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Abstract: The effects of impregnation with nanosilver suspension as well as heat treatment on pull-off
adhesion strength and specific air permeability in beech specimens were studied here. The size
range of silver nanoparticles was 30-80 nm. The cross-section of specimens was cold-sprayed with
unpigmented sealer-clear, polyester, and lacquer paints. Heat treatment, as the most commonly
used wood modification, was applied at three different temperatures of 145, 165, and 185 °C. Results
showed that the highest and lowest pull-off strengths were found in the un-impregnated and unheated
specimens painted with polyester (8.98 MPa) and the unpainted unheated nanosilver-impregnated
specimens (3.10 MPa), respectively. Impregnation with nanosilver resulted in the rupture of perforation
plates and pit openings, and eventually, permeability increased significantly. As for the pull-off
adhesion strength, the increased permeability resulted in the adhesive being penetrated in to the
pores in the wood substrate, and eventually, a significant decrease in the pull-off strengths occurred.
No significant correlation was found between pull-off strength versus specific air permeability,
although both properties depend on the porous structure. This was due to the fact that permeability
depends on the continuous pore system, while pull-off strength is dependent on the surface pore
system of the substrate.
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1. Introduction

As solid woods are natural porous media, many of their properties depend on the size of
the pores, the way they are interconnected or isolated from the neighboring pores, and even the
quality of the surface of the pores [1-4]. Many factors influence the formation of wood and its
structure and porous system thereof—factors such as initial spacing, intercropping with different plants,
drying procedures [5-7], growing season, extractive content, moisture content, and hygroscopicity
of wood [8,9]. Therefore, researchers constantly look for new methods to modify wood for better
mechanical properties because few species offer radial and axial uniformity in their produced wood [10].

Thermal modification is generally considered the most commercially-used wood modification
method [11]. It has been recognized as a method to improve the dimensional stabilization of wood
and increase its decay resistance [11-13]. Thermal modification at high temperatures has decreasing
effects on some mechanical properties of wood. However, there are some ways to mitigate the
decreasing results [14]. Thermal modification is mostly carried out between the temperatures of
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160 and 260 °C. Temperatures that are lower than 140 °C usually result in very little changes in the
mechanical properties, but higher temperatures result in so much degradation that the mechanical
properties are usually unacceptable. Thermal modification processes that are currently used at an
industrial scale are not higher than 260 °C; in practice, temperatures between 150 and 230 °C are more
accepted [11,15]. The reduction of swelling in wood specimens caused by increase in temperature and
duration of heat treatment was often attributed to the destruction in hemicellulose compounds [15].
However, structural modifications and chemical changes of lignin were suggested to also be involved
in the process [15]. Moreover, Borrega and Karenlampi [8] revealed that a reduction in hygroscopicity
can not only be attributed to mass loss, but another mechanism that was also active in the process.
They suggested that the active mechanism might be an irreversible hydrogen bonding that occurs
during the process of water movement within the porous system of wood structures. This bonding
was reported by other researchers to change physical and mechanical properties, as well as fluid flow
in the solid woods.

High thermal conductivity coefficients of metal nanoparticles [16-20] were used in improving some
of the properties in solid woods and wood-composite materials [21]. Impregnation with nanosilver
suspension as well as heat treatment were also reported to alter the porous structure of solid woods,
significantly altering the gas and liquid permeability [22], and possibly the penetration of paints in to the
porous structure, eventually changing the adhesion strength of paints. However, authors found no or
little literature on the effects of impregnation with metal nanosuspension and thermal treatment on the
correlation between the paint pull-off adhesion strength with permeability in solid woods. Therefore,
the present study was carried out to firstly find out the effects of nanosilver-impregnation and heat
treatment on the gas permeability of beech wood, as a commercial wood species. Thereafter, and as to
the nondestructive nature of permeability measurement process, pull-off strength was measured in the
same specimens, providing the possibility to find out the effects of nanosilver-impregnation and heat
treatment on this property, too. With regard to the fact that both of these properties, permeability and
pull-off strength, depend in some way on the porous structure of the substrate, correlation between
them was calculated. Moreover, as to the low thermal conductivity coefficient of wood, a separate set
of specimens was impregnated with nanosilver suspension to increase thermal conductivity in the
specimens and decrease the heat treatment gradient in them. This can also accelerate thermal treatment.

2. Materials and Methods

2.1. Specimen Procurement

Five discs from different beech trees (Fagus orientalis Lipsky) were cut at breast-height and air dried.
From each disk, 80 longitudinal cylindrical specimens were prepared. The diameter of specimens was
17 mm, and the length was 30 mm. Specimens were checked not to have any knots, fissures, or cracks.
They were first air dried for eight months, and then they were kept for four weeks in a conditioning
room (25 + 2 °C, and 40% =+ 3% relative humidity) to avoid any undesirable effects of kiln-drying [23].
Specimens were divided into two equal groups of control (C) and nanosilver-impregnated (NS) groups.
Each group was again divided into four subgroups of unheated, heat-treated at 145 °C (HT-145),
heat-treated at 165 °C (HT-165), and heat-treated at 185 °C (HT-185). Gas permeability of all specimens
was measured in the first phase of the research project before any heat treatment and impregnation.
The NS specimens were then impregnated with a 400 ppm aqueous nanosilver suspension. All specimens
were again kept in a conditioning room for two more months. Gas permeability was again measured.
They were painted with three unpigmented resins of sealer-clear, polyester, and lacquer with organic
solvent, produced by Pars-Eshen Co., as to their great popularity in the local market. A dolly was
stuck to one end of the specimens for the paint-adhesion testing. Moisture content of specimens was
8% =+ 0.5% in all treatments when permeability and pull-off tests were carried out because wood has a
thermo-hygromechanical behavior and the properties relating to its deformation depend on the same
factors, including moisture content, temperature, and relative humidity [24].
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2.2. Pull-Off Adhesion Strength Testing

Adhesion strength testing provides the force needed to pull a test diameter of coating away from
the substrate. Adhesion tests were carried out in accordance with ASTM D4541-02 [25]. In the present
study, an automatic PosiTest® pull-off adhesion tester (DelFesko, NY, USA) was used (Figure 1). This
was a self-aligning spherical dolly-head tester (Type V according to the ASTM standard). The diameter
of the dolly used was 20 mm. The greatest tensile pull-off force for which the coating could adhere
to the substrate was evaluated in terms of mega Pascal. Breaking points occurred along the weakest
plane of the whole structure. The adhesion strength (X) was calculated in terms of MPa (Equation (1)).

4F
X=— 1
s 1
where F is the rupture force (Newton), and d is the diameter of the experiment cylinder (mm)
(ASTM D4541-02).
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Figure 1. PosiTest® AT-A automatic pull-off adhesion tester.

The moisture content of the specimens was 8% + 0.5% when the pull-off adhesion tests were
carried out, and the temperature was 25 + 3 °C. In order to have an estimate of the pull-off strength of
the substrate material for comparison purposes, a set of specimens was also prepared without paints.

2.3. Gas Permeability Measurement

Many methods and apparatuses have been used and invented to measure permeability in solid
woods and wood-composite materials as porous materials [1,26-29]. In the present study, longitudinal
gas permeability was measured with an apparatus equipped with a 7-level electronic device; time
measurement was carried out with millisecond precision [26,30,31]. Falling water was applied to
measure and calculate the specific longitudinal gas permeability values. For each single specimen, gas
permeability values were separately measured at seven different vacuum pressures. In every single
run, the seven time measurements were carried out to finally calculate seven specific permeability
values for each specimen. The glass tube had an internal diameter of 13 mm. Water level was put to
more than 15 cm above the first time measurement section (Gas 1). A fully airtight connection was
made between the specimen and holder. The pressure difference (AP) was monitored by a pressure
gauge connected to the permeability apparatus. The pressure difference could be read at any particular
time and height. This provided monitoring of the viscose flow [22]; the gauge had a precision of
millibar. Vacuum pressures at the starting and stopping levels were also measured [30].

Each specimen was tested three times to finally calculate the permeability. Then, the superficial
permeability coefficient was calculated (Equations (2) and (3)) [32,33]. The superficial gas permeability
coefficients (kg) were corrected by the viscosity of air (u = 1.81 X 107° Pa s) for the calculation of the
specific gas permeability (Kg = kgp).
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where:
ke = superficial gas permeability (m* m™!);
V4 = m? Az [r = radius of measuring tube (m)] (m3);
C = correction factor for gas expansion as a result of change in static head and viscosity of water;
L = length of wood specimen (m);
Paim = atmospheric pressure (mHg);
z = average height of water over surface of reservoir during period of measurement (m);
t = time (s);
A = cross-sectional area of wood specimen (m?);
Az = change in height of water during time ¢ (m);
V; = total volume of apparatus above point 1 (the volume of hoses was included) (m?).

2.4. Nanosilver Impregnation

A 400 ppm aqueous nanosilver suspension was produced via the electrochemical technique in
cooperation with Mehrabadi Mfg. Co. (Tehran, Iran). The nanoparticles ranged 30-80 nm in size;
the pH was 6-7. Anionic and cationic surfactants were used to stabilize nanoparticles in the suspension.
Specimens were impregnated using an empty-cell process in a pressure vessel. The pressure was set at
2.5 bars for 25 min. Before conducting the tests on the specimens, they were kept for three months at
room temperature.

The nanosuspension was prepared by transferring the silver metal ion from the aqueous phase to the
organic phase, where it reacted with a monomer. The formation and size of the nanosilver was carefully
monitored by transmission electron microscopy (TEM). Samples for TEM were prepared by drop-coating
the Ag nanoparticle suspensions on to carbon-coated copper grids. Micrographs were obtained using
an EM-900 ZEISS transmission electron microscope (Carl Zeiss AG, Jena, Germany). Two kinds of
surfactants (anionic and cationic) were used in the suspension as stabilizer. The concentration of the
surfactants was two times the nanosilver [34].

2.5. Heat Treatment Process

Specimens to be heat-treated were randomly placed in an oven. Heat treatment was carried
out at atmospheric pressure and with normal air. The starting moisture content of specimens was
8% + 0.5%. Heat treatment of each thermal modification temperature level was carried out in a
single run. All HT and NS-HT specimens were heat-treated at 145 °C for 12 h. Heat treatment for
the HT-145 and NS-HT-145 specimens was discontinued. Then, HT-165 and NS-HT-165, as well as
HT-185 and NS-HT-185 specimens continued to be heated at 165 and 185 °C for four more hours,
respectively. During the heat treatment process, no specimen was in touch with the metal parts of
the oven, to prevent extra overheating at one spot. Once the heat treatment process was completed,
the silicone adhesive around all specimens was checked to make sure there was no failure in them.
The gas permeability was then measured.

2.6. SEM Imaging

Scanning electron microscope (SEM) imaging was carried out at a thin-film laboratory, FE-SEM
lab (Field Emission), School of Electrical and Computer Engineering, the University of Tehran.
A field-emission cathode in the electron gun of a scanning electron microscope provides narrower
probing beams at low as well as high electron energies. This way, the spatial resolution was improved
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and the charging and damage to the specimens were minimized. As wood is a nonconductive material,
a gold sputtering thickness of 6-8 nm was applied on the surface of specimens prior to SEM imaging.

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was carried out to discern significant difference at 95%
level of confidence, using the SAS software program (version 9.2) (2010). Grouping was then made
between treatments using Duncan’s multiple range test. Regression analyses, including dendrogram
and using Ward methods with squared Euclidean distance intervals, were carried out by SPSS5/18
(2010). For the regression analysis, a p-value of less than 5% (<0.05) was determined as the significance
level. Based on the p-value, the critical R value was 0.63. Fitted-line and scatter plots were made using
Minitab software (version 16.2.2) (2010).

3. Results

The amount of nanosilver suspension absorption after the impregnation process was measured to be
0.38 g/cm?. Results of the permeability tests showed that the lowest specific gas permeability was observed
in specimens before NS-impregnation or heat treatment (NS-HT-165 treatment, 6.898 x 1073 m3 m™1),
and the highest was found in NS-HT-185 after NS-impregnation (15.576 X 10713 m3 m™1).

In the un-impregnated specimens, heat treatment slightly increased the specific gas permeability
values in all three temperatures of 145, 165, and 185 °C, but the increase was not statistically significant
(Figure 2). The highest increase in the un-impregnated specimens was observed in HT-145 treatment
(only 5.3%). As for the nanosilver-impregnated specimens (the right columns of Figure 2), impregnation
with the nanosuspension significantly increased the permeability in all treatment (Figure 2). In some
cases, the amount of increase was more than 107.5%. The highest specific gas permeability was found
in the NS-HT-185 treatment after the NS-impregnation and before the heat treatment. The increasing
effect of heat treatment on permeability was significantly intensified by the thermal conductivity of
silver nanoparticles; the highest increase caused by heat treatment of NS-impregnated specimens was
seen in NS-HT-145 treatment (20.8%). The only treatment showing a decreasing trend in permeability
caused by heat treatment was NS-HT-185. This treatment showed a decrease of about 8.8%.
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Figure 2. Specific longitudinal gas permeability in the beech specimens (x10713 m3 m~!) (error bars
indicate the standard deviation for each column).
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The maximum pull-off adhesion strength was observed in the control specimens (un-impregnated
and un-heated) painted with polyester (8.98 MPa), and the lowest pull-off strength was found in the
un-painted and un-heated specimens that were NS-impregnated (3.10 MPa) (Figure 3). NS-impregnation
generally increased pull-off strength in the heat-treated painted specimens. In the unpainted specimens,
however, a reverse trend was observed.

Pull-off adhesion strength (MPa)
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Figure 3. Pull-off adhesion strength (MPa) of different treatments of beech specimens (error bars
indicate the standard deviation for each column).

4. Discussion

Heat treatment made the specimens lose their moisture content completely, resulting in the vessel
perforations and pit openings to shrink and be wide open. This shrinkage led to increased specific
air permeability, because permeability is influenced by the porous structure of the material, and even
slight changes in the porous system may significantly affect permeability [35,36]. The shrinkage is
partially permanent due to the irreversible hydrogen bonding that occurs when water is moved in the
cell wall [8,21].

NS-impregnation also resulted in significant increases of permeability in all NS-impregnated
treatments. This increase was attributed to the high pressure applied in the pressure vessel, resulting in
the rupture of vessel perforations, tyloses, and any other physical obstacle in the way of fluid transfer.
SEM images showed vessels that were blocked (Figure 4A). The blockage was ruptured and torn
open after NS-impregnation (Figure 4B,C). Therefore, fluid could flow more easily, and eventually,
permeability increased significantly.

Heat treatment decreased pull-off strength in all three coatings studied here (Figure 3). It is
reported that heat treatment results in the occurrence of microcracks in the wood structure and
thermal degradation of cell wall polymers [5,37-39]. These microcracks led to unwanted penetration
of adhesive film into wood texture, far from being involved in the process of anchoring and sticking
dolly to wood substrate. However, in the NS-impregnated specimens, heat was transferred to deeper
parts of specimens, and therefore, accumulation of heat did not occur on the surface of specimens,
eventually decreasing microcracks in NS-impregnated specimens. This was translated into higher
pull-off strength in NS-impregnated specimens of all three types of coatings.
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Figure 4. SEM images showing cell parts and perforation plates (); (A) cross-section of a blocked vessel
by distorted and ruptured vessel elements; (B) longitudinal section of an open vessel; (C) longitudinal
section of a vessel blocked by broken cell parts and perforation plates.



Coatings 2019, 9, 723 8 of 10

The fitted-line plot between pull-off adhesion strength versus specific air permeability in all
treatments showed no particular trend between these two properties (Figure 5). Regression analysis
also showed insignificant R? between air permeability versus pull-off strength in almost all specimens
and treatments (Table 1). The only significant R? was found in HT-145 polyester specimens. However,
this one case cannot be a reliable indicator as to the existence of potentially significant R? between
the two properties of permeability and pull-off strength. Therefore, it can be concluded that air
permeability cannot be considered a good criterion to estimate the pull-off strength in beech wood.
Both properties (permeability and pull-off strength) are dependent on the porous structure of materials,
but permeability is influenced by the continuous pores while pull-off strength is more dependent on the
surface pores, whether continuous or isolated. That is, an isolated and blocked vessel can also be active
in the penetration and anchoring of adhesive, similar to a continuous vessel (Figure 4A). However,
permeability is only dependent on the number of continuous vessels and pores, their attributes, and the
way they are connected to one another.

Fitted Line Plot
Perm3 = 13.10 - 0.2036 Pull-off
354 Y ’
egression
R ° o® o — —  95%CI
304 ° s 6.27693
R-Sq 0.3%
25 R-Sq(adj) 0.0%
tg 20+
o
o 154
104
5_
0_
T T T T T T T T T
2 3 4 5 6 7 8 9 10
Pull-off

Figure 5. Fitted-line plot between pull-off adhesion strength versus specific air permeability
(Perm3 = specific air permeability measured at the third vacuum pressure or water column level).

Table 1. Regression analysis between longitudinal specific air permeability versus pull-off adhesion
strength in different treatments.

R-Square
Treatments
Un-Painted SC Lacquer Polyester
0.795 0.191 0.047 0.732
Control ns(-) ns(+) ns(+) ns(+)
Un-heated 0.304 0.519 0.443 0.200
NS-I

ns(-) ns(+) ns(+) ns(+)
0.004 0.683 0.503 0.954

Control
145 ns() ns(+) ns() 0
B NS-I 0.004 0.061 0.034 0.186
ns(-) ns(+) ns(-) ns(-)
0.111 0.470 0.105 0.676

Control
HT-165 ns(-) ns(+) ns(+) ns(+)
) NS-I 0.469 0.135 0.650 0.284
ns(-) ns(+) ns(-) ns(-)
0.240 0.638 0.234 0.438

Control
HT-185 ns(+) ns(+) ns(+) ns(+)
- NS-I 0.551 0.520 0.246 0.481
ns(+) ns(-) ns(-) ns(+)

SC = sealer-clear painted; NS-I = nanosilver-impregnated; ns = nonsignificant; HT = heat-treated.
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5. Conclusions

e Impregnating beech wood with nanosilver suspension results in the rupture of perforation plated
and pit openings, and eventually permeability increases significantly.

e Higher permeability causes more adhesive being penetrated deep in to the pores of the wood
substrate, being left out of the sticking process, eventually decreasing pull-off strength.

e Permeability depends on the continuous pore system. Pull-off adhesion strength, however,
is dependent on the surface pore system of the wood substrate. Therefore, there is no significant
correlation between pull-off adhesion strength versus air permeability.
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