids (1.5 pL for diiodomethane) were placed on the
wood surface, the right and left angles of the drops on the surface were collected at
intervals of 0.1 s for a total duration of 80 s, and the average of the angles was calculated
for the calculation of surface free energy. For the PF adhesives, the drop volume was 5
uL at an interval of 1 s during the first 10 s and an interval of 10 s for a duration of 80 s.
However, it should be mentioned that it is difficult to create an exact volume because of
the viscosity of the adhesives.

Three drops per sample were captured for all three liquids and adhesives, four
samples were used per liquid, and 12 measurements of contact angle were obtained.

Determination of Surface Free Energy Components

Many methods have been used to calculate the surface free energy of wood,
including the Zisman approach, the equation of state, the harmonic mean equation, the
geometric mean equation, and the acid-base approach. The acid-base approach is
considered to be the most effective method for calculating the surface free energy of
wood composites in many studies because it provides the greatest accuracy in calculating
wood composites surface tension components (Gardner 1996; Gindl et al. 2001a;
Walinder and Gardner 2002).

In this work, the geometric mean equation and the acid-base approach based on

Young’s equation yg =y, Cosé+ y, were used to evaluated the surface free energy of
wood, where y; is the surface tension of solid, y, is the surface tension of liquid, y is
the surface tension of the solid-liquid interface, and @ is the contact angle between a solid
(S) and a liquid (L).

The geometric mean approach is also known as the OWRK method after its
originators Owens, Wendt, Rabel, and Kaelble (Owens and Wendt 1969) and is an
extension of Fowkes’ models in that the polar (hydrogen bonding) term is also
considered. In this approach, the total surface free energy () is divided into dispersed
(%) and polar ( 7*) components, the geometric mean to combine the polar and
dispersive components together as shown in Eqg. 1.

Vo =Vs +7 —2Jrerd = 2yy! 1)

Combining Eqg. (1) with Young’s equation generates the following OWRK
method Eq. 2:

y (L+c0s6) =2\ySyd +2\y2y? )

Because of the presence of the polar term, the minimum number of liquids
required to calculate the solid surface components is two of known surface tension.

The acid-base theory has received significant support from many researchers
(Gardner 1996). This approach was first developed by van Oss, Chaudhury, and Good, as
they tried to relate the surface tension components more closely with their chemical
nature, and is also known as the vOCG method (Van Oss et al. 1988, 1990). Instead of
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the polar component (hydrogen bond component) being described as »”, it was described
asy™®, where AB refers to acid-base interactions. The non-polar (dispersion) term was

described as y° ; this was changed to " , where LW describes all London-van der Waals
forces. Thus, the surface free energy could be described asy = """ + »*®. As the polar term

was redefined to take into account the acid-base interactions, the component »*®is a
combination of contributions from electron donors (") and electron acceptors (7). The

sum of the acid-base components can then be redefined as y*® = 2,/y*»~ . The interfacial
tension between the solid and liquid interface can then be defined by:

ra =rs+r =2 —2{rire —2\ren 3)

Combining this equation with Young’s equation gives:

7, (1+cosb) :2\/7/5LW7/LLW +2\/7§7/[ +2\/7§73 (4)

As there are now three terms relating to the solid surface, at least three known
liquids are used for contact angle measurements, two of which must be polar liquids. The
acid-base values of test liquids used according to vOCG have been listed in Table 1.

In the Young’s equation, the contact angle means the equilibrium contact angle;
however, the equilibrium contact angle on wood surfaces is difficult to directly acquire
because of the chemical heterogeneity and surface roughness of wood, the fast absorption
of the test liquids, and also the measuring condition. Meijer et al. (2000) and
Wolkenhauer et al. (2007) noted that the thermodynamic equilibrium conditions assumed
by Young’s equation were not fulfilled with the wood surfaces. With respect to this,
obtained results should be regarded with caution in their absolute value, but it should be
noted that the objective of this study is to demonstrate the machined of woods surfaces
with differently machined processes, so this approach seems to be suitable. Different
methods for the determination of equilibrium contact angle that can be used to calculate
the surface free energy of wood have been presented (Cao et al. 2005; Gindl et al. 2004;
Jennings et al. 2006; Liptakova and Kudela 1994). In this study, the relative equilibrium
contact angle (which is the intercept value of the regress line of contact angle values over
time, the value at t = 0 was taken to simulate the value of the equilibrium contact angle)
was utilized to calculate the surface free energy of the wood samples, because many
authors had indicated that the contact angle obtained by this method could evaluated the
surface free energy of wood material successfully (Cao et al. 2005; Cao and Kamdem
2007; Maldas and Kamdem 1998; Maminski et al. 2009; Nzokou and Kamdem 2004).

Dynamic Wettability of Adhesives on Wood Surfaces

When the adhesive drop was placed on the wood surface, the contact angle was
formed and decayed with increasing time due to the porosity and anisotropy of wood. Shi
and Gardner (2001) proposed a wetting model (S-D model) (Shi and Gardner 2001) that
has been most commonly used to evaluate the dynamic wetting process (Tang et al. 2012,
Wei et al. 2012, Xu et al. 2010) among several decay models (Halliday et al. 1997,
Liptakova and Kudela 1994; Nussbaum 1999; Topala and Dumitrascu 2007).
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The equation of the S-D wetting model can be expressed as follows,

6,6, 5)

<9i+(<9e—a)e><p{l<(9e‘9_eajt}

9:

where & represents the initial (instantaneous) contact angle, & is the equilibrium contact
angle, @ represents the contact angle at a certain time, t represents wetting time, and K is
a constant referring to the intrinsic relative contact angle decrease rate. The higher the
value of K is, the faster the rate of adhesive penetration and spreading is. To obtain a K
value for the adhesive and machined wood system, a nonlinear curve-fitting method can
be used to fit the empirical data in Eq. 1.

It should be noted that the equilibrium contact angle 6. is a relative equilibrium
contact angle because the ideal equilibrium state of adhesive on wood surface is difficult
to achieve. However, the viscosity of PF adhesives were higher than the test liquids (i.e.
distilled water, formamide, and diiodomethane), the change of contact angle as a function
of time was slight when the time was increased, and the relative equilibrium contact
angle can be obtained.

RESULTS AND DISCUSSION
Contact Angle

Table 3. Contact Angles of Different Machined Wood Samples

O (degrees)
Sample X -
Water Formamide Diiodomethane

Planed Sapwood 47.83(2.87) 20.89(0.94) 22.09(5.79)

Heartwood 48.08(5.72) 26.87(0.86) 33.83(4.8)
Sawn Sapwood 48.04(4.75) 33.18(2.8) 27.32(2.39)

Heartwood 46.34(4.23) 26.81(4.06) 27.07(0.68)
Rotary Loose side 104.18(6.91) 82.71(4.03) 46.92(3.6)

Tight side 127.91(4.62) 95.65(2.92) 45.62(1.53)

Standard deviations shown in parentheses

The different machined processes affected surface wettability, as determined by
contact angle measurements. The contact angles of test liquids acquired from using the
linear regression method are shown in Table 3. For the wood surfaces machined by
planing and sawing, no significant difference was observed in contact angle
measurements, indicating that the effect of machined processes (planed and sawn) on
contact angle were not remarkable. The contact angles of water on heartwood and
sapwood were almost the same (between 46.34° to 48.08°), which may be because they
have the same main chemical components of poplar wood (Gardner et al. 1991). The
changes of contact angle for formamide and diiodomethane on the wood surface were
also not significant, and it has been demonstrated that formamide is a strong hydrogen
bonding liquid, which radically reduces the interfacial free energy at the liquid—solid
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interface through acid-base interactions (Stehr et al. 2001); therefore, the contact angle
was much smaller than that of water. Diiodomethane is an apolar liquid with low surface
tension, so the contact angles were smaller than those of water. Compared with the
planed and sawn wood samples, the contact angles of test liquids were highest on the
rotary wood samples. The high contact angles of rotary wood may be caused by the
different preparation technology of rotary wood samples; the extractives may have
migrated from the interior to the exterior surface during the cooking and drying process.
It is known that wood contains various extractives (Santoni and Pizzo 2011), such as
terpenes, resins, phenolic compounds, triglycerides, fatty acids, and so on, and most of
these are relatively hydrophobic. The frictional heat generated by rotary machining can
be expected to cause these materials to migrate to the surface and smear over the surface
of the wood, and a hydrophobic wood surface can be caused. The tight side and loose
side also had different behaviors of wettability (Vazquez et al. 2003) because the wood
surface was more dense on the tight side than on the loose side (Monni et al. 2007). As is
shown in Table 1, the standard deviations of the contact angles were small; therefore, it
could be concluded that the calculation method for acquiring the contact angle values is
suitable.

140
%Contact angle 1 _-24

120 - ’ // ._22

100 - 20
c%—}80- \ .-18
g 7139
g 60 - : T //é i 14&%
S i 7 7707 ‘
O 40 / / ////// 12

20 - 1 "////'/ 10

0 4 / [ °

1 1 1 1 1 1
planed  Planed Sawn Sawn Rotary Rotary
sapwood Heartwood Sapwood Heartwood Loose side Tight side

Fig. 1. Contact angles and surface roughness of different machine-processed samples

Surface roughness is an important property in terms of surface quality,
particularly in finishing treatments (Buyuksari et al. 2011). The effects of surface
roughness parameters (Ra) on the contact angles of water are shown in Fig. 1, and SEM
micrographs of the different machined samples are shown in Fig. 2. As shown in Figs. 1
and 2, the rotary wood samples produced the most damaged and roughened surface
structure, and were found to be much rougher than those of planed or sawn wood
samples, especially on the loose side (Ra, 20.4 um), which was 2.5 times rougher than
that of the planed heartwood (Ra, 8.4 um). The planed wood samples had the smoothest
surface. It can be clearly seen from Fig. 2 that the roughness of planed wood samples
were the smoothest compared with others, with few cell wall fibrillations on the surface.
For sawn wood, a certain amount of vessels were destroyed and exposed on the surface
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and the sawn wood had an intermediate level of fibrillation. The rotary tight side with
less lathe checks was smoother than the loose side.

It was difficult to find a relationship between the change in contact angle and the
surface roughness parameter. The tight side was much smoother than the loose side, but
the contact angles were higher than those on the loose side. Compared with surface
roughness, the effect of machined processes on contact angle of water was more
significant than that of roughness, and many other factors also influenced the contact
angle on difference machined wood such as heterogeneity, penetration, and absorption
(de Moura and Hernandez 2006).

Fig. 2. a—f SEM micrographs of the different machined wood samples (a. planed sapwood, b.
planed heartwood, c. sawn sapwood, d. sawn heartwood, e. rotary loose side, f. rotary tight side)

Surface Energy Components

The total surface free energy of wood and the dispersion (referring to London
dispersion forces) and polar (referring mainly to hydrogen bonding) components were
calculated using the OWRK method with the reference liquids of water and
diiodomethane, as presented in Fig. 3. Results showed that when the surface free energy
of wood was investigated, there was no significant distinction of surface free energy of
wood by planing and sawing, as indicated by the contact angle data; also, the surface free
energy of the heartwood and sapwood were similar. The total surface free energy and its
components of rotary wood samples were lower than those of planed or sawn wood
samples.

For all of the wood investigated (except the rotary wood), the total surface free
energy ranged from 60 mJ/m? to 70 mJ/m?, which was higher than the data given in the
literature; many authors have found that the surface free energy of wood ranges from 40
mJ/m? to 60 mJ/m? (Gardner 1996; Gindl and Tschegg 2002; Little et al. 2013). This may
be caused by two reasons: the acquired method of contact angle used to calculate the
surface free energy and differences in used reference liquids.
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Despite the apparent differences, the data were suitable enough to evaluate the
differences and trends of wood surface free energy. From Fig. 3, it could also be
concluded that the polar component of heartwood was higher than that of sapwood, but
not remarkably so.
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Fig. 3. Surface free energy of different machined samples calculated by the OWRK method

The total surface free energy, polar components, and dispersion component of
rotary wood samples were all much lower than those of planed or sawn wood samples,
and the polar component decreased significantly, especially on the loose side (only 0.01
mJ/m?). The lower surface free energy may have caused the higher initial contact angle.
Many authors have indicated that the percentage of carbon on wood surface increases and
oxygen percentage decreases with time, and the aging of a wood surface causes a
decrease in the polar character of the wood surface and an increase in its hydrophobic
character (Gardner et al. 1991, Gindl et al. 2004, Sernek et al. 2004).

The vOCG method provides for greater accuracy and more information than the
OWRK method (Gardner 1996; Walinder and Gardner 2002). The reference liquids of
surface free energy calculations by the vOCG method using liquid parameters from van
Oss were water, dilodomethane, and formamide. Table 4 shows that the calculated total
surface free energy of machined wood were all lower than the total calculated by the
OWRK method. The surface free energy ranged from 37.67 mJ/m? to 56.27 mJ/m? and
the AB component and acid component of heartwood were higher than those of sapwood
because the oxidation of extractives increased the acidity of the heartwood (Gindl et al.
2004).

No significant laws were found for the total surface free energy, LW component,
and base component between the heartwood and sapwood. The surface free energy of
rotary wood species calculated by the vOCG method using liquid parameters from van
Oss et al. (1990) was lower than those for planed and sawn wood.
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Table 4. Surface Free Energy of Different Machined Samples Obtained by the
vOCG Method

Surface Energy Components (mJ/m?)

Samples LW AB -

Vs Vs Vs s Vs
Planed Sapwood 56.27 47.14 9.13 0.93 22.42
Heartwood 53.02 42.56 10.48 1.13 24.29
Sawn Sapwood 50.76 45.29 5.50 0.27 27.97
Heartwood 53.62 45.39 8.26 0.64 26.64
Rotar Loose side 37.67 35.97 1.67 0.932 0.745
Y Tight side 40.63 36.69 3.94 2.408 1.61

It is known that surface free energy calculated by the vOCG method using the
vOCG reference liquids parameters often exaggerates the basicity (de Meijer et al. 2000;
Gardner 1996; Walinder 2002), and for machined wood other than the rotary wood, the
basicity was much higher than the acidity. The surface free energy of machined wood
species obtained using the liquid parameters given by Della Volpe and Siboni could
effectively balance the relationship between the acid component and base component
(Volpe and Siboni 1997; Walinder 2002).

Dynamic Wettability

Figure 4 shows the experimental data and the model fit line of the contact angle as
a function of time for the different machined wood surfaces and adhesive A3. As shown
in this figure, the contact angle of the adhesive decreased quickly during the initial 10 s
of the wetting process, after which the contact angle slowly stabilized and reached a
relative equilibrium state (Shi and Gardner 2001). During the initial stage, the contact
angle decreased more rapidly on the planed and sawn wood surface (in the range of 0 to
20 s) than on the rotary wood surface (about 0 to 40 s). Also, the rotary wood surfaces
showed higher equilibrium contact angles than the planed and sawn wood.
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Fig. 4. Contact angle changes as a function of time for adhesive on machined wood surfaces

The K-values of adhesives on different machined surfaces, the asymptotic
standard errors (SE), and the coefficients of determination (R?), all calculated by the
software Origin 8.0 and the Marquardt-Levenberg algorithm, as well as the initial and
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equilibrium contact angles, are all shown in Table 5. The regression equation had a
high fitting degree: the coefficient of determination (R?) values were more than 95% for
all of the wood surfaces examined, and the asymptotic standard errors (SE) were no more
than 12% of the K-values. In this study, the wetting model could be used to accurately
describe the adhesives wetting process on the different machined wood surfaces. The K-
values in the model could be used to quantify the penetration and spreading rate of the
adhesives and wood surfaces.

As shown in Table 5, for all of the wood samples, the initial and equilibrium
contact angles increased as the viscosity of adhesives increased; the decrease percent and
K-values also decreased for the planed and sawn samples, except with adhesive A2 on
planed sapwood. The wettability of wood samples reduced with the increased viscosity of
adhesives, consistent with the literature (Gavrilovic-Grmusa et al. 2012; Monni et al.
2007). Furthermore, the changes in surface tension of the three adhesives were not
significant (from 66.87 mJ/m? to 68.23 mJ/m? as shown in Table 1); therefore, the
differences in contact angle were caused mainly by the change in viscosity.

Table 5. Contact Angles and K-values on Different Wood Surfaces with Different
Adhesives

Contact Angles K-values
Percent

Species Adhesives gi (degree) ee (degree) Decrease (%) K(1/s) | SE(1/s) R2
Al 87.53 49.06 47.7 0.120 | 0.012 | 0.960
Sp'a”ed A2 99.43 65.00 34.6 0.150 | 0.0107 | 0.970

apwood

A3 124.40 78.43 36.5 0.095 | 0.0045 | 0.990
Planed Al 86.06 45.00 43.9 0.178 | 0.017 | 0.969
Heartwood A2 95.64 62.47 34.7 0.102 | 0.0097 | 0.967
A3 110.42 76.54 30.7 0.074 | 0.0063 | 0.970
Sawn Al 86.41 48.42 43.9 0.124 | 0.0088 | 0.979
Sapwood A2 111.56 66.56 40.3 0.118 | 0.0078 | 0.984
A3 112.45 75.57 32.7 0.098 | 0.0094 | 0.968
Sawn Al 95.35 52.64 447 0.121 | 0.019 | 0.966
Heartwood A2 100.83 66.14 34.4 0.110 | 0.011 | 0.966
A3 119.18 80.35 32.9 0.099 | 0.0068 | 0.985
Rotary Al 113.90 69.40 39.1 0.051 | 0.005 | 0.951
Loose A2 118.36 70.74 40.2 0.049 | 0.0043 | 0.950
Side A3 128.90 98.60 23.5 0.022 | 0.0015 | 0.978
Rotary Al 121.30 82.09 32.4 0.027 | 0.0022 | 0.963
Tight Side A2 125.91 82.56 34.4 0.033 | 0.0024 | 0.977
A3 133.25 103.82 22.1 0.026 | 0.0030 | 0.951

The change in the initial angle, equilibrium angle, K-value, and percent decrease
for the heartwood and sapwood were all insignificant because the chemical components
were almost the same, which was consistent with the difference between the contact
angle of water and surface free energy. Shi et al. also observed that the effect of wood
location (sapwood and heartwood) on adhesive wetting behavior is apparently
insignificant (Shi and Gardner 2001).

The rotary wood samples had the highest initial and equilibrium contact angles,
and the lowest K-value compared with others. The surface area of rotary wood samples
was larger than that of planed wood or sawn wood, as shown in Fig. 2. The surfaces on
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which the contact angles were measured were not freshly prepared before measuring, and
this could be the cause of the difference; the aging might be the main reason the
penetration decreased. As can be seen, contact angles decreased more rapidly on the
loose side than the tight side when the viscosity of adhesives was low, and the existence
of lathe checks and the horizontal flow on the loose side surface was predominantly
responsible for the decrease of the contact angle (Vazquez et al. 2003). On the tight side,
the change in K-value was not remarkable because of the slower penetration of adhesives.
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Surface free energy is a significant characteristic that allows for the evaluation of
interfacial interactions. The planed and sawn wood revealed similar total surface free
energy values, which were significantly higher than the surface free energy found for
rotary wood samples. The PF adhesive A3 was taken as an example for investigating the
relationship between the contact angles, penetration, and surface free energy. Figures 5
and 6 show the initial contact angle, equilibrium contact angle, and K-values as a
function of surface free energy. As expected, the contact angles decreased with increasing
surface free energy, while the K-value increased.

The strengths of the relationships (R?) between the equilibrium contact angle and
surface free energy calculated by the OWRK method (0.93) were greater than those
calculated by the vOCG method (0.84); however, the agreements (R?) between the initial
contact angle, K-value, and surface free energy calculated by the vOCG method (0.85
and 0.91, respectively) were better than those calculated by the OWRK method (only
0.81 and 0.61). From this relationship, it could be concluded that the effect of interaction
between the methylol groups of PF adhesive and hydroxyls of wood surface samples on
the contact angles was remarkable and that the initial contact angle, equilibrium contact
angle, and K-value could be predicted by surface free energy; however, more data is
needed to prove this.

In summary, it may be suggested that the structure anisotropy of differently
machined wood surface samples affects surface free energy and penetration significantly,
and rotary-processed wood in particular possesses rather different wettability compared
with the other samples.
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CONCLUSIONS

1. The contact angles of the reference liquids on rotary wood samples were greater than
those on planed or sawn wood samples; the effect of surface roughness on contact
angle was insignificant compared with surface structure morphology.

2. The total surface free energy was almost the same for the planed wood and sawn
wood. The surface free energy of rotary wood samples calculated by the OWRK
method and vOCG methods was lower than that of planed or sawn wood.

3. The initial and equilibrium contact angles increased as the viscosity of PF adhesives
increased for all wood samples; the contact angle of rotary wood samples was greater
than those of planed and sawn wood, while penetration was lower, and the wettability
of the loose side was higher than that of the tight side.

4. The rotary-processed wood possessed significantly different surface free energy and
dynamic wettability compared with the other samples.

5. Contact angles decreased with increasing surface free energy, whereas the K-value
increased.
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