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ABSTRACT ¢ The paper presents experimental testing results of cutting power of thermally modified wood of Scots
pine (Pinus sylvestris L.) during lengthwise milling. The process of heat treatment was performed in the atmosphere
of superheated steam, at temperatures of 130, 160, 190 and 220 °C, maintaining an identical heating time of 4 h for
all modification variants. Cutting power was determined during milling of the radial surface of modified and non-
-modified samples. It was calculated as the difference of power used by a milling machine during wood machining
and at idling. Based on the results of measurements, it was found that, in the case of modified wood, cutting power
decreases with an increase in modification temperature (the dependence being linear) and increases with an increase
in the working engagement. At temperatures exceeding 160 °C, the power required for milling of modified wood is
lower than cutting power for non-modified wood. The experiment indicated a significant reduction of cutting power
with an increase in wood modification temperature. It was also found that an increase in the working engagement
results in an increase of cutting power both in thermally modified and non-modified wood.

Key words: woodworking, thermal modification, cutting, lengthwise milling, power consumption, softwood, Pinus
sylvestris L.

SAZETAK ¢ U radu su prikazani rezultati eksperimentalnih istraZivanja snage rezanja toplinski modificiranog
drva obicnog bora (Pinus sylvestris L.) tijekom njegove obrade glodanjem. Proces toplinske obrade borovine
proveden je u atmosferi pregrijane pare, pri temperaturi od 130, 160, 190i 220 °C, uz jednako vrijeme grijanja od
Cetiri sata za sve varijante modifikacije. Snaga rezanja odredena je pri glodanju radijalne povrsine modificiranih
i nemodificiranih uzoraka, a izracunana je kao razlika snage izmjerene tijekom rada stroja pri glodanju uzoraka
i tijekom praznog hoda stroja.

Na temelju rezultata mjerenja utvrdeno je da se snaga rezanja pri obradi modificiranog drva smanjuje s porastom
temperature modifikacije (ovisnost je linearna), a povecava se s povecanjem visine dodatka za obradu (visine
glodanja). Snaga potrebna za glodanje drva modificiranoga na temperaturama visim od 160 °C manja je od snage
rezanja za obradu nemodificiranog drva. Eksperiment je pokazao znatno smanjenje snage rezanja s povecanjem
temperature modifikacije drva. Takoder je utvrdeno da je povecanje visine dodatka za obradu rezultiralo poveéan-
jem snage rezanja, kako pri obradi toplinski modificiranoga, tako i pri obradi nemodificiranog drva.

Kljuéne rijeci: obrada drva, toplinska modifikacija, rezanje, protusmjerno glodanje, potrosnja energije, meko
drvo, Pinus sylvestris L.
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1 INTRODUCTION
1. UVOD

Wood subjected to thermal treatment has been in-
creasingly used in Europe and worldwide. One of the
many types of thermal modification of wood is Thermo-
Wood® technology. Due to many advantageous proper-
ties of ThermoWood, its production is increasing, at pre-
sent accounting for the greatest share in the total
production of thermally modified wood in Europe, while
most frequently modified softwood species are pine and
spruce (Ala-Viikari, 2007; Boonstra ef al., 2007).

During the thermal modification process, many si-
gnificant changes take place in the chemical structure of
wood, affecting its properties. High-temperature treat-
ment causes degradation of chemical cell wall compo-
nents (cellulose, hemicellulose, lignins). Heating of
wood initially reduces its weight as a result of losses of
free and hygroscopic water and release of volatile minor
components. A further increase in temperature results in
changes in the structure of polymer cell wall compo-
nents, mainly carbohydrates (Hill, 2006; Doczekalska,
2010). The basic structural components of wood are de-
graded, while cellulose and lignin are broken down at a
slower rate and at higher temperatures than hemicellulo-
ses. Moreover, extractives are also degraded and they
are released during the modification process (Hill, 2006;
Borysiuk and Maminski, 2007; Doczekalska, 2010).
Thermal modification of wood results in reduced con-
tents of low-polymer carbohydrates components, depo-
lymerisation of cellulose and a reduction of its crystalli-
nity. Positive effects of these changes include e.g.
reduced hygroscopicity and changes in wood colour to
darker, resembling that of exotic species (Nakao et al.,
1983; Fangel and Wegener, 1984; Jamsi et al., 2000;
ThermoWood® Handbook, 2003). Reduced wood den-
sity in thermal treatment is caused by the degradation of
its components, mainly hemicellulose, to volatile sub-
stances, released during wood modification (Bekhta and
Niemz, 2003; Pétrissans et al., 2003).

Thermally modified wood, in comparison to non-
-modified wood, is characterised by greater natural du-
rability — resistance to biotic and abiotic factors, en-
hanced dimensional stability and hardness. For this
reason, it is used as a suitable material for the produc-
tion of floors, stairs, ceilings, paneling, elements of bu-
ilding facades, while it is also successfully used in hu-
mid facilities such as saunas and bathrooms (Borysiuk
and Maminski, 2007). Thermal modification also cau-
ses an increase in Young’s modulus, brittleness and su-
sceptibility to cracking (Gonzalez-Pefia and Hale,
2007; Boonstra, 2008; Orlowski and Wierzbowski,
2010), as well as reduced specific cutting resistance
and specific work of fracture (Ortowski and Grzeskie-
wicz, 2009; Ortowski and Wierzbowski, 2010), tensile
strength and bending strength. Changes of mechanical
properties of thermally modified wood, especially im-
pact strength. depend on the parameters of the modifi-
cation process (Barcik and Gasparik, 2014). The effect
of thermal treatment of wood is also reflected in diffe-
rences in particle size of splinter produced during the
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cutting process. Thermally modified sawdust is finer
and dimensionally less homogeneous than native wood
(Dzurenda et al. 2010; Dzurenda and Ortowski, 2011;
Barcik and Gasparik, 2014).

In technological processes of mechanical conver-
sion, thermally modified wood is subjected to identical
cutting operations, e.g. sawing, planing, milling and
sanding as non-modified wood. However, in contrast to
the physico-mechanical and chemical properties exten-
sively described in literature on the subject, there is a
marked shortage of experimental data concerning tech-
nological properties of thermally modified wood. Apart
from the general information that this type of wood is
subjected to machining similarly as non-modified
wood, and that due to its greater cleavability excessive
loads imposed by feed mechanisms may not be ap-
plied, there is no information e.g. on power consump-
tion at its machining or the effect of machining on the
quality of worked wood surface. In view of the repor-
ted higher hardness, brittleness, susceptibility to crac-
king and increased Young’s modulus in comparison to
non-modified wood, at simultaneously reduced density
and tensile, shear yield stresses and bending strength,
the question concerning energy consumption in machi-
ning of thermally modified wood seems justified.

The aim of this study was to determine cutting
power of thermally modified wood of Scots pine (Pi-
nus sylvestris L.) during lengthwise milling. This spe-
cies is commonly used in the Polish wood industry,
also in the production of thermally modified wood. The
process of thermal modification was conducted under
laboratory conditions with the following treatment pa-
rameters: constant modification time of 4 h and varied
temperature (130, 160, 190, 220 °C).

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Wood
2.1. Drvo

Experiments were conducted on sapwood of
Scots pine (Pinus sylvestris L.) from the central part of
Wielkopolska (Great Poland) region in Poland. The
material was collected from the centre plank of 63 mm
in thickness, cut above breast height from the butt end
of a tree aged approx. 100 years. Density of the wood
used in the tests, determined at an 8 % moisture con-
tent, was 530 kg-m?, the width of annual rings was 2.3
mm, and the share of late wood was 31.6 %.

From the defect-free sapwood zone, characteri-
sed by the linear course of annual rings at the radial
surface of the plank and the parallel course of fibres in
relation to its axis, identified on the tangential plane,
tangentially oriented slats were cut at a length of ap-
prox. 1000 mm, which were then planed to the trans-
verse dimension of 20x50 mm and cut into sections of
250 mm in length. In this way pairs of twin samples
were produced.

In the course of the measurements, mean equili-
brium moisture content of modified wood samples at
130, 160, 190 and 220 °C was 5.5, 5.1, 4.5 and 3.5 %,
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while mean moisture content of non-modified samples
for temperatures of 130 and 160 °C was 5.0 %, and for
190 and 220 °C it was 4.0 %. After thermal modifica-
tion at 190 and 220 °C, wood density was reduced to
525 and 500 kg-m.

2.2 Thermal modification of wood
2.2. Toplinska modifikacija drva

In this study, the most frequently used method of
wood modification in the atmosphere of superheated
steam was applied. Wood modification was performed
under laboratory conditions in the facilities consisting
of a modification chamber, a steam generator, thermo-
couples and a set of devices to measure and record mo-
dification temperatures.

The modification process was conducted as fol-
lows: samples were heated until a temperature of 110
°C was reached over their entire volume and this
temperature was maintained for 2 h, until an approx. 1
% moisture content was obtained. Then, the temperatu-
re was increased until a pre-set value (130, 160, 190,
220 °C) was reached and it was kept constant for 4 h,
i.e. the duration of the heating process. From the
moment the temperature of 130 °C was obtained
throughout the sample volume, the modification was
run in the atmosphere of superheated steam. After
completing wood heating at a constant temperature, the
heat generator was switched off and after wood tempe-
rature decreased to 130 °C, the steam inflow was shut
and the samples were left in the chamber until the tem-
perature of wood dropped to ambient temperature.

During the modification process, thermocouples
were used to control the temperature of wood and air in
the chamber. Thermocouples measuring wood tempe-
rature were placed in the middle of the height and
width of the control sample, and air temperature was
measured using the thermocouple placed over the set
of slats. Temperature was read automatically at every 5
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min and the data was recorded in the computer pro-
gram memory.

The course of the modification process is presen-
ted in the form of graphic records of changes in tempe-
rature in the function of time based on the modification
at a temperature of 220 °C (Fig. 1).

2.3 Measurements of cutting power
2.3. Mijerenje snage rezanja

In order to determine the effect of thermal modi-
fication on cutting properties of wood, it was decided
to measure cutting power during milling. From the
point of view of machining kinematics, milling with
router does not differ from rotational planing. Milling
and rotational planing, as well as sawing, are the most
common methods of wood machining.

Cutting power was determined during lengthwise
milling of the radial surface of modified and control
samples. In order to maintain comparable experimental
conditions, the moisture content of the control samples
was adjusted prior to the test to moisture content corre-
sponding to the equilibrium moisture content of modi-
fied wood. Milling operations were performed using an
NC FLA 16 upper-spindle milling machine by OBRUSN
(Fig. 2a, b). Constant machining parameters were as fol-
lows: rotational speed of the machine spindle of
18000 min’', feed speed of 1 m'min’', tool diameter of 16
mm. The used tool was an end mill with one cutting
knife, with a tool blade of cemented carbide HW (pro-
ducer: TIGRA GmbH, trade name T02SMG — group of
application KO1) with a wedge angle of 55°. The rake
angle was 20° and the clearance angle was 15°. The
working engagement was a variable parameter (height
of the machined layer @ ), i.e. 0.5, 1 and 2 mm. For each
of these machining variants, 10 replications were per-
formed. Power was measured using an N13 meter of
3-phase current by LUMEL (Fig. 2c). Data on power
consumption was transferred digitally using an RS-485
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Figure 1 The course of thermal wood modification (temp. 220 °C, time 4 h)

Slika 1. Tijek toplinske modifikacije drva (temperatura 220 °C, vrijeme 4 h)
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Figure 2 The set of apparatus used to measure cutting power at milling: a) mechanical part of upper-spindle
milling machine; b) numerical control of machine; ¢) meter of 3-phase current

Slika 2. Mjerni lanac upotrijebljen za mjerenje snage rezanja pri glodanju: a) mehanicki dio nadstolne
glodalice; b) numericka kontrola stroja; c) uredaj za mjerenje elektricne snage

integrated connector and recorded in the memory of a
personal computer. This personal computer was part of a
set of apparatus measuring and recording cutting power,
which also facilitated visualisation of changes in power
in the function of machining time. During the measure-
ments of cutting power, the sampling frequency was 8
Hz. Power demand of the machine tool was determined
for the performance of an idling working cycle and the
total power used by the machine tool at milling. The cut-
ting power of wood was assumed to be active power
consumed during milling, calculated as the difference
between total power and idling power.

Figure 3 presents a scheme of plain milling with
conventional cutting. The machining operation was
performed in the lengthwise-perpendicular system, at
the parallel feed direction and the direction of the cut-
ting edge of the blade perpendicular to grain.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Numerical data listed in Table 1 are mean values
from 10 replications of the milling process of the radial
surface of samples. Results were analysed statistically,
determining the measure of location — the arithmetic
mean (X), standard error (S.£) and measures of scatter
— standard deviation (S.D.) and the coefficient of varia-
tion (v). These data show that irrespective of the work-
ing engagement and the temperature of wood modifi-
cation, the coefficients of variation, both for modified
and non-modified wood, fell within a narrow range of
values from approx. 2 to 7 %. Standard error and stand-
ard deviation in relation to the mean value of the ana-
lysed measure () also assumed low values. Analysis of
presented statistical data indicates low variability of
results. Mean values of the investigated measure were
used in order to illustrate the dependence between the
cutting power and the temperature of modification and
working engagement.

The graphic presentation of measurements of
cutting power in the function of time shows relation-
ships between cutting power of non-modified wood
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Figure 3 A scheme of plain milling with conventional cut-
ting, where: D — tool diameter, f, — feed per tooth, a, — work-
ing engagement, v, = feed speed, n — rotational speed, /2, —
average uncut chip thickness, ¢ — angular cutting edge
position, RS — radial surface, T'S — tangential surface

Slika 3. Shema jednostavnoga glodanja konvencionalnim
rezanjem: D — promjer alata, f, — posmak po zubu, a, — visina
dodatka za obradu, v,— posmicna brzina, n — frekvencija vrt-
nje, i, — srednja debljina strugotine, ¢ — kut zahvata ostrice,
RS — radijalna povrsina, 7S — tangencijalna povrsina

and thermally modified wood for the working engage-
ment of 2 mm (Figs. 4 and 5).

Cutting power of wood modified at 220 °C is
markedly lower (mean 22 %) than that of analogous
non-modified wood. In contrast, thermal treatment of
wood at 130 °C did not reduce cutting power of
modified wood in comparison to non-modified wood.

The dependence of cutting power of thermally
modified wood on modification temperature is presen-
ted in Fig. 6. An increase in modification temperature
causes a decrease in cutting power irrespective of the
working engagement. These dependencies within the
analysed range of temperatures are well described by
linear functions (0.77<R?<0.98). The reduction of cut-
ting power is proportional to the increase in wood mo-
dification temperature and its volume increases with an
increase in the working engagement. In the case of a
0.5-mm layer, its cutting power within the range of mo-
dification temperature of 130-220 °C decreased by 14
%, while for working engagement of 1 and 2 mm, it is
more than 2-fold higher, amounting to 30 % and 34 %.
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Table 1 Cutting power of thermally modified wood
Tablica 1. Snaga rezanja toplinski modificiranog drva

Cutting power / Snaga rezanja
x, W
+£SE,W
Temperature + S'DO-’ A
Temperatura °C v, %
Modified wood / Modificirano drvo Non-modified wood / Nemodificirano drvo
Working engagement a,, mm / Dodatak za obradu a,, mm
0.5 1.0 2.0 0.5 1.0 2.0
33.94 60.97 95.71 35.97 63.15 96.73
130 0.07 0.18 0.39 0.09 0.08 0.19
1.14 2.86 6.44 1.36 1.33 3.04
3.36 4.70 6.73 3.79 2.11 3.14
34.64 56.39 80.45 38.58 63.63 105.04
160 0.10 0.10 0.33 0.06 0.25 0.32
1.48 1.63 4.81 0.94 3.84 4.96
4.26 2.89 5.98 2.44 6.03 4.72
32.40 50.78 69.56 38.85 63.48 93.04
190 0.10 0.18 0.17 0.08 0.21 0.40
1.47 291 2.68 1.33 3.29 6.43
4.53 5.74 3.86 3.42 5.18 6.91
29.29 42.89 62.98 34.59 53.18 80.39
220 0.12 0.10 0.16 0.08 0.11 0.33
1.99 1.56 2.71 1.28 1.83 5.38
6.79 3.65 431 3.70 3.44 6.66
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Figure 4 The course of measurements of cutting power for twin samples of non-modified wood and wood modified at 130 °C

for the working engagement of 2 mm

Slika 4. Rezultati mjerenja snage rezanja pri glodanju nemodificiranog drva i drva modificiranog pri temperaturi 130 °C uz

dodatak za obradu visine 2 mm

The cutting power also increases with an increase
of the working engagement. This dependence confirms a
relationship between these parameters, well-known in
machining processes (Dmochowski, 1981; Rousek and
Kopecky, 2005; Csanady and Magoss, 2011). The gre-
ater the working engagement, the greater the wood volu-
me that has to be changed to chips, i.e. the greater ma-
chining work has to be performed in a unit of time,
while maintaining the other machining parameters con-
stant, such as e.g. feed rate, back engagement, rotational
speed of the tool and the number of cutting blades.
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With an increase in the working engagement, a
greater increase in cutting power was recorded in the
case of lower modification temperatures. Within the
analysed range of the working engagement (0.5 — 2.0
mm), the greatest increase in cutting power of modified
wood was observed at 130 °C, amounting to 180 %,
while at 160 °C, it was 130 %, with the smallest incre-
ase recorded at 190 and 220 °C, respectively, for which
it amounted to 115 %.

Although in the case of thermally modified wood,
an increase in the working engagement is accompanied
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Figure 5 The course of measurements of cutting power for twin samples of non-modified wood and wood modified at 220 °C

for the working engagement of 2 mm

Slika 5. Rezultati mjerenja snage rezanja pri glodanju nemodificiranog drva i drva modificiranog pri temperaturi 220 °C uz

dodatak za obradu visine 2 mm
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Figure 6 Cutting power of thermally modified wood
depending on modification temperature

Slika 6. Snaga rezanja toplinski modificiranog drva u
ovisnosti o temperaturi modifikacije

by an increase in cutting power, it decreases with an in-
crease in modification temperature. In terms of the loca-
tion of the cutting edge and the direction of the cutting
motion in relation to the direction of the grain, lengthwi-
se milling is lengthwise-transverse machining. In such a
case, an increase in the working engagement causes an
increase in the share of machining across the grain, i.e.
an increase in cutting force and power. However, the re-
duced increase in cutting power in the case of thermally
modified wood following an increase in the working en-
gagement with the growing modification temperature
indicates lower cutting forces, which may result from
changes in cell wall ultrastructure and increased brittle-
ness of thermally modified wood.
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Reduction of cutting force as well as cutting po-
wer following an increase in the working engagement
may result only from a decrease in mechanical strength
properties of wood. Piernik (2014), in her analyses con-
cerning the effect of thermal modification of wood on its
mechanical properties, showed that the impact value of
Scots pine wood modified at 220 °C is an equivalent of
only 40 % impact value of wood modified at 130 °C.
She also stated that an increase in modification
temperature from 130 to 220 °C also causes a
considerable reduction of Young’s modulus in the radial
direction by 27 % and in the tangential direction by 46
%. Results of numerous studies indicate changes in the
structure of thermally modified wood, in turn leading to
changes in its physical and mechanical properties. De-
polymerisation of cellulose and a reduction of the degree
of its crystallinity, as well as decreased contents of car-
bohydrate components in cell walls of wood were shown
e.g. by Bhuiyan et al. (2000) and Yildiz and Glimiiskaya
(2007). Also Hill (2006) and Doczekalska (2010), who
investigating physico-mechanical properties of thermal-
ly modified wood and reported degradation of basic
structural wood components, i.e. cellulose, lignin and
hemicellulose, as well as degradation of extractives. Be-
khta and Niemz (2003) and Pétrissans et al. (2003) sho-
wed that in the process of thermal modification, wood
density decreases and in softwood resins and volatile
substances are partly removed.

Values of cutting power at milling of twin sam-
ples of non-modified wood and wood thermally modi-
fied at different temperatures, depending on working
engagement, are presented in Figs. 7a-d.

Cutting power of wood modified at 130 °C
practically does not differ from that of non-modified
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Figure 7 Cutting power of thermally modified and non-modified wood depending on working engagement for individual

variants of modification temperature

Slika 7. Snaga rezanja toplinski modificiranoga i nemodificiranog drva u ovisnosti o visini dodatka za obradu za svaku varija-

ntu temperature modifikacije drva

wood. At higher temperatures applied in the course of
thermal treatment, a decrease in cutting power may be
observed at milling of modified wood in comparison to
non-modified wood. This reduction of energy require-
ment increases with the increase in the working engage-
ment. For the working engagement of 0.5 mm and mo-
dification temperature of 160, 190 and 220 °C it is a
mean of 14 %, while it increases to 23 % at the 2-mm
working engagement. For identical working engage-
ment, in the case of wood thermally modified at different
temperatures in comparison to non-modified wood, lo-
wer values of cutting power may be explained by chan-
ges in properties of modified wood. The mechanism of
wood machining is an interaction between wood and the
applied tool. It is determined by physical and mechani-
cal properties of wood, geometry of the cutting edge and
machining parameters. In the conducted experiment, the
tool, its rotational speed and feed rate were constant fac-
tors. In contrast, the working engagement and the tem-
perature of wood modification were variable parame-

DRVNA INDUSTRIJA 67 (3) 215-222 (2016)

ters. The negative effect of modification on cutting
power of wood starting at the temperature of 160 °C is
consistent with our knowledge on the effect of
modification on mechanical properties of wood.
Gonzalez-Pena and Hale (2007) and Boonstra (2008)
stated that an increase in modification temperature abo-
ve 150 °C results in reduction of tensile strength along
the grain and bending strength, as well as an increase in
hardness and fracture toughness. Causes for the varia-
tion in cutting power during milling in identical working
engagement in non-modified and modified wood may
thus be associated with changes in the ultrastructure of
wood subjected to thermal treatment.

4 CONCLUSIONS
4 ZAKLJUCAK

Cutting power during milling of thermally modi-

fied wood:
— is lower than that of non-modified wood; the effect of
thermal wood treatment on cutting power is manife-
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sted starting from the modification temperature of
160 °C and it increases with an increase in the
working engagement,
— decreases with an increase in modification temperature,
—increases with an increase in the working engage-
ment; the higher the temperature of wood modifica-
tion, the lesser the increase in cutting power.
Mechanical and physical properties of thermally
treated wood (especially higher brittleness), reduced
cutting performance, because chips are easier to break
and crumble.
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