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ABSTRACT - The objective of this study was to determine the effect of the moisture content on cutting param-
eters and fracture characteristics of spruce and oak wood. Samples of Norway spruce (Picea abies (L.) H. Karst.)
and English oak (Quercus robur L.) were dried to required moisture content and then used for the machinability
test on circular sawblade machine. Results indicate that cutting force and feed force increase with increasing
moisture content up to the fiber saturation point (FSP). When the moisture content increases above the FSP, the
minimum values of cutting and feed force are achieved. Based on performed experiments, the fracture toughness
and shear yield strength were derived. Fracture toughness decreases with increasing moisture content. The mini-
mum values of fracture toughness are achieved at the moisture content level above the FSP. Shear yield strength
decreases linearly with increasing moisture content: the decrease is up to 17 % compared to samples with moisture
content at the FSP. Based on calculated results, the influence of moisture content and wood species on cutting and
fracture characteristics was discussed.
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Cilj ovog istrazivanja bio je utvrditi utjecaj sadrzaja vode na parametre piljenja i obiljeZja loma smre-
kovine i hrastovine. Uzorci smrekovine (Picea abies (L.) H. Karst.) i hrastovine (Quercus robur L.) suSeni su do sadr-
Zaja vode potrebnoga za ispitivanje obradivosti na kruznoj pili. Rezultati pokazuju da se sila rezanja i posmicna sila
povecavaju s povecanjem sadrzaja vode do tocke zasi¢enosti viakanaca (TZV). Kada se sadrzaj vode poveca iznad
TZV-a, postizu se najmanje vrijednosti sile rezanja i posmaka. Lomna Zilavost i granica tecenja pri smicanju izvedene
su na temelju provedenih istrazivanja. S povecanjem sadrzaja vode lomna se Zilavost smanjuje. Najmanje vrijednosti
lomne Zilavosti zabiljezene su pri sadrZaju vode iznad TZV-a. Granica tecCenja se pri smicanju linearno smanjuje s
povecanjem sadrzaja vode: smanjenje je do 17 % u usporedbi s uzorcima sa sadrzajem vode pri TZV-u. Na temelju
dobivenih rezultata razmatran je utjecaj sadrzaja vode i vrste drva na obiljeZja piljenja i loma.

sila rezanja; posmicna sila; lomna zilavost; granica tecenja pri smicanju, sadrzaj vode
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1 INTRODUCTION

Wood is the world’s most widely available mate-
rial for a variety of applications in furniture production
or timber construction (Moore, 2015). Its advantage
over other materials, such as metals or ceramics, is the
seemingly easy machinability with both manual tools
and industrial machines (Czarniak et al., 2019). Wood
is composed of cellulose fibers, hemicellulose and
lignin, which all contain a significant amount of free
hydroxyl groups (Hartley and Hamza, 2016). Free hy-
droxyl groups and their amount in wood have an im-
portant effect on the fixation of water (Mansson, 1983;
Rautkari et al., 2013) and also on the movement of wa-
ter in wood (Burr and Stamm, 2002; Sperry, 2003).
Water in wood has a number of effects, from changes
in shape due to swelling and shrinking (Stamm and
Tarkow, 1947) to changes in the vast majority of me-
chanical and physical properties (Kretschmann, 2010).
These properties also influence the behaviour of the
material during machining, which has been the subject
of much research in the past (Naylor and Hackney,
2013), however with inconsistent results in the effect
of moisture on cutting conditions. In practice, the theo-
ry has long been established that higher humidity re-
sults in the fibres moving away from each other, and
therefore the cutting force required to break wood with
bound water content is smaller (Moradpour et al.,
2013a; Lucic et al., 2004), because the mechanical
properties of wood also decrease (Kollmann and Coté,
1984). However, this theory failed in many experi-
ments and the measured main (parallel) cutting force
was significantly higher with increasing humidity to
the limit of fibre saturation (Porankiewicz et al., 2011),
which in turn supports the theory, which also takes into
account the increasing plasticity of wet wood leading
to greater friction during machining (Varkocek et al.,
2004), which has already been described in earlier
works (McKenzee, 1961). However, the increase in the
main cutting force can also be influenced by the higher
weight of the evacuated chip, which follows from the
work of (Porankiewicz et al., 2011) and also has been
taken into account in calculations of (Ratnasingam et
al., 1999). Recent research is also more inclined to this
theory, but it is not very conclusive and there is not
much research directly focused on measuring cutting
conditions as a function of humidity by modern meth-
ods (Nasir and Cool, 2020). Earlier measurement
methods prove to be insufficient for this issue, and
therefore this work focuses on the application of a
newer calculation method (Orlowski and Ochrymiuk,
2017), which is based on the system of fracture me-
chanics and was taken from metalworking (Atkins,
2003). The method works with shear strength and frac-
ture toughness in order to determine the cutting force,
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similarly as in Hlaskova et al. (2015), where it was ap-
plied to saw blade cutting. This method was also suc-
cessfully applied in wood-based materials processing
(Kowaluk et al., 2007). Based on previous experi-
ments, it can also be assumed that the effects of mois-
ture and fibre direction will be different depending on
the species and its density (Axelsson et al., 1993a). For
example, in Moradpour et al. (2013a), woody plants
with similar densities, which might affect some varia-
bles, were investigated. Therefore, in this work, the ef-
fect of moisture content on cutting force was investi-
gated on two species with very different densities, i.e.,
Norway spruce (Picea abies (L.) H. Karst.) and Eng-
lish oak (Quercus robur L.).

2 MATERIALS AND METHODS
2.1 Machinability test

The experiments were performed on a research
device used for cutting with circular sawblades (Ko-
pecky and Rousek, 2012). The research device simu-
lates the conditions of circular sawing machine in ac-
tual operation. The parameters of the cutting process
were recorded using sensors installed on the research
device. More detailed characteristics are described in
the paper of Hlaskova et al. (2021).

The cutting process was performed with the cir-
cular sawblade for longitudinal wood cutting (Flury
Systems AG, Arch, Switzerland), with carbide-tipped
straight teeth. The construction parameters of the blade
are shown in Table 1.

The machine settings were as follows: the opti-
mum operating rotational speed n = 3800 min™' i.e.,
cutting velocity v, =69 m's". The feed rate varied with-
in the range of v, = 2-22 m'min"' with measuring steps
presented in Table 2. This corresponds to the changing
feed per tooth f and the mean uncut chip thickness h_.
A series of ten measurements were performed for each

Table 1 Parameters of saw blade
Tablica 1. Parametri lista kruzne pile

Saw blade diameter D, mm 350
Promjer lista pile D, mm

Teeth number z / Broj zubi z 28
Saw blade thickness s, mm 25
Debljina lista pile s, mm )
Kerf width b, mm / Sirina propiljka b, mm 3.6
Tooth height 4, mm / Visina zuba h, mm 10.5
Tooth pitch ¢ , mm / Korak zuba t , mm 39.27
Clearance angle a, ° /[ Ledni kut %, ° 15
Rake angle y,, °/ Prsni kuty,, ° 20
Cutting edge radius p,, um 8
Radijus rezne ostrice p,, um
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Table 2 Kinematic parameters
Tablica 2. Kinematicki parametri

Feed rate v, m/min o

Posmicna brzina Ve m/min ie=tonez 2 6 10 16 22

Mean uncut chip thickness # , mm .

m? ho = .

Srednja debljina odvojene strugotine h_, mm w =1, sing, 0.011 0.033 0.055 0.089 0.123
%

Feed per tooth f,, mm fi=—t 0.019 | 0.056 | 0.094 | 0.15 | 0207

Pomak po zubu f, mm z

Cutting speed v, m/s

v.=7-D-n
Brzina rezanja v, m/s o 69.6
Entry angle y,, © ] e
Ulazni kut v, ° Y, =arccos| 77 31.0
Exit angle y,, ° B a,
Izlazni kut y,, © Y, = arccos D/2 42.0
Mean fiber cutting angle @, , ° vty 6.5
Srednji kut zahvata, @, _, ° 2m 2 .

feed rate and each type of machined material. Statisti-
cal analysis of variance ANOVA was used to assess the
effect of the different MC of wood on the cutting pa-
rameters when cutting spruce and oak samples for each
feed rate used in the experiment. Subsequently, a
Scheffé test was performed at each feed rate (StatSoft,
Hamburg, Germany). Statistical analyses were per-
formed for a significance level a = 0.05.

The rotary movement of the cutting tool and the
constant feed rate result in a change of the uncut chip
thickness. The model of the cutting is determined based
on the technology used by characterizing the individu-
al angles between the wood fiber grain, the tool planes,
and the motion vectors. In the case of the longitudinal
cutting of wood with a circular saw blade, it is the axi-
al-perpendicular cutting model (¢, =90, ¢, =0-90, ¢,
=0-90). The kinematic parameters are calculated ac-
cording to the relations given in Table 2.

2.2 Materials

Samples of Norway spruce (Picea abies) and
English oak (Quercus robur) were dried to required
moisture content (MC) and then used for the machina-

Table 3 Specification of machined material
Tablica 3. Specifikacija obradenog materijala

bility test. The dimensions of the samples, the moisture
content levels and densities for given moisture content
are presented in Table 3.

The first level of MC (Sample 1) was approxi-
mately 5 % and was achieved by leaving the samples
under normal room conditions at a temperature of ap-
proximately 18 to 20 °C and a humidity of 40 to 60 %.
The second, third and fourth levels of MC were
achieved by conditioning the samples in the climate
chamber Memmert CTC 256 (Memmert GmbH,
Schwabach, Germany), the condition setting was to
20 °C and 60 % humidity for the second level of MC
(Sample 2); the condition setting was 20 °C and 80 %
humidity for the third level of MC (Sample 3); and last
temperature was 20 °C and humidity 90 % for the
fourth level of MC (Sample 4). These conditions cor-
respond to an approximate wood moisture content of
12 %, 20 % and FSP i.e., approximately 30 % MC. The
fifth level of MC (50 %) was achieved by soaking sam-
ples in distilled water (Sample 5). The MC was meas-
ured after conditioning with the wood moisture meter
(HMB-WS25, Merlin Technology GmbH, Ried im
Innkreis, Austria), which is used for rapid non-destruc-
tive measurements of MC.

Wood species Samples Dimension L x w X e, mm Moisture content, % Density, kg-m
Vrste drva Uzorci Dimenzije L X w X e, mm Sadrzaj vode, % Gustoca, kg:m?
1 5.5 534
S 2 11.9 542
pruee 3 700 x 250 x 20 21.6 558
smrekovina
4 32.1 571
5 52.3 666
1 4.7 698
2 11.3 709
Oak
. 3 700 x 250 x 20 20.2 732
hrastovina
4 29.6 774
5 49.3 873
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2.3 Methodology for determining fracture
parameters

Using the measured moment of force M, and the
feed force F,, other components of the resulting active
force (shear force, friction force, thrust force) were cal-
culated based on the Ernst-Merchant circle force dia-
gram (Hlaskova et al., 2019).

By cutting with a circular saw blade, the average
total cutting power P_ _ can be calculated using the cut-
ting forces model published by Atkins (2003, 2005).
This model considers the elements of fracture mechan-
ics: shear yield strength 7, and fracture toughness R.
This methodology was developed for various wood-
working technologies by the authors Orlowski, Ochry-
miuk and Atkins (2014), Chuchala et al. (2020, 2021),
Hlaskova, Kopecky and Novak (2020) and Sinn et al.
(2020). The model is expressed in the form of Eq. (1):
Pz ry~b~}/.hm vtz R-b

- Oipear Oshear

Where z_ is the number of simultaneously cutting
teeth; b is the kerf width; y is the shear strain along the
shear plane; and Q,  is the coefficient of friction cor-
rection.

Total power consists of four components. The
first component expresses the internal work of plastic-
ity along the shear plane. The shear strain along the
shear plane v is described as:

'vc +Pac +13dull (1)

cos ¥,

= cos(@—y,)sin® @

Where y, is the rake angle, and ¢ is the shear
plane angle, which expresses the orientation of the
shear plane.

The second component expresses the internal
work required to separate/form a new surface, where
the fracture toughness R corresponds to the specific
work of separating the material.

The coefficient of friction correction O,  de-
pends basically on the orientation of the shear plane to
the workpiece and represents the effect of the friction
between the rake face and the chips. O  is expressed
in a following form:

O = [1—(sinﬂﬂ -sin®/ cos (- y; ) cos (@ — ;/f))] 3)

Where g, = tan 'y is the friction angle, and x is
the coefficient of friction.

The third component expresses the kinetic ener-
gy for chip acceleration and its sweep out by the circu-
lar sawblade out of point of cutting. The third compo-
nent does not affect the value of cutting resistance
(Kopecky et al., 2014):

P =m-V “)

ac
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. _b-lvi-p,
== s)

Where /is the cut length, and p is the wood density.

The effect of chip acceleration power, P_, on the
overall cutting power is negligible. Therefore, P was
omitted from the analyses performed in this research
(Hlaskova et al., 2021).

The fourth component, P, , is the power that con-
siders the dulling of cutting edges. It is important to note
that this model assumes perfect cutting-edge sharpness;
therefore, the component P,  can be omitted.

The cutting force per single tooth is expressed by

the slope of the line in the form:
F) = (h,+q ©)

T,-b- .
Fclz:[y_Vj.hmJ{R bJ
Qshear Qshear (7)

Where & corresponds to the slope and ¢ to the
intercept of the linear regression line with the y axis.
The regression variable is the mean uncut chip thick-
ness &_. By comparing the regression equation with the
experimental data obtained from the machinability
tests, it is possible to determine the values of the frac-
ture parameters (fracture toughness R, , and shear yield
strength T, ).

1%

3 RESULTS AND DISCUSSION

3.1 Cutting force

Figure 1 shows an almost linear increase in the
cutting force per one tooth occurred along with an in-
creasing uncut chip thickness, which confirms the the-
oretical assumptions (Eq. 6). In addition, Figure 1
shows the coefficients of determination 72, and the re-
gression equations of the cutting force per one tooth as
a function of the uncut chip thickness.

All tests showed statistically significant differ-
ences in the mean values of the cutting forces for each
feed rate. Therefore, we were able to statistically prove
the effect of MC of wood on the value of the cutting
force when cutting spruce wood and oak wood with a
circular sawblade.

Figure 1 presents the well-known fact that higher
cutting force is required when cutting hardwood. When
machining spruce samples compared to oak samples,
the cutting force is reduced by up to 20 %. When cut-
ting oak samples, the direction of the linear line of re-
gression increases steeper compared to spruce samples.
The observed trend is in line with the research of Wil-
linston (1988) and Aguilera and Martin (2001). In the
past, many experiments have been focused on the issue
of machining softwood and hardwood (Kivimaa, 1950;
McKenzie, 1960; Koch, 1964; Goli et al., 2009; Wy-
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SPRUCE - cutting force per one tooth
SMREKOVINA - sila rezanja po zubu

®55% 11.9% 21.6 % 32.1% @52.3%
701 79%:y=311783x+5.0549
R =0.999
11 %: y = 348826x + 4.9975
60 R2=0.9982
18 %: y = 367658x + 4.8788
s R2=0.9973
32 %: y = 415645x + 4,797
R*=0.9988
40 || 50%:y=304066x+3.664
z R =0.9994
%
—
>
= 30
20
10
0
0 0.05 0.1 0.15
hm, mm

OAK - cutting force per one tooth
HRASTOVINA — sila rezanja po zubu

@4.7% 11.3% 20.2% 29.6% @ 49.3%
70
60
50
40
z.
N
-
]
= 30 7 %: y=358532x + 8.6315
R>=0.997
11 %: y = 398262x + 8.5253
20 R>=0.9959
18 %: y=411207x + 8.4124
R>=0.9989
10 32 %: y = 452862x + 8.3486
R = 0.9987
50 %: y=361875x + 6.383
0 R>=0.9945 i
0 0.05 0.1 0.15

hm, mm

Figure 1 Dependence of average value of measured cutting force per one tooth as a function of mean uncut chip thickness
Slika 1. Ovisnost prosje¢ne vrijednosti sile rezanja po jednom zubu kao funkcije srednje debljine neodvojene strugotine

eth, Goli and Atkins, 2009; Cristovao et al., 2011; Mo-
radpour ef al., 2013b). The results of our experiment
confirm their claim that the cutting force depends on
the wood species.

Moreover, Figure 1 indicates the effect of the MC
on the value of the cutting force. The values of cutting
force increase with increasing wood moisture content
up to the FSP. If the wood cell lumens are filled with
free water, the values of the cutting force decrease sig-
nificantly - by 22 % compared to the samples with MC
at the FSP for oak, and by 27 % for spruce. The highest
value of cutting force was observed when machining
oak and spruce samples at FSP. Wood saturated with
free water had the lowest cutting force values. Cris-
tovao et al. (2011), Moradpour et al. (2013b) and Lucic
et al. (2004) state in their publications that the increas-
ing MC up to the FSP results in a deterioration of the
mechanical properties of the wood and thus causes a
reduction in the cutting force. Our results are contrary
to the assumption of the above authors, but they are in
accordance with the following researchers: Increasing
the MC of wood to FSP results in an increase in the
distance between the cellulose chains (Kollmann and
Coté, 1984) and thus the wood swells, resulting in in-
creased friction between the tool and workpiece kerf
sides and greater gripping at the cutting point. In the
range of bound water, we must also consider the degree
of elastic deformation, which increases with higher
moisture content. As a result of these deformations, the
cutting tool is gripped in the cut (Varkocek et al.,
2004), which leads to an increase in the value of the

cutting force. Postnikov (1965) and Mikolasik (1981)
stated that cutting force and power requirements in-
crease with increasing MC of wood, despite the de-
crease in mechanical properties of wood. They ex-
plained this effect by saying that, for a workpiece with
a higher moisture content, the friction between the tool,
the chips and both workpiece kerf sides increase the
cutting force more than the decreasing mechanical
properties of the wood. The effect of MC on the value
of the cutting force may vary depending on the ob-
served wood species (Cristovao et al., 2011; Morad-
pour et al., 2013b). Axelsson et al., 1993a claim that
the MC can affect the cutting force positively or nega-
tively depending on the cutting direction and wood
temperature. Porankiewicz et al. (2011) argued that the
parallel cutting force increases with the MC from 8 %
to 30 % and then, decreases slightly with a further in-
crease in MC up to 133 %.

The MC above the FSP contains free water,
which helps to reduce the friction at the tool rake, acts
as a lubricant in the cut, and consequently reduces the
cutting force (Siklienka et al., 2017).

3.2 Feed force

Figure 2 shows that the force required to feed the
workpiece in the sawblade at a speed of 2—22 m/min
ranges from 10 N to 35 N for oak samples and from 8 to
31 N for spruce samples. The higher feed force is needed
for machining hardwood than softwood; when machin-
ing oak samples, the increase in the feed force isup to 15
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SPRUCE - feed force
SMREKOVINA — posmicna sila

21.6 % ‘

@®55% 11.9%
40
35
30
25
z
Ol
=
20
7 %:y=186601x+ 6.6329
15 R*=0.9968
11 %: y=179635x + 7.995
R?=0.9932
10 18 %: y = 189282x + 8.267
R2=0.9467
30 %: y=187032x + 9.792
5 R2=0.978
50 %: y = 184652x + 5.855
R?=10.932
0
0 0.05 0.1 0.15
hm, mm

OAK - feed force
HRASTOVINA — posmicna sila

Q47% 29.6% @ 49.3%

40

11.3% 20.2 %

35

30

25

Ff,N

20

7 %: y=173864x + 8.3446
R>=0.9948
11 %: y=181041x + 9.6457
R>=0.9944
18 %: y=174319x + 11.429
R*=0.998
30 %: y=171199x + 13.997
R>=0.9929

50 %: y=152618x + 843
R>=0.9947

0 0.05 0.1 0.15

hm, mm

Figure 2 Dependence of average value of feed force as a function of mean uncut chip thickness
Slika 2. Ovisnost prosjecne vrijednosti posmicne sile kao funkcije srednje debljine neodvojene Cestice

% compared to spruce samples. The dependence is lin-
ear with a high coefficient of determination. Koch
(1964), Moradpour et al. (2013b), Kminiak and Kubs
(2016) found that cutting force increases with feed
speed. Increasing the feed speed (connected with in-
creasing uncut chip thickness) is generally associated
with higher cutting force and power (Axelsson et al.,
1993b; Cristévao et al., 2011; Aguilera and Martin,
2001) (Axelsson et al., 1993, Vazquez-Cooz and Meyer,
2006; Aguilera, 2011a; Cristévao et al., 2012).

We have also found that, as the MC increases, the
feed force increases in the range of bond water. Sig-
nificant elastic deformations occur in the saw kerf and
in gripping the cutting tool at the cutting point by sides
of saw kerf, thus increasing the feed force. At MC
above the FSP, the feed force decreases. At this MC
level, the values of the feed force are the lowest during
machining with the circular saw blade. The decrease in
feed force of oak samples compared to sample no. 4 (at
the FSP) was 25 % and up to 20 % for spruce samples.
Due to the presence of free water, which acts as a lubri-
cant, the feed mechanisms do not require such a large
feed force, as is the case with dry wood.

3.3 Fracture parameters

Based on the experiments performed, the input
parameters (0, x, ﬁ#, 7, O,....) for the axial-perpendicu-
lar model were calculated for cutting with the circular

346 DRVNA INDUSTRIJA 73 (3) 341-349 (2022)

sawblade (b = 3.5 mm, ¢, = 36.5°). The characteristic
data were estimated according to Atkins (2005). The
main parameters of the model were determined based
on regression analysis; the fracture toughness, R
the intercept; the shear yield strength, 7,

slope. The shear yield strength values t,  were calcu-
lated for the uncut chip thickness, #_> 0.12 mm, when
the cutting resistance was practically constant (Or-
lowski and Palubicki, 2009). The values of the fracture
parameters are given in Table 4. Fracture toughness
and shear yield strength are given in the literature for
the individual directions of loading and for the main
directions of crack propagation. However, our results
represent a combination of these basic directions be-
cause the machining was performed in the axial-per-
pendicular direction of cutting. The values of the frac-
ture parameters are relevant only for a given cutting
edge, and therefore cannot be considered as the mate-
rial constants (Hlaskova et al., 2020).

Figure 3 summarizes the fracture toughness and
shear yield strength in boxplots to illustrate the influ-
ence of the wood species and MC on fracture parame-
ters.

Fracture toughness of spruce samples is up to 42 %
lower compared to oak samples. Ashby ef al. (1985)
claim that the fracture toughness of dry wood depends
on the density. The statement is justified by the fact that
higher density samples provide greater resistance to
crack propagation due to higher wood mass concentra-

" from

m from its
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Table 4 Fracture parameters
Tablica 4. Parametri loma

Wood species o T, , MPa R ,J/m’
o o L2 |L
Vista drva % H 7 w 2 v Qs“e“' Meal: Score = SD MeanyScore + SD
5.5 046 | 2523 | 42.63 1.468 0.797 50.23 £0.891 1404.14 + 86.835
S 11.9 033 | 23.72 | 45.63 1.457 0.745 46.48 £ 0.959 1388.19 + 100.646
pruce 216 | 041 | 2251 | 4375 | 1.484 | 0.711 45.11+0.939 135522 + 105.631
smrekovina
32.1 040 | 21.88 | 44.06 | 1.479 0.716 43.43 +1.206 1332.5 + 90.396
52.3 0.43 | 23.06 | 43.47 1.489 0.705 4221+ 1.846 1017.77 £ 133.523
4.7 0.68 | 34.26 | 37.866 | 1.608 0.625 61.11 £1.179 2397.64 + 90.454
Oak 11.3 0.56 | 29.29 | 40.31 1.549 0.656 57.02 +£1.204 2368.14 +£91.315
h::zstovina 20.2 0.53 | 28.19 | 4091 1.536 0.665 55.32 +£1.436 2336.77 £ 121.679
29.6 0.54 | 28.75 | 40.62 | 1.542 0.661 51.397 + 1.251 2319.06 + 79.739
493 0.64 | 32.59 | 38.71 1.586 0.636 50.62 + 1.969 1773.06 £ 119.767
B SPRUCE5.5% [ SPRUCE 11.9% [ SPRUCE21.6% [J SPRUCE 32.1 %
[J SPRUCE 52.3 % 0AK 4.7 % OAK 11.3 % 0AK 20.2 %
0AK 29.6 % OAK 49.3 %
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= 2500
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=
= . 2000
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s 1500 %
=
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£ 1000 Ei%
g
=
500
B SPRUCE5.5% [ SPRUCE 11.9% [ SPRUCE21.6% [ SPRUCE 32.1 %
[J SPRUCE 52.3 % OAK 4.7 % OAK 11.3 % 0AK 20.2 %
0AK 29.6 % OAK 49.3 %
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g
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5=
B 2 55
E =
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< > @@
> =
= R 40
5
2 35
w
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Figure 3 Fracture toughness and shear yield strength for all moisture content levels
Slika 3. Lomna Zilavost i granica teenja pri smicanju za pojedine sadrzaje vode

tion (Petterson and Bodig, 1983). The same conclusion
was published by Leicester (1974), Kretschmann et al.
(1990) and Gibson and Ashby (1997).

Few previous investigations have considered the
dependency of fracture behavior on moisture content
(Majano-Majano et al., 2012). Kretschmann (2010)
states that there is only limited information on the effect
of MC on fracture toughness. This information suggests

that fracture toughness is either insensitive to MC or in-
creases with decreasing wood MC. Petterson and Bodig
(1983) report that fracture toughness decreases with in-
creasing MC for various wood samples. Our results
agree with the literature and confirm that higher MC
level negatively affects the mechanical properties of
wood. Fracture toughness decreases with increasing
moisture content: the decrease for oak samples is up to
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28 % and for spruce samples up to 26 %. The minimum
values of fracture toughness are achieved at the MC
level above FSP for spruce (R = 10187 ‘m2) and oak
samples (R AL 1773 J-m™2). Nikitin (1966) explains this
claim by the penetration of water into the crystal struc-
ture of cellulose microfibrils. This leads to a reduction in
crystallinity and a consequent reduction in fracture
toughness. The maximum values are reached at MC of
approximately w = 5 %, for spruce (R = 1404 J-m™)
and oak samples (R = 23981 ‘m2). According to Con-
rad et al. (2003), the fracture toughness of solid wood
reaches a maximum between 6 to 8 % MC.

Due to the fibrous structure, wood has different
shear yield strengths in three perpendicular directions.
Our method of breaking the workpiece is most closely
approached by shear in the transverse plane, where the
forces act perpendicular to the fibers in the radial or tan-
gential direction. This type of failure is often called “cut-
ting fibers” or “shear strength” (Pozgaj, 1993). Shear
yield strength for oak samples is up to 23 % higher com-
pared to spruce samples. Values of the shear yield
strength are higher for oak samples than for spruce sam-
ples at all moisture content levels. Shear yield strength
decreases linearly with increasing moisture content: the
decrease for oak samples is up to 17 % and for spruce
samples up to 16 %. The minimum values of shear yield
strength are achieved at the moisture content level above
FSP: for spruce samples (‘L'VH . = 42 MPa) and for oak
samples (Tyu . = 51 MPa). The maximum values are
reached at moisture content of approximately w =5 %,
for spruce (Tyu . = 50 MPa) and oak samples (‘L'VH , =61
MPa). Naylor ef al. (2012) claim that a linear decrease in
shear strength was observed with an increase in moisture
content in the range 6.5-35 %. The three hardwoods
studied showed the highest values, and they were ap-
proximately 45 % higher than those of softwoods.

4 CONCLUSIONS

Contrary to the opinion of some authors, the re-
sults have shown that, during circular sawing, the cut-
ting force and feed force increased with increasing MC
up to the FSP. As the MC increases above the FSP, the
cutting and feed forces significantly decrease (reaching
the minimum values). For a workpiece with a higher
moisture content, the tool is gripped in the saw kerf and
the friction between the tool, the chips and both work-
piece kerf sides increase the cutting force more than
the decreasing mechanical properties of the wood. If
the wood contains free water, the cutting and feed force
are reduced because the free water acts as a lubricant in
the cut and helps to reduce friction at the tool rake.

On the basis of the measurements, the basic re-
lationships for calculating fracture toughness and
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shear yield strength of spruce and oak samples were
derived without the need to perform complex fracture
tests. The values of fracture parameters are only suit-
able for the axial-perpendicular cutting model and
cannot be considered as material constants. It can be
concluded that the moisture content of wood affects
the fracture toughness R, and shear yield strength
T As the moisture content increases, the values of
these parameters decrease. The minimum values of
fracture parameters are achieved at the moisture con-
tent level above FSP.
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