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Effect of Densification Temperature and Some Surfacing
Techniques on the Surface Roughness of Densified
Scots Pine (Pinus sylvestris L.)

Hasan Ozgiir imirzi,* Onur Ulker,”* and Erol Burdurlu

The effects of densification temperature, planing, circular sawing, and
sanding on the surface roughness of densified Scots pine using the
open-system thermodynamic method were studied. Densification was
applied to Scots pine at 6 MPa pressure and at temperatures of 120 °C,
140 °C, and 160 °C. A total of 1040 specimens (160 x 50 x 10 mm) were
prepared using the surfacing techniques of planing, circular sawing, and
sanding. The surface roughness of the specimens were measured in
conformance with the TS 2495, EN ISO 3274, and the TS 6212 EN ISO
4288 standards, and the results were subjected to statistical analysis.
The surface roughness of the planed surfaces was 26% lower, of the
surfaces cut circularly was 38% lower, and of the sanded surfaces was
32% lower in densified Scots pine compared to undensified Scots pine.
According to the densification temperature, while the lowest roughness
was obtained in the densified specimens at 140 °C, raising the
temperature to 160 °C increased the roughness. An increase in the
number of blades in planing, the tooth number in circular sawing, and the
grit number in planing decreased the surface roughness. Furthermore,
the roughness was less in tangential surfaces compared to radial
surfaces.
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INTRODUCTION

Different cutting techniques are used to transform end products made of wooden
materials, such as interior and exterior place decoration elements, building elements, and
ships. The resulting surface quality after a cutting process (cutting, planing, lathing, or
sanding) changes according to the factors given below (Kollmann and Cote 1984; Sandak
and Negri 2005; Sandak et al. 2008; Taylor et al. 1999):

1. Characteristics of the materials (species, anatomical structure, grain figure, density/

porosity, humidity, early/late wood, heartwood/sapwood, defects and abnormalities,

and biological deterioration);

Characteristics of the machine (design, vibration, and maintenance);

3. Characteristics of the cutter (geometry, wear, quality of sharpening, joining of cutting
knives, and stiffness of the tool holder);

4. Variables related to machining of the materials (cutting direction, cutting speed, feed
speed, and strength of the positioning of work piece);

5. Surfacing techniques (circular sawing, planing, shaping, lathing, and sanding);

N

Imirzi et al. (2014). “Surface roughness of Scots pine,” BioResources 9(1), 191-209. 191



PEER-REVIEWED ARTICLE b | oresources.com

6. Special processes (heat treatment, chemical impregnation, densification, and drying)

In the processing of wood with cutters, hardwoods produce smoother surfaces
compared to softwoods due to the decrease in the volume of cavities. Similarly, the level
of roughness decreases in summer wood compared to spring wood. The roughness is less
in the cut surfaces parallel to the fibers compared to the cut surfaces perpendicular to the
fibers (Iskra and Hernandez 2009; Kamata and Kanauchi 1994), and is less in the
tangential cut surfaces compared to the radial cut surfaces. Cross grain negatively affects
roughness. As the moisture content changes, the roughness changes and an increase in
moisture content also increases roughness (Wilkowski et al. 2010). The blade fixing
element or vibration in the machine negatively affects roughness. An increase in the
number of blades and high quality grinding decrease roughness. On the other hand, the
dulling/abrasion of blades increases roughness (Hernandez and de Moura 2002).
Covering the blades with substances that prevent abrasion has been found to decrease
roughness (Pinkowski et al. 2011). Increasing the cutting speed (Keturakis and
Juodeikiene 2007; Magoss 2008) and feeding in a direction parallel to turning decreases
roughness (Aguilera and Martin 2001; Sogutlu and Togay 2011), whereas, increasing the
feeding speed and cutting depth increases roughness (Skaljic et al. 2009; Wilkowski et al.
2010; Kilic and Demirci 2003). Increasing the cutting speed accelerates the abrasion of
the blades, and with the passage of time this increases roughness (Ratnasingam et al.
2008). Increasing or decreasing cutting depth does not significantly affect roughness
(Hernandez and Cool 2008; Iskra and Hernadndez 2009). In addition to the structural
specifications of the wood material in the sanding process, the grain size and the type of
abrasive mineral are important for roughness. As the grain size of the sandpaper
increases, the roughness also increases. Silicon carbide abrasive mineral, rather than
aluminum oxide abrasive mineral, decreases the roughness (Dereli 1997; Taylor et al.
1999). Regarding cutting with a circular saw, planing, and sanding processes, the surface
roughness changes according to the tooth number and geometry of the circular saw, the
number of blades in planning, and the grit number in sanding. A lower roughness level is
obtained with an increase in the number of blades in the planing process compared to
other techniques (Burdurlu et al. 2005; Kilic et al. 2006; Burdurlu et al. 2007).

In addition to the structural features of the wood material in the sanding process,
the grain size and the type of abrasive mineral are important for roughness. As the grain
size of the sandpaper increases, the roughness also increases. Using silicon carbide
instead of aluminum oxide as an abrasive mineral decreases the roughness (Dereli 1997;
Taylor et al. 1999). During cutting with a circular saw, planing, and sanding processes,
the surface roughness changes according to the tooth number and geometry of the
circular saw, the number of blades in planing, and the grit number in sanding. A lower
level of roughness is obtained with an increase in the number of blades in the planing
process (Burdurlu et al. 2005; Kilic et al. 2006; Burdurlu et al. 2007).

The densification process in wood consists of compression by pressing heated
wood, filling the cell lumens with a liquid material (polymer, melted natural resins,
sulfur, melted metal, etc.) in an impregnation process, or a combination of these two
processes (Kollmann et al. 1975; Kultikova 1999; Kutnar and Sernek 2007). The densi-
fication under high pressure by heating wood decreases the cavity volume and increases
density, and a change is observed in the structural characteristics. As a result of this
modification, all the physical and mechanical characteristics and the processing
characteristics of wood become different. The species of wood, the temperature and
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period of softening or plasticizing, the densification method (thermo-mechanical, thermo-
hydro-mechanical, or viscoelastic thermal compression), and the compression pressure
and period are the most important variables that influence the strength of wood after
densification. Application of these variables in a different manner can increase the
strength properties of the densified wood materials at a rate reaching 100% (Seborg et al.
1945; Stamm et al. 1955; Kennedy 1968; Kunesh 1968; Trenard 1977; Hillis and Rozsa
1978; Bucur et al. 2000; Morsing 2000; Santos 2000; Navi and Girardet 2000; Lenth and
Kamke 2001; Reiterer and Stanzl-Tschegg 2001; Tabarsa and Chui 2001; Blomberg et al.
2005; Kamke and Sizemore 2005; Kutnar and Sernek 2007; Kocaefe et al. 2008a;
Kocaefe et al. 2008b; Korkut and Kocaefe 2009; Kutnar and Kamke 2012).

The springback effect is one of the most important problems associated with the
densification process of wood. When densified wood is exposed to moisture, reversible or
irreversible swelling occurs. Reversible swelling is due to the hydroscopic nature of
wood, whereas irreversible swelling is due to the springback of densified wood.
Irreversible swelling or springback can be reduced by minimizing the build-up of internal
stresses that build up in compressing. Permanent fixation of deformation can be achieved
by steaming the wood after or prior to compression treatment or heating the compressed
wood to high temperature levels (Morsing 2000; Santos 2000; Reynolds 2004; Kutnar
and Sernek 2007).

Despite the fact that there have been many studies related to the surfacing
characteristics of undensified wood, there are insufficient studies related to the surfacing
of densified wood. This study aimed to determine the effects of densification and
densification temperature as well as some variables, such as planing, circular sawing, and
sanding with different blades, number of revolutions/minute, and cutting direction, on
surface roughness in densified Scots pine at a pressure of 6 MPa using the open system
thermodynamic method and at temperatures of 120 °C, 140 °C, and 160 °C.

EXPERIMENTAL

Materials
Scots pine

In order to determine the effect of the temperature level applied in the thermo-
mechanical densification on surface roughness, Scots pine (Pinus sylvestris L.) was
selected as a wood species due to its relatively low density, as well as its being one of the
most widely distributed conifers in the world, with widespread use in the wood products
industry.

Scots pine wood was procured from the Siteler district in Ankara, Turkey.
Particular importance was placed on selecting lumber that was of high quality,
undamaged, and naturally colored. The selected lumber had annual rings that were
regular and parallel to each other, did not include defects, and had not been subjected to
attack by insects or fungi.

Densification press

A 100-ton HURSAN laboratory press was used with a capacity to heat up to a
temperature of 250 °C. The press was equipped with a plate surface of 60 x 60 cm? for
the densification of the Scots pine using the open system thermomechanical method. The
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pressure and temperature of plates and stocks could be controlled and monitored
automatically.

Preparation of the stocks for the densification process
The process given below was followed to prepare the test stocks that were used in
the densification process:

1. The lumber was stacked and kept in a manner suitable for air-drying in a ventilated
environment with a central heating system that did not receive direct sunlight.

2. Stocks were cut from the lumber in dimensions of 560 x 80 x 60 mm (length x width
x thickness) in order to conform to the measurements specified in the standards for
the tests that would be conducted. The stocks were stacked and left to dry naturally.

3. The stocks were machined to the finished dimensions of 550 x 70 x 50 mm (length x
width x thickness) via circular sawing and planing processes.

4. The stocks were kept in an acclimatization chamber at a temperature of 20 = 2 °C and
a relative humidity of 65% + 5% until they reached equilibrium weight at a 12% air-
dried moisture level.

5. The stocks were wrapped with plastic sheets to prevent changes in moisture content
that could occur prior to the densification process.

Densification
The following process was applied for the densification of Scots pine using the
open system thermomechanical method:

1. The press was operated and the thermostats were adjusted so that the platens reached
the temperatures of 120 °C, 140 °C, and 160 °C with a sensitivity of £5 °C.

2. The stocks were placed on the lower platen in a manner such that the pressure would
be applied in a radial direction. Furthermore, to check if the internal temperature of
the stocks had reached the planned temperature, three temperature control stocks with
thermometers were placed so they would reach both sides and the middle of the lower
platen of the press. The thermometers were in the middle and side parts of the stocks.

3. To ensure heat transfer to both sides, the upper flat surface was placed in contact with
the stock surfaces without applying pressure.

4. The stocks were kept in the press until they reached internal temperatures of 120 °C,
140 °C, and 160 °C. The internal temperature of the stocks was monitored from the
temperature control stocks with a thermometer.

5. The pressure gauge of the press was adjusted to 6 MPa, providing a densification ratio
of 50%. The stocks were densified by being compressed with a 3 m/min loading
speed under automatic control. The thickness of the stocks was decreased from 50
mm to 25 mm in the radial direction after the densification process.

6. The press was kept closed for 10 min to prevent an increase in the volume of the
stocks due to the spring effect. A residence time of 10 min after densification was the
best time for achieving the lowest spring effect and was determined in preliminary
tests.

7. The stocks were removed from the press and kept in a closed environment for a

period of 10 days.

Steam or heat treatment was not applied to the stocks after densification process.

9. The average moisture content of the stocks was determined according to standard TS
2471 1SO 3130 (1976). It was 4%.

0
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Preparation of the specimens for the surface roughness measurement

The process given below was followed in the preparation of the test specimens
that would be used in the roughness measurements:

The densified stocks were kept in an acclimatization chamber at a temperature of
20£2 °C and a relative humidity of 65%+5% until they reached unchanged masses in
order for them to reach a 12% air-dried moisture content. The stocks were wrapped with
plastic sheets after the acclimatization to prevent a change in moisture content that could
occur prior to the surfacing processes.

Table 1 shows the measurements and numbers of the specimens prepared to be
used in the determination of the surface roughness connected to the different variables of
densified Scots pine on which the planing, circular sawing, and sanding processes were
applied. The general principles stated in the TS 2495, EN ISO 3274, and TS 6212 EN
ISO 4288 standards were followed for the preparation of the specimens.

Table 1. Measurements and Numbers of Specimens Prepared for Use in the
Determination of Surface Roughness Connected to Different Variables of
Densified Scots Pine on Which the Planing, Circular Sawing, and Sanding
Processes Were Applied

Number of samples

Dimensions of specimen (mm)

Process (L x W xT) Densified Control
Planing 160 x 50 x 10 240 80
Circular sawing 160 x 50 x 10 360 120
Sanding 160 x 50 x 10 180 60

After bringing the densified Scots pine stocks to the test measurements at different
temperatures to determine the roughness of the planed surfaces, the planing process was
applied on the radial and tangential surfaces at 2000 and 4000 revolutions/minute by
using 2 each and 4 each cutters with a feeding speed of 7 m/min and 14 m/min and a
cutting depth of 1.6 mm. The planing process of a total of 320 each specimens was
realized with the NETMAK Model KA500 thickness machine.

After bringing the densified Scots pine stock to the test measurements at different
temperatures in order to determine the roughness of the circular cut surfaces, the circular
sawing process was applied on the radial and tangential surfaces at 3000 and 6000
revolutions/minute by using 22 and 30 tooth circular saws at a feeding speed of 6 m/min.
The circular sawing process of a total of 480 each specimens was realized with the
YONMAK circular sawing machine.

After bringing the densified Scots pine stocks to the test measurements at
different temperatures to determine the roughness of the sanded surfaces, the sanding
process was applied on the radial and tangential surfaces with Number 60, 80, and 100
grit sanders. The sanding process of a total of 240 specimens was realized with the
MAKITA Model 9404 disc sanding machine. The feeding speed of 9 m/min and cutting
speed of 440 m/min was selected for the sanding.

Prior to the roughness measurements, the specimens underwent another
acclimatization process to reach an air-dried humidity level. The specimens were kept in
an acclimatization chamber at a temperature of 20 + 2 °C and a relative humidity of 65%
+ 5% until they reached equilibrium weight. The specimens were wrapped with plastic
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sheets after the acclimatization to prevent a change in moisture content that could occur
prior to the roughness measurement.

Methods
Density determination

The density of Scots pine on which the densification process was implemented or
not implemented was determined in accordance with the TS 2472 (1976) ISO 3131(1975)
standard. The density value was the ratio of the oven-dry mass of a specimen to the
volume of the specimen at the oven-dry moisture.

Surface Roughness measurement

The average surface roughness (Ra) of the Scots pine specimens on which the
densification process was implemented or not implemented was determined in accor-
dance with the TS 6212 EN ISO 4288 standards. The Mitutoyo Surftest SJ-301 touch
(needle) surface roughness test equipment was used in the measurements. The measure-
ments were made in a direction perpendicular to the fibers and in a position parallel to the
plane at 5 separate points on each specimen (Figs. 1 and 2).

Mitutoyo Sj- 301 Surface
Roughnesses Tester

Detector Direction /

,,/ // \\f{
# A

Radial Surface

Fig. 1. Measurement of radial surface roughness

Mitutoyo Sj- 301 Surface
Roughnesses Tester
/
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Fig. 2. Measurement of tangential surface roughness

Experimental data analysis

The obtained data were statistically analyzed. A multi-variance analysis was
applied to test whether the densification temperature and some of the surfacing variables
affected the surface roughness of Scots pine. If the obtained p-value was less than 5%,
then the variable was judged to have had an effect on the roughness. If not, the variable
had no effect. Duncan’s multiple range test was used to determine whether the
differences among the surface roughness values of the variables were significant, and the
results were interpreted. The MSTAT - C package program was used for the analysis.
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RESULTS AND DISCUSSION

Density
The density values of densified Scots pine are given in Table 2 according to the
method explained above at a pressure of 6 MPa/cm? and different temperatures.

Table 2. Density Values of Densified Scots Pine at a Pressure of 6 MPa / cm?
and Different Temperature Levels

Statistical value

Specimens Average (kg/m®) j‘ar.‘d?“d Variation coefficient
eviation
Control (undensified) 430 0.01 1.23
Densified at 120 °C 790 0.07 8.46
Densified at 140 °C 810 0.02 2.05
Densified at 160 °C 800 0.02 2.81

After the densification process, the density of Scots pine rose from 430 kg/m® to
800 kg/m®, which was an 86% increase in density. Increasing the densification tempera-
ture at a fixed pressure of 6 MPa did not affect the density.

Effects of Some Variables on Surface Roughness in Planing

The surface roughness values after the planing of densified Scots pine are given in
Table 3.

An analysis of variance was performed to determine whether some variables in
planing had an effect on surface roughness. According to the results, the densification
temperature, the number of blades, the rotational speed, and the cutting direction had an
effect in the dual and triple interactions on surface roughness (p < 0.05).

The homogeneity test connected to different variables in planing is given in Table
4. The densification process and the temperature applied during densification affected the
surface roughness in the planing of Scots pine. Because the roughness value of
undensified Scots pine was the highest (5.02 pum), the densification process decreased the
surface roughness after planing. Raising the densification temperature from 120 °C to
140 °C decreased the surface roughness (3.67 um). However, raising it from 140 °C to
160 °C increased the surface roughness. In the planing process, the use of 4 blades
instead of 2 (4.55 um and 3.86 um, respectively) and planing at 14 m/min instead of 7
m/min (4.34 um and 4.07 um, respectively) both decreased the roughness. Furthermore,
tangentially cut surfaces had smoother surfaces than radially cut surfaces (4.50 um and
3.91 um, respectively). The lowest roughness (3.07 pm) from the interaction of
densification temperature and number of blades was obtained at 140 °C in densified
surfaces planed with 4 blades, followed by surfaces (3.96 um) densified at 120 °C and
planed with 2 blades. The highest roughness (5.69 um and 4.35 pm) occurred in the
undensified specimens. In the interaction between densification temperature and feeding
speed, the lowest roughness (3.59 pm, 3.66 um, and 3.74 um) were obtained in the
specimens densified at 140 °C, while the feeding speed connected to the densification
temperature had no effect on the surface roughness.
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Table 3. Roughness Values Connected to Densification Temperature, Number of
Blades, Feeding Seeped, and Cutting Direction in Densified Scots Pine

Roughness value (R,) (um)

DT (°C) NB FS CD Standard Variation
Mean . o

deviation coefficient
7 m/min Radial . 6.38 1.06 16.68
Tangential 5.19 1.06 20.45
Control 2 14 m/min Radial . 6.03 1.07 17.75
(undensified) Tangenual 5.14 0.68 13.32
2 m/min Radial . 5.29 1.14 21.59
4 Tangenual 4.35 0.58 13.30
14 m/min Radial . 4.25 0.75 17.60
Tangential 3.50 0.98 27.94
7 m/min Radial . 4.44 1.15 25.92
2 Tangennal 4.30 0.83 19.20
14 m/min Radial . 4.05 0.68 16.91
120 °C Tangennal 3.40 0.87 25.48
7 m/min Radial _ 4.36 0.67 15.26
4 Tangennal 4.29 0.97 22.69
14 m/min Radial _ 4.05 0.56 13.85
Tangential 3.16 0.67 21.29
Z m/min Radial _ 4.75 0.79 16.62
> Tangennal 4.34 0.75 17.19
14 m/min Radial . 4.30 1.04 24.05
140 °C Tangennal 3.67 0.73 19.92
7 m/min Radial . 3.00 0.32 10.69
4 Tangennal 2.28 0.34 14.83
14 m/min Radial . 3.54 0.49 13.70
Tangential 3.44 0.61 17.74
Z m/min Radial _ 451 0.86 18.97
> Tangennal 4.09 1.30 31.76
14 m/min Radial _ 4.19 1.12 26.62
160 °C Tangennal 3.94 0.58 14.70
Z m/min Radial _ 4.23 0.94 22.11
4 Tangennal 3.61 0.36 9.98
14 m/min Radial . 455 0.39 8.60
Tangential 3.83 0.89 23.30

The densification process, the temperature applied in densification, the number of
blades, the feeding speed, and the cutting direction affected the surface roughness in the
planing of Scots pine. While densification provided a 26% decrease in surface roughness,
the use of 4 blades instead of 2 blades during planing provided a 15% decrease, and an
increase in feeding speed from 7 m/min to 14 m/min provided a 6% decrease. The
roughness was 13% lower in the tangentially cut surfaces than in the radially cut surfaces.
The lowest roughness was obtained in densified Scots pine at 140 °C (a decrease of 26%
compared to undensified samples). Raising the densification temperature from 120 °C to
140 °C decreased the surface roughness by 8%, and raising the temperature from 140 °C
to 160 °C increased the roughness by 12%. According to these values, the most suitable
densification temperature for Scots pine was judged to be 140 °C.

Imirzi et al. (2014). “Surface roughness of Scots pine,” BioResources 9(1), 191-209. 198



PEER-REVIEWED ARTICLE

bioresources.com

Table 4. Homogeneity Test Related to the Determination of the Roughness
Values that Create a Difference Connected to Different Variables

DT (°C) Roughness value (R,) (um) HG
Control 5.02 C
120 4.01 B
140 3.67 A
160 4.12 B
NB Roughness value (R,) (um) HG
2 455 B
4 3.86 A
Number of blades (NB)
DT (°C) 2 4
Roughness value (Ra) HG Roughness value HG
(um) (Ra) (um)
Control 5.69 E 4.35 D
120 4.05 C 3.96 B
140 4.27 C 3.07 A
160 4.18 C 4.06 C
FS Roughness value (Ry) (um) HG
7 m/min 4.34 B
14 m/min 4.07 A
FS
DT (°C) 7 m/min 14 m/min
Roughness value HG Roughness value HG
(Ra) (M) (Ra) (Um)
Control 5.30 D 4.73 C
120 4.35 B 3.66 A
140 3.59 A 3.74 A
160 411 B 4.13 B
Number of blades (NB)
2 4
DT FS
(°C) 7 m/min 14 m/min 7 m/min 14 m/min
Roughnes Roughnes Roughnes Roughnes
S v%lue HG S v%lue HG S v%lue HG S v%lue HG
(Ra) (M) (Ra) (M) (Ra) (Um) (Ra) (M)
Control 5.79 I 5.59 I 4.82 H 3.87 D
120 4.37 F 3.73 D 4.33 F 3.60 C
140 4.55 G 3.99 D 2.64 A 3.49 B
160 4.30 F 4.06 E 3.92 D 4.19 E
CD Roughness value (Ra) (um) HG
Radial 4.50 B
Tangential 3.91 A

In planing, a circular path is followed by knives mounted on the cutterhead of the
machine. Consequently, the knife engages the wood in brief circular passes, leaving a
surface with elevated blips. Depending upon the rotation speed of the cutterhead, the
number of blades, the depth of cut and feeding speed of wood, the cutting action
produces scallops of varying elevation and distance between them (Marra 1992). At the
moment of planing, increasing the number of blades or feeding speed when the other
variables are fixed decreases the distance between scallops. This, therefore, results in the
cutting of smaller wood shavings and it also decreases the roughness.
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Effect on Surface Roughness of Some Variables Related to Densification
Temperature and Cutting with a Circular Saw

The roughness values connected to some variables related to densification
temperature and cutting in densified Scots pine are given in Table 5.

Table 5. Surface Roughness Values Connected to Densification Temperature,
Number of Teeth on a Circular Saw, RPM, and Cutting Direction in Densified
Scots Pine

Number of Roughness value (R,) (um)
DT (°C) teethonC. > CD \ean  Std. Variation
Saw Dev. coefficient
3000 Radial _ 7.18 1.06 14.73
22 Tangennal 5.71 1.13 19.88
Control 6000 Radial 6.43 0.91 14.13
(undensified) Tangential 5.39 0.83 15.40
3000 Radial _ 4.28 0.62 14.39
30 Tangennal 3.80 0.64 16.88
6000 Radial _ 4,93 1.37 27.88
Tangential 3.90 0.68 17.47
3000 Radial _ 4.30 1.19 27.76
22 Tangennal 4.28 0.84 19.51
6000 Radial _ 4.04 0.77 19.17
120° Tangennal 3.22 0.96 29.97
3000 Radial _ 2.68 0.78 29.20
30 Tangennal 3.62 1.14 31.34
6000 Radial _ 3.67 0.52 14.13
Tangential 3.40 0.76 22.45
3000 Radial _ 4.15 0.73 17.51
22 Tangennal 3.30 0.59 17.75
6000 Radial _ 3.28 0.55 16.66
140° Tangennal 2.87 0.43 14.94
3000 Radial _ 3.19 0.48 15.14
30 Tangennal 3.56 0.18 5.12
6000 Radial _ 3.34 0.64 19.12
Tangential 3.44 0.95 27.74
3000 Radial . 3.91 0.52 13.42
22 Tangennal 4.09 1.30 31.76
6000 Radial . 3.49 0.47 13.37
160° Tangennal 3.18 0.35 10.97
3000 Radial . 3.43 0.36 10.51
30 Tan_gennal 3.47 0.23 6.70
6000 Radial . 3.97 0.50 12.64
Tangential 3.56 0.63 17.72

An analysis of variance was performed to determine whether the temperature and
number of teeth on the circular saw or the rpm and the cutting direction had an effect on
surface roughness. According to the results, the densification temperature in the circular
cutting of Scots pine, the number of teeth on the cutter, and the cutting direction each had
a significant effect (p < 0.05) on surface roughness. Rpm did not have an effect (p > 0.05)
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on the surface roughness. Furthermore, the interactions between densification tempera-
ture and rpm, densification temperature and cutting direction, rpm and cutting direction,
as well as the triad interaction of densification temperature x tooth number of the cutter x
rpm did not have an effect on surface roughness (p > 0.05).

While the densification process, temperature, number of teeth on the circular saw,
and the cutting direction in the circular sawing of Scots pine affected the surface
roughness, the rpm of the circular saw did not. Densification provided a 38% decrease in
the surface roughness in the circular sawing of Scots pine, and using a 30-tooth circular
saw instead of a 22-tooth circular saw provided a 15% decrease. Increasing the rpm from
3000 to 6000 did not affect the roughness. The roughness of tangentially cut surfaces was
4% lower than radially cut surfaces. The lowest roughness was obtained with Scots pine
densified at 140 °C (a decrease of 38% compared to undensified). Raising the densifica-
tion temperature from 120 °C to 140 °C decreased the surface roughness 12%, whereas
raising the densification temperature from 140 °C to 160 °C increased the roughness 8%.
According to these values, the most suitable densification temperature is 140 °C in the
circular sawing of Scots pine.

The homogeneity test connected to different variables in circular cutting is given
in Tables 6, 7, and 8.

Table 6. Homogeneity Test Connected to DT, NT on CS and CD in Circular
Sawing

DT (°C) Roughness value (Ry) (um) HG
Control 6.24 C

120 4.39 B

140 3.87 A

160 4.19 B

N. of teeth on C. Roughness value (R,) (um) HG
Saw

22 4.30 B

30 3.64 A

CD Roughness value (R,) (um) HG
Radial 4.78 B

Tangential 4.57 A
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Table 7. Homogeneity Test Connected to DT X NT on CS, NT on CS x RPM,
and NT on CS x CD in Circular Sawing

Number of Teeth on Circular Saw

o7 () — —
ou ness ou ness
R (um) He (Ro) (am) He
Control 6.18 E 4.23 D
120 3.97 C 3.34 A
140 3.40 A 3.38 A
160 3.67 B 3.61 B
NT on RPM
CS 3000 6000
Roughness HG Roughness HG
) (um) (Ra) (um)
22 4.62 D 3.99 C
30 3.51 A 3.78 B
Cutting Direction
NT on CS Radial Tangential
Roughness HG Roughness HG
(Ra) (pm) (Ra) (m)
22 4.60 C 4.00 B
30 3.69 A 3.59 A
Table 8. Homogeneity Test Connected to NT on CS x RPM x CD, DT x NT on
CS x RPM, and DT x RPM x CD in Circular Sawing
RPM
3000 6000
NT on Cutting Direction
CSs Radial Tangential Radial Tangential
Roughness (R,) HG Roughness HG Roughness (Ry)  HG Roughness (R,) HG
(Hm) (Ra) (um) (Hm) (Hm)
22 4.89 E 4.35 D 4.31 D 3.66 B
30 3.39 A 3.61 B 3.98 C 3.57 A
Number of teeth on C.Saw
22 30
DT (°C) CD
Radial Tangential Radial Tangential
Roughness (R,) HG Roughness (R,)) HG Roughness (R,)) HG Roughness (R) HG
(Hm) (Hm) (Hm) (Hm)
Control 6.81 J 5.55 I 4.61 H 3.85 F
120 417 G 3.75 F 3.18 B 3.51 D
140 3.72 E 3.09 A 3.27 C 3.49 D
160 3.70 E 3.63 E 3.70 E 3.52 D
RPM
3000 6000
DT CD
(°C) Radial Tangential Radial Tangential
Roughness (Ry)) HG Roughness (Ry) HG Roughness(Ry) HG Roughness (R) HG
(Hm) (pm) (pm) (pm)
Control 6.44 G 6.26 G 6.19 G 6.06 G
120 4.46 F 4.38 F 4.33 F 4.40 F
140 4.35 F 3.77 B 3.83 C 3.54 A
160 4.08 D 4.28 E 4.57 B 3.84 C
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Because the highest roughness value was found in the control specimen (6.239
pum), circular sawing after the densification process decreased the surface roughness.
Additionally, the densification temperature significantly affected the surface roughness in
the circular sawing of the Scots pine. The lowest roughness (3.87 um) was obtained from
circular sawing of Scots pine densified at 140 °C. While raising the densification
temperature from 120 °C to 140 °C decreased surface roughness, raising it to 160 °C
increased surface roughness. The use of a 30-tooth saw instead of a 22-tooth saw in the
circular sawing process decreased roughness (from 4.30 um to 3.64 um). Furthermore,
tangentially cut surfaces were smoother than radially cut surfaces (4.78 um and 4.57 um,
respectively). In the interaction of densification temperature and number of teeth on the
saw, the lowest roughness (3.40 pum, 3.38 pum, and 3.34 um) were obtained on the cut
surfaces densified at 140 °C with the 22- and 30-tooth circular saw and the surfaces
densified at 120 °C with the 30-tooth circular saw, respectively. This was followed by the
cut surfaces densified at 160 °C with the 22- and 30-tooth circular saws (3.67 um and
3.61 pum, respectively). The highest roughness (6.18 um) appeared in the undensified
specimens. In the interaction of tooth number of saw and rpm, the lowest roughness (3.51
pm) was obtained from the specimens cut with a 30-tooth circular saw at 3000 rpm,
followed by the specimens cut with a 30-tooth circular saw at 6000 rpm (3.78 um). The
highest roughness appeared on the surfaces cut with the 22-tooth circular saw at 3000
rpm. In the triad interaction of densification temperature, tooth number of saw, and
cutting direction, the lowest roughness (3.09 um) was obtained in the specimens densi-
fied at 140 °C cut tangentially with a 22-tooth saw, followed by the specimens densified
at 120 °C cut radially with a 30-tooth saw (3.18 um). The highest roughness (6.81 pum)
appeared in the specimens that were cut radially with a 22-tooth saw.

Circular saws used for rip sawing have teeth that attack the end grain of the wood,
but also dress the side grain during the cut. Varying surface qualities are produced
depending upon the configuration of teeth, sharpness, rim speed of the saw, feeding speed
of the wood, and stability of the saw against vibration and wobble (Marra 1992).
Connected to increasing the tooth number of the circular saws and increasing the saw
diameter, the cutting speed also increases. When the other variables, which are effective
in cutting, are kept constant, increasing the cutting speed decreases the size of the wood
shavings cut and a decrease in the size of the wood shavings also decreases roughness.
Furthermore, increasing the diameter of the saw increases the angle between the cutting
teeth entering and exiting the wood. Increasing the entry-exit angle decreases the
difficulty of shearing the fibers at the moment of cutting, and smoother surfaces with
more uniform cuts are obtained.

Effect on Surface Roughness of Some Variables Related to Densification
Temperature and Sanding

Roughness values connected to some variables in sanding have been given in
Table 9.

An analysis of variance was done to determine whether the temperature applied in
densification, the size of the sanding grit, and the cutting direction had an effect on
surface roughness. According to the results, the interaction of the densification tempera-
ture x size of the sanding grit x cutting direction, and the interaction of the densification
temperature x size of the sanding grit had an effect on the sanding of densified Scots pine
(p < 0.05). The interactions between densification temperature x cutting direction, size of
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the sanding grits x cutting direction, and densification temperature x size of the sanding
grits x cutting direction did not have an effect on surface roughness (p > 0.05). The
homogeneity test connected to different variables in sanding is given in Table 10.

The densification process, the temperature applied in densification (DT), the grit
number on sand-paper (GNS-P), and the cutting direction (CD) of Scots pine in sanding
affected the surface roughness. Densification provided a 32% decrease in the surface
roughness in the sanding of Scots pine.

The use of an 80-grit sander instead of a 60-grit sander provided a decrease of
20%, and the use of a 100-grit sander provided a decrease of 38%. The roughness of the
tangentially cut surfaces was 10% lower than that of the radially cut surfaces. Raising the
densification temperature from 120 °C to 140 °C decreased the surface roughness by
12%, resulting in the lowest roughness value (a 38% decrease compared to undensified
wood). However, raising the temperature from 140 °C to 160 °C increased the roughness
by 8%.

Table 9. Roughness Values Connected to Different Variables in Sanding

Roughness values

DT (°C)  G.Number CD Standard Variation

Mean . L
deviation coefficient

60 Radial 7.02 1.33 18.90
Tangential 6.28 1.11 17.71
Control 80 Radial 6.99 0.58 8.37
Tangential 6.11 1.26 20.58
100 Radial_ 4.33 0.53 12.30
Tangential 3.95 0.92 23.18
60 Radial 4.23 0.98 23.17
Tangential 3.89 0.72 18.48
Radial 4.65 0.63 13.57
120 80 Tangential 3.77 0.51 13.65
100 Radial_ 3.67 0.52 14.13
Tangential 3.49 0.89 25.57
60 Radial 7.49 0.59 7.82
Tangential 7.08 0.96 13.49
Radial 4.64 0.38 8.26
140 80 Tangential 4.25 0.99 23.21
100 Radial_ 4.74 0.88 18.58
Tangential 4.26 0.68 15.94
60 Radial 7.53 1.25 16.58
Tangential 6.53 1.84 28.13
Radial 5.21 0.42 8.09
160 80 Tangential 4.66 1.08 23.16
100 Radial 3.59 0.55 15.40
Tangential 3.22 0.59 18.28
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Table 10. Homogeneity Test Connected to Different Variables in Sanding

DT (°C) Roughness value (Ra) (um) HG
Control 5.78 C
120 3.95 A
140 5.43 B
160 5.12 B
GNS-P Roughness value (Ra) (um) HG
60 6.27 C
80 5.04 B
100 3.91 A
Grit number of sandpaper
60 80 100

DT (°C) Rough- Rough- Rough-

ness (Ra) HG ness (Ra) HG ness (Ra) HG

(pm) (pm) (pm)

Control 6.65 F 6.55 F 4.14 C
120 4.06 C 4.21 C 3.58 B
140 7.33 E 4.44 D 4.50 D
160 7.03 G 4.93 E 3.41 A
CD Roughness value (Ra) (um) HG
Radial 5.35 B
Tangential 4.79 A

Sanding is basically a process of cutting and tearing parts of fibers, whole fibers,
or clumps of fibers out of the wood surface by abrasive action of sharp stonelike grits
drawn along the grain. The quality of a sanded surface depends upon grit size and
sharpness, grit speed, pressure, and wood moisture content (Marra 1992). As the grit size
increases (as the grit number decreases) in the sanding process, the size of the wood
shavings broken off from the wood increases and consequently, the surface roughness
increases by forming deeper holes. Thus, sanding should be done several times with a
gradually decreasing grit size.

Chemical degradations arise in the structural (cell wall) elements of the wood
above certain temperature levels in the radial densification process with the thermo-
mechanical method. These degradations emerge in the hemicellulose from 120 °C, in the
lignin from 160 °C, and in the cellulose from 230 °C, and the level of degradation
undergoes a change according to the temperature value and the period of heating. With
these degradations, the degree of polymerization of hemicelluloses is decreased and the
secondary bonds, such as hydrogen and the Van der Waals bonds within the hemicel-
lulose polymer, the secondary bonds between the hemicellulose and cellulose, and the
covalent bonds between the hemicellulose and lignin are broken (Kocaefe et al. 2008.
LeVan et al. 1990; Korkut and Kocaefe 2009). The weakening or breaking of the bonds
between the structural elements of the wood negatively affects all the resistance
characteristics. Raising the densification temperature increases the roughness following
processes such as planing, circular sawing, and sanding. These effects stem from a
decrease in the resistance characteristics. Surfacing of densified wood with these
techniques at relatively higher temperatures also increases the surface roughness formed
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from cutting the cell wall elements as well as breaking off and fracturing due to the weak
structure stemming from degradation.

Roughness of the tangential cut surfaces in all surfacing techniques (planning,
circular sawing and sanding) were less than those of radial cut surfaces. This result may
be due to free molecular motion along the tangential direction, resulting in a denser
structure.

CONCLUSIONS

1. The densification process, the temperature level applied in densification, the number
of blades, the feeding speed, and the cutting surface all affect the surface roughness in
the planing of Scots pine. While densification provided a 26% decrease in surface
roughness in the planing process, the use of 4 blades instead of 2 blades provided a
15% decrease, and the increase of the feeding speed from 7 m/min to 14 m/min
provided a 6% decrease. The roughness was 13% lower in the tangential cut surfaces
compared to the radial cut surfaces. While the lowest roughness was obtained in
densified Scots pine at 140 °C (a decrease of 26% compared to undensified), raising
the densification temperature from 120 °C to 140 °C decreased the surface roughness
8%, whereas, raising the temperature from 140 °C to 160 °C increased the roughness
12%. According to these values, the most suitable densification temperature is 140 °C
for the lowest roughness in the planing of Scots pine.

2. The densification process, the temperature level applied in densification, the tooth
number of the circular saw, and the cut surface in the circular sawing of Scots pine all
affect the surface roughness, while the number of revolutions/minute of the circular
saw does not affect surface roughness. Densification provided a 38% decrease in the
surface roughness in the circular sawing of Scots pine; the use of a 30-tooth circular
saw instead of a 22-tooth circular saw provided a 15% decrease. Increasing the
revolutions/minute from 3000 to 6000 did not affect roughness. The roughness of
tangential cut surfaces was 4% lower compared to radial cut surfaces. While the
lowest roughness was obtained in Scots pine densified at 140 °C (a decrease of 38%
compared to undensified), raising the densification temperature from 120 °C to 140
°C decreased the surface roughness 12%. Raising the densification temperature from
140 °C to 160 °C increased the roughness 8%. According to these values, the most
suitable densification temperature is 140 °C for the lowest roughness in the circular
sawing of Scots pine.

3. The densification process, the temperature level applied in densification, the sander
grit number, and the cut surface of Scots pine in sanding all affect the surface
roughness. While densification provided a 32% decrease in the surface roughness in
the sanding of Scots pine, the use of an 80 grit sander instead of a 60 grit sander
provided a decrease of 20%, whereas the use of a 100 grit sander provided a decrease
of 38%. The roughness on the tangential cut surfaces was 10% lower compared to the
radial cut surfaces. While the lowest roughness was obtained in Scots pine densified
at 140 °C (a 38% decrease compared to undensified), raising the densification
temperature from 120 °C to 140 °C decreased the surface roughness 12%, whereas,
raising the temperature from 140 °C to 160 °C increased the roughness 8%. According
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to these values, the most suitable densification temperature is 140 °C for the lowest
roughness in the circular sawing of Scots pine.

4. In all of the surfacing techniques, the roughness values in tangential cut surfaces were
less than those of radial cut surfaces.
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