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Impact of Wood Species,
Dimensions and Drying
Temperature on Sorption
Behaviour of Wood

Utjecaj vrste, dimenzija i temperature susenja
drva na njegovu sposobnost sorpcije
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ABSTRACT ¢ This research paper examines the interdependence between wood sorption properties and its di-
mensions, species and drying temperature. The research was carried out on specimens of six species of wood (oak,
ash, aspen, birch, spruce and pine) which had different dimensions and were dried at temperatures ranging be-
tween 30 and 90 °C. Subsequently specimens underwent the moistening and air drying process, and the following
parameters were recorded: moistening and drying rate, moisture content distribution, steady moisture content and
sorption hysteresis. It was established that sorption hysteresis was most affected by the cross section dimensions
of the specimen. It was determined that, when the thickness of wood specimens increases from 7 to 30 mm, sorp-
tion hysteresis grows up to 8 times. The steady moisture content depends on the density, measurements and drying
temperature of the specimen.

Key words: drying temperature, adsorption, desorption, moisture content, sorption hysteresis, water vapour

SAZETAK ° U ovom se istrazivackom radu ispituje medusobna ovisnost svojstva sorpcije drva i njegovih dimen-
zija, vrste drva i temperature suSenja. Istrazivanje je provedeno na uzorcima izradenima od Sest vrsta drva (hrasta,
jasena, jasike, bukve, smreke i bora), razlicitih dimenzija, susenih na temperaturama izmedu 30 i 90 °C. Uzorci
su potom prosli proces viazenja i suSenja na zraku te su biljezene vrijednosti ovih parametara: brzine viazenja
i susenja, raspodjele sadrzaja vode, stalnog sadrzaja vode i histereze sorpcije. Utvrdeno je da su na histerezu
sorpcije najvise utjecale dimenzije poprecnog presjeka uzorka. Tako je pri povecanju debljine uzoraka drva od 7
do 30 mm, sorpcija histereze rasla do osam puta. Stalni sadrzaj vode ovisi o gustoci, dimenzijama i temperaturi
susSenja uzoraka.

Kljucne rijeci: temperatura susenja, adsorpcija, desorpcija, sadrzaj vode, histereza sorpcije, vodena para

1 INTRODUCTION dergoes the moistening and drying processes. This re-
1. UVOD sults in sorption hysteresis, supposedly due to the dif-
ference in the sorbate filling and emptying of the pores

Wood is a complex natural polymer which has a  (Popper et al., 2009). Usually a sorption isotherm is
capillary, annular and layered structure. It is known that ~ expressed as the function of wood moisture and relative
wood absorbs and evaporates water vapour, when itun- ~ humidity at a constant temperature. However, scientific

! Authors are associate professors at Kaunas University of Technology, Department of Materials Engineering, Kaunas, Lithuania.
! Autori su izvanredni profesori Tehnoloskog sveucilista u Kaunasu, Odjel za inZenjerstvo materijala, Kaunas, Litva.
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studies and modelling show that ambient temperature
has also influence on sorption/desorption processes and
the size of the hysteresis loop (Merakeb et al., 2009).
Wood drying is a complex process of heat and mass
transfer, which is conditioned by some phenomena,
such as heat/moisture exchange between wood and en-
vironment, and heat/moisture movement in wood
(Kajalavicius, 2008). In the macrocapillary system, hy-
groscopic moisture moves only in the form of vapour
(due to its partial pressure gradient), whereas in the mi-
crocapillary system, moisture moves in the form of both
vapour and liquid (due to diffusion penetration).

A number of research projects have been carried
out to evaluate the impact of various factors on wood
sorption properties. The research (Esteban, 2010) ex-
amines sorption properties of Quercus spp. wood aged
5910 + 250 BP, which has been recently sawn and dis-
covered underground. It was determined that, due to the
physical and chemical changes in the cell wall, the equi-
librium moisture content (EMC) of the unearthed wood
was higher both in case of sorption and desorption. An-
other paper (Huang et al., 2009) focuses on how the
acid/alkaline balance of wood (pH) affects sorption
properties of wood elements (cellulose and lignin). It
was found that wood, which does not undergo chemical
modification, absorbs lesser amounts of copper chloride
under the same conditions than modified wood. A fur-
ther paper (Nkolo Meze‘e et al., 2008) explores the ef-
fect of temperature on sorption properties of wood ex-
posed to water vapour at different temperatures (20 °C,
38°C, 50 °C and 60 °C). It was established that sorption
hysteresis is observed at all temperatures. In addition,
the research revealed that changes in parameters, such
as Gibbs energy, entropy and enthalpy, are negative in
the presence of adsorption and positive in the presence
of desorption, however, the amount of these changes
hardly depends on temperature. Even when drying
occurs at relatively low temperatures, there are residual
phenomena which alter the further behaviour of wood.
Higher temperature drying causes the following
changes to the chemical composition of wood:
hemicellulose, lignin and extractive substances begin to
decompose, and cellulose becomes more crystalline
(Esteves and Pereira, 2009). As a result of the reduced
number of hydroxyl groups, wood tends to be more hy-
drophobic. Furthermore, due to a more crystalline
structure of cellulose, water cannot easily enter cell
walls of wood, which leads to a decrease in the EMC of
heated wood (Akyildiz and Ates, 2008). The higher the
temperature, the greater the change in the chemical
structure of wood and the lower the EMC.

Scientists developed various mathematical mod-
els on the basis of which it would be possible to predict
wood moisture content under changing conditions and
moisture movement in wood (Svensson et al., 2011;
Krabbenhoft and Damkilde, 2004). Other research pa-
pers provide two-dimensional and three-dimensional
computer models imitating the wood drying process
(Turner, 1996; Truscott and Turner, 2005). The paper by
Merakeb et al. (2009) presents a model for wood sorp-
tion hysteresis, when wood undergoes moistening and

drying in the environment of different parameters. A
universal model was designed that can describe actual
wood moistening/drying processes. Authors of another
article carried out research into moisture movement in
layered porous building structures (Johannesson and
Janz, 2009). It was determined in the above mentioned
papers that, when moisture moves in the form of both
steam and water, sorption and desorption processes oc-
cur according to slightly different principles due to
sorption hysteresis.

The examination of sorption properties of six spe-
cies of wood (China fir, Japanese cedar, Western hem-
lock, red oak, red meranti and hard maple) under condi-
tions of high relative humidity (RH) allowed establishing
that, when RH varied from 40 % to 0 %, there was no
noticeable difference in the EMC, however, when RH
changed from 100 % to 50 %, some differences were
observed: when RH was lower than 90 %, coniferous
wood had a higher moisture content in comparison to
hardwood; however, when RH was higher than 90 %,
hardwood had higher EMC (Wang and Liau, 1998). The
assessment of the effect of temperature on the EMC of
Pine radiata wood under pure saturated steam condi-
tions allowed determining that, when temperature in-
creases, the EMC decreases in a linear dependence
(Pearson et al., 2012). Wood moisture sorption is also
affected by wood properties (its species, density, etc.),
therefore, the objective of this paper is to evaluate how
drying temperatures and dimensions of specimens in-
fluence sorption behaviour of wood.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Tests involved the use of the highest quality,
branch, crack and other visible defect—free specimens
of deciduous (oak (Quercus robur L.), ash (Fraxinus
excelsior L.), aspen (Populus tremula L.), birch (Betu-
la L.)) and coniferous (spruce (Picea abies L.), pine
(Pinus sylvestris L.)) wood with the following densi-
ties: 777.3, 623.9, 453.6, 627.1, 487.3, 490.3 kg/m’,
respectively. Each wood species was represented by 30
specimens with the following dimensions: 450x50%30
mm. In order to assess the effect of specimen thickness
on drying, 4 separate groups of 30 birch specimens
were formed with the following thickness variations:
7 mm, 12 mm, 25 mm, 30 mm, respectively. The length
and width of these specimens were analogous to the
ones of other specimens (450 mm in length and 50 mm
in width). Prior to the start of tests, specimens under-
went conditioning at the temperature of 25 °C and rela-
tive humidity ranging from 58 to 60 %. After the expo-
sure to conditioning their moisture was 10.8 + 0.7 %.

2.1 Equipment
2.1. Oprema

Specimens underwent moistening and drying in
an environmental chamber, where temperature and rela-
tive humidity were maintained to an accuracy of 1 °C
and 1 %, respectively. In order to ensure the uniform
distribution of air parameters, a circulation system was

DRVNA INDUSTRIJA 66 (1) 3-10 (2015)
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installed (air velocity 0.5 — 1.0 m/s). Wood moisture
content was established applying a weighing method to
a precision of 0.1 %. Changes in dimensions of speci-
mens were recorded using an electronic sliding calliper
with an accuracy of 0.01 mm.

2.2 Wood sorption / desorption studies
2.2. Ispitivanja sorpcije / desorpcije drva

After the exposure to conditioning, specimens
underwent moistening for 70 days at 30 °C and 90 %
relative humidity. Afterwards they were subjected to
drying for 20 days at the temperature of 30 °C and
30 % relative humidity. Birch specimens of different
thickness were subjected to drying at the temperature
of 60 °C and 6 % relative humidity. Specimens were
exposed to moistening and drying until they reached
steady moisture content.

In order to evaluate the effect of drying tempera-
ture on wood sorption properties, oak, ash, pine, spruce
and aspen specimens were divided into three groups
(1.1; 1.2; 1.3), and each group underwent drying at dif-
ferent temperatures (the first group at the temperature
of 30 °C, the second group at the temperature of 60 °C
and the third group at the temperature of 90 °C) and
30 % relative humidity. Then specimens were subject-
ed to conditioning for a two week period at 20 °C and
55 + 5 % relative humidity and were repeatedly
exposed to moistening at 30 °C and 90 % relative hu-
midity. Subsequently specimens were dried at 30 °C
and 30 % relative humidity. In order to assess changes
in moisture and dimensional stability, specimens un-
derwent mass and dimensional measurement.

22 4 7 7 A4 7 7 7 7 C C \)
20 4 E
S
S 181
=
IS}
=
5
b
S 164
2 —e— EMC
—-K-—- P
— & -T
+0
A

0 10 20 30 40 50 60 70

Time / vrijeme, days

a)

3 RESULTS
3. REZULTATI

3.1 Adsorption
3.1. Adsorpcija

Figure 1 shows changes in moisture content of
specimens of different wood species (a) and of differ-
ent dimensions (b) by storing them in an environmental
chamber for 70 days at 30 °C and 90 % relative humid-
ity. The equilibrium moisture content of wood should
be approximately 22.0 % in this case (Sergovskij and
Rasev, 1987).

Figure 1(a) reveals that the highest moisture con-
tent was adsorbed during the first 7 days, i.e. moisture
content alteration was up to 54 %. The largest change
in moisture content was observed in oak specimens
(54 %), the smallest change occurred in pine speci-
mens (35 %); however, as a result of the further mois-
tening process, oak wood adsorbed a noticeably lower
moisture amount than other wood species. It was deter-
mined that during the moistening process all species of
wood specimens, which were 30 mm thick, achieved a
steady moisture content within 7 weeks (this moisture
content ranged from 19.2 to 19.6 % and specimens
failed to reach the theoretical moisture content). Fig. 1
shows (b) that thinner specimens achieved this mois-
ture content in a shorter period of time, i.e. within 5-6
weeks. Furthermore, in comparison to 30 mm thick
specimens, thinner specimens had higher steady mois-
ture content as follows: 25 mm — 7 %, 12 mm — 13 %,
and 7 mm — 20 %, respectively.

22 e—e—e—e—e—e—e—e—e—e—(L

MC / sadrzaj vode, %

Time / vrijeme, days

b)

Figure 1 Changes in wood moisture content during the moistening process: a) oak (O), ash (A), spruce (S), pine (P) and

aspen (T) specimens; b) birch (B) specimens

Slika 1. Promjene sadrzaja vode drva tijekom procesa vlazenja: a) uzorci hrasta (O), jasena (A), smreke (S), bora (P) i jasike

(T); b) uzorak breze (B)
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3.2 Desorption
3.2. Desorpcija

Afterwards the same specimens underwent dry-
ing at the temperature of 30 °C and 30 % relative hu-
midity, while birch specimens were dried at 60 °C and
6 % relative humidity. In this case the equilibrium
moisture content should be 6.2 % and 2.2 %, respec-
tively (Sergovskij and Rasev, 1987). Figure 2 reveals
changes in wood moisture content depending on dry-
ing duration and specimen thickness. Figure 2 (a)
shows that the drying tendencies of 30 mm thick speci-
mens of different types of wood were similar and wood
did not reach the equilibrium moisture content. It was
found that the moisture content of specimens ranged
between 7.1 and 7.5 % and differed from the equilib-
rium moisture content by 0.9 — 1.3 %.

It was found (Fig. 2, b) that during the drying pro-
cess birch specimens of 30 mm thickness also failed to
reach the theoretical equilibrium moisture content and
had 3.3 — 3.4 % moisture content after the drying period
of 20 days, whereas, thinner specimens (7 mm, 12 mm,
25 mm) achieved this theoretical equilibrium moisture
content (2.2 %). In addition, 7 and 12 mm thick birch
specimens reached this moisture content within 8§ — 10
days and in the case of 25 mm thick specimens it was
achieved within 10 — 12 days. These processes occur
due to the moisture content gradient (Eq. 1), since wood
specimens have uniform distribution of temperature
and pressure, and their moisture content does not ex-
ceed the fibre saturation point (Kajalavicius, 2008).

10

MC / sadrzaj vode, %

0 4 8 12 16 20
Time / vrijeme, days

a)

i=—a"p, ‘L: 1)

here i — moisture flux density; a * — moisture diffusion
coefficient; p , — wood density when moisture is 0 %;

di’ — moisture content gradient.

X

3.3 Drying impact
3.3. Utjecaj susenja

In order to examine the effect of drying tempera-
ture on wood sorption properties, specimens under-
went drying at different temperatures without air mois-
tening. Oak, ash, pine, spruce and aspen specimens
assigned to subgroup 1.1 were subjected to drying at
the temperature of 30 °C until they reached steady
moisture content conditions, specimens attributed to
subgroup 1.2 were exposed to drying at the tempera-
ture of 60 °C and specimens attached to subgroup 1.3
were dried at the temperature of 90 °C during the same
period of time. Table 1 provides mean moisture content
of specimens of the above-mentioned groups and the
range of moisture content values of each subgroup af-
ter drying. The initial moisture content of wood speci-
mens was 12 % = 0.5 %.

Table 1 shows that, when specimens underwent
drying at the temperature of 30 °C, they achieved 10.2—
11.2 % moisture content after a two week period, and
when they were subjected to drying at the temperature
of 90 °C, 1.9 — 2.5 % moisture content was reached
during the same period of time. When the range of

10

MC / sadrzaj vode, %

T
0 4 8 12 16 20

Time / vrijeme, days

b)

Figure 2 Changes in wood moisture content during the drying process: a) oak (O), ash (A), spruce (S), pine (P) and aspen (T)

specimens; b) birch (B) specimens

Slika 2. Promjene sadrzaja vode drva tijekom procesa suSenja: a) uzorci hrasta (O), jasena (A), smreke (S), bora (P) i jasike

(T); b) uzorak breze (B)
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Table 1 Mean moisture content of specimens dried at
different temperatures and the range of moisture content
values (coefficient of variation)

Tablica 1. Prosjec¢na koli¢ina sadrzaja vode u uzorcima
susenim pri razli¢itim temperaturama te raspon vrijednosti
sadrzaja vode (koeficijent varijacije)

Drying at | Drying at | Drying at
30°C 60 °C 90 °C
. Susenje Susenje Susenje
W;O(tl sgecnes pri 30 °C | pri 60 °C | pri 90 °C
v MC,% | MC,% | MC,%
(Coef. of | (Coef. of | (Coef. of
Var.) Var.) Var.)
10.5 5.8 1.9
Oak [ Hrast (3.5) G4 | @4
10.8 5.7 2.5
Ash / Jasen 3.7 (3.8) (4.0)
11.2 4.7 2.2
Spruce / Smreka (3.3) (3.9) (4.4)
. 10.8 5.7 2.3
Pine / Bor 3.5) (3.8) A.1)
. 10.2 4.5 2.2
Aspen / Jasika (3.7) (4.2) (4.5)

moisture content values was assessed, it was estab-
lished that the greatest range of moisture content val-
ues was observed in specimens subjected to the highest
temperature drying — the coefficient of variation ranged
from 4.1 to 4.5 %, meanwhile, in the case of specimens
dried at the temperature of 30 °C, the range of moisture
content values was smaller by 17.8 — 19.5 % - the coef-
ficient of variation ranged from 3.3 to 3.7 %.

In order to evaluate changes in sorption behav-
iour of specimens dried at different temperatures, spec-

22LVVVVVVVVV\)

MC / sadrzaj vode, %

10 T T T T T T
0 10 20 30 40 50 60 70
Time / vrijeme, days

a)

imens underwent conditioning for two weeks at 20 °C
and 50 — 60 % relative humidity, and achieved 8 % +
0.5 % moisture content. Afterwards specimens were
exposed to moistening at 30 °C and 90 % relative hu-
midity. Figure 3 reveals the main principles of changes
occurring in moisture content of specimens during the
moistening process.

Figure 3 shows that, when specimens underwent
the moistening process, they adsorbed the highest mois-
ture content during the first week. The mean moisture
content of coniferous wood increased from 7.8 — 8.0 %
to 13.6 — 13.9 %, i.e. approximately 74 %, and the aver-
age moisture content of deciduous wood rose from 8.0
—831to 11.8—12.1 %, i.e. about 48 %. Specimens sub-
jected to drying at the temperature of 30 and 60 °C,
achieved a steady moisture content within 56 days. In
the case of coniferous wood, this moisture content was
20.1 % on average at respective drying temperatures and
in the case of deciduous wood it was 19.8 and 19.6 % at
respective drying temperatures. Specimens exposed to
drying at the temperature of 90 °C, reached a steady
moisture content within 63 days. In the case of conifer-
ous wood it was 19.0 % and in the case of deciduous
wood it was 19.2 % on average.

Figure 3 (b) reveals that, when deciduous wood
reaches moisture content up to 14 %, aspen and ash
specimens, in contrast to oak specimens, absorb no-
ticeably higher moisture content up to the 14" day of
the moistening process (after 7 days the moister con-
tent reached by aspen and ash specimens was higher by
15 % and 10 % than the one absorbed by oak speci-
mens). This can be explained by different densities of
oak, ash and aspen wood (density of oak wood was
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Figure 3 Changes in moisture content of specimens dried at different temperatures during the moistening process: a)
coniferous wood, P — pine, S — spruce; b) deciduous wood, T — aspen, O — oak, A — ash

Slika 3. Promjene sadrzaja vode u uzorcima susenim pri razli¢itim temperaturama tijekom procesa vlazenja: a) crnogoricno
drvo, P —bor, S — smreka; b) bjelogori¢no drvo, T — jasika, O — hrast, A — jasen
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Figure 4 Changes in moisture content of specimens dried at different temperatures during the drying process: a — coniferous
wood, P — pine, S — spruce; b — deciduous wood, T — aspen, O — oak, A — ash

Slika 4. Promjene sadrzaja vode u uzorcima suSenim pri razli¢itim temperaturama tijekom procesa susenja: a) crnogori¢no
drvo, P —bor, S — smreka; b) bjelogori¢no drvo, T — jasika, O — hrast, A — jasen

20 % higher than ash wood and 42 % higher than aspen
wood).The higher the density of wood, the smaller the
internal surface of cell cavities, whose holes contain
bound moisture. Meanwhile lower density wood is
characterized by a relatively larger surface area, there-
fore at the beginning of the moistening process it ad-
sorbs more moisture. This can be observed in the case
of aspen and partially in the case of ash (see Figure 3
(b)). However, after some time moisture penetration
into deeper layers of lower density wood becomes
slower as a result of a smaller number of microcapillar-
ies. In higher density wood, moisture adsorption tends
to be slower but steadier. Subsequently the moisture
content becomes equal and similar to the one of de-
ciduous wood until the 21* day.

Afterwards, specimens underwent drying at 30
°C and 30 % relative humidity. Figure 4 shows the
main principles of changes in moisture content of spec-
imens during the drying process.

When specimens were exposed to drying, the larg-
est change in moisture content was recorded during the
first 6 days: the moisture content of specimens decreased
by about 50 % (from approximately 20.0 % to 9.1 —9.7
%). Subsequently the drying process was slowed down.
Specimens achieved steady moisture content within 14
— 16 days. The figure reveals that, after exposure to the
temperature of 90 °C, coniferous and deciduous wood
reached 6.8 — 7.2 % and 6.2 — 7.0 % moisture content,
respectively. The mean moisture content of specimens
dried at the temperature of 30 °C was 7.1 — 7.2 % in the

case of coniferous wood and 6.2 — 7 % in the case of
deciduous wood. Figure 4 also shows that coniferous
specimens failed to reach the theoretical steady moisture
and in the case of deciduous wood it was achieved only
by aspen specimens.

4 DISCUSSION AND CONCLUSIONS
4. RASPRAVA | ZAKLJUCCI

Tests show that specimens with larger cross sec-
tions, in contrast to specimens with smaller cross sec-
tions, reach steady moisture content after longer peri-
ods of time. This occurs because the moisture content
gradient was the only major force to drive moisture in
the present case. In both sorption and desorption cases,
specimens with larger cross sections have uneven dis-
tribution of moisture content and their deeper layers
fail to achieve the equilibrium moisture content (as a
result of weaker forces that drive moisture). At the tem-
perature of 30 °C, sorption hysteresis depends on
thicknesses of specimens: in the case of 30 mm thick
birch specimens, the change in hysteresis was 3.5-3.8
%, and in the case of 25 mm, 12 mm and 7 mm thick
birch specimens, it was 1.8 %, 1.2 % and 0.5 %, re-
spectively. In addition, sorption behaviour is also af-
fected by drying temperatures of specimens. Speci-
mens with uniform cross sections, which undergo
drying at higher temperatures during the same period
of time, reach lower moisture content (specimens dried
at the temperature of 30 °C, 60 °C and 90 °C achieved

DRVNA INDUSTRIJA 66 (1) 3-10 (2015)



ceessseessss Albrektas, Ukvalbergiené: Impact of Wood Species, Dimensions and Drying...

up to 10.2 — 11.2 %, 4.5 — 5.8 %, and 1.9 — 2.5 %, re-
spectively). Furthermore, the greatest range of mois-
ture content values was observed in specimens with the
lowest moisture content. This could be explained by
different wood structure along the moisture transport
direction. When wood is dried at higher temperatures,
the distribution of moisture is more uneven along the
cross-section of wood than it is in the case of low-tem-
perature drying. Other research revealed that, when
wood undergoes drying, wood cells are exposed to ex-
tremely high stresses and cell walls develop microc-
racks (Thuvander ef al., 2001; Thuvander et al., 2002).
Even when drying occurs at relatively low tempera-
tures, there are residual phenomena that affect further
behaviour of wood. It is known that subjecting wood to
drying already at 50 — 60 °C leads to a decline in its
hygroscopy (Sergovskij and Rasev, 1987).

Research showed that w,hen specimens underwent
the moistening process, they adsorbed the highest
amount of moisture during the first week. Besides, the
mean moisture content of coniferous wood increased by
26 % more than deciduous wood. This could be ex-
plained by the fact that the sorption rate of coniferous
wood was higher than that of deciduous wood during
this period due to different wood microstructure and
chemical composition of coniferous and deciduous
wood. The major portion of coniferous wood consists of
tracheids, which may reach a length of roughly 5 mm.
Moisture can rather easily penetrate superficial layers of
wood through cut open tracheids and later through bor-
dered pit pairs into other cells. Deciduous wood is dens-
er and its libriform fibre cells are only 1 mm in length,
therefore, moisture penetration into wood layers is slow-
er. Moreover, coniferous wood has more cellulose with
free hydroxyl groups. Further wood moistening leads to
substantially slower moisture penetration, as the mois-
ture content of superficial layers of specimens approach-
es the fibre saturation point under those conditions and
water molecules are forced to reach deeper layers.

Results revealed that, when specimens were sub-
jected to drying, the difference between the equilibrium
moisture content and steady moisture content of conifer-
ous wood and deciduous wood was 1.8 — 2.0 % and 1.6
— 2.3 %, respectively, and when specimens were ex-
posed to drying at the temperature of 90 °C, it was
2.8 —3.2 % and 2.4 — 3.4 %, respectively. When wood
specimens were dried at the temperature of 30 °C and
90 °C, sorption hysteresis for coniferous wood was 2.8
—3.0% and 3.1 — 3.6 %, respectively, and for deciduous
wood 1.9 — 3.2 % and 3.0 — 3.4 %, respectively. Obvi-
ously thickness of the specimens, but not drying (heat-
ing) temperature, has a greater effect on the width of the
hysteresis loop. Research carried out by other authors
demonstrates that ,after the completion of the drying
process, moisture is unevenly distributed along the
cross-section of specimens (internal layers retain more
moisture than external layers), which results in the for-
mation of internal stresses (Kowalski and Musielak,
1999). Specimens with smaller cross-sections tend to
have more considerable shrinkage/swelling on a relative
basis (Stohr, 1988). It is known that there is dependence
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between the hysteresis loop and the measurements of the
specimen (Sergovskij and Rasev, 1987). The smaller the
cross-section of the specimen, the smaller the hysteresis
loop. The research also showed that coniferous speci-
mens failed to reach the theoretical steady moisture, and
in the case of deciduous wood, it was achieved only by
aspen specimens. This can be explained by the existing
hysteresis loop during drying process and by the fact
that coniferous wood and lower density wood have bet-
ter moisture and gas permeability (especially across the
fibre) (Kajalavicius, 2008). Since the moisture content
gradient was the only major force to drive moisture in
the present case, it was probably insufficient to ensure
the moisture content that would be even and equal to the
equilibrium moisture content through the entire cross
section. Tests reveal that, in the presence of higher tem-
perature drying, the total pressure gradient has signifi-
cant effect on the moisture transport phenomena (Remki
etal., 2012).

The obtained results demonstrate that wood,
which has different measurements and undergoes dry-
ing at different temperatures, is characterized by differ-
ent sorption behaviour. This is relevant when it is nec-
essary to examine the probable behaviour of wood and
to exploit wood under certain conditions.
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ABSTRACT e Heating by solid fuels, and especially fire wood, belongs to the most asked and requested types of
heating in cottages. One of the main problems of heating is wood splitting as a first operation. A very useful tool for
splitting of wood material is a log splitter. This contribution is focused on how to apply a screw type log splitter in
wood splitting. A set of experiments have been realized to get an appropriate shape of the splitting cone, which will
provide an improved splitting action. The cone has been manufactured on the basis of the experimental results. The
experimental apparatus has been developed to determine the validity of the splitting cone and its geometry design.

Keywords: log splitter, splitting cone, material selection, tool geometry, wood splitting

SAZETAK ° Grijanje na kruta goriva, posebno na drva za ogrjev, pripada medu najcesce vrste grijanja u vikend
kucama. Jedan od glavnih problema tog nacina grijanja jest potreba cijepanja drva prije lozenja. Vrlo koristan
alat za cijepanje drvnog materijala jest cjepac drva. Ovaj je rad usmjeren na specificnu upotrebu vijcanog tipa
cjepaca drva koji znatno olaksava cijepanje drva. Klin za cijepanje drva proizveden je na bazi eksperimentalnih
rezultata istraZivanja. Razvijena je eksperimentalna oprema za cijepanje drva kako bi se ispitala valjanost klina
za cijepanje i njegova geometrija.

Kljuéne rijeci: cjepac drva, klin za cijepanje, odabir materijala, geometrija alata, cijepanje drva

1 INTRODUCTION
1. UVOD

Wood is an important natural resource, one of the
few that are renewable. It is prevalent in our everyday
lives and economy, in wood-frame houses and furni-
ture; fence posts and utility poles or fire wood. The
anatomical structure of wood affects strength proper-
ties, appearance, resistance to penetration by water and
chemicals, resistance to decay, pulp quality, and the
chemical reactivity of wood. Many mechanical proper-
ties of wood, such as bending and crushing strength
and hardness, depend upon the density of wood; denser
woods are generally stronger.

Wood is a complex polymeric structure consist-
ing of lignin and carbohydrates, which form the visible
lignocellulosic structure of wood. Minor amounts of
other organic chemicals and minerals are also present,
but not contributing to wood structure. The organic
chemicals are diverse and can be removed from the
wood with various solvents. The minerals constitute
the ash residue remaining after ignition at a high tem-
perature (Kretschmann, 2007).

Heating by solid fuels, and especially fire wood,
belongs to the most asked and requested types of heat-
ing in cottages. With increasing costs of electric energy
and gas, the traditional type of fuel comes into atten-
tion also by people living in family houses. One of the
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main problems of heating is wood splitting as a first
operation.

A very useful tool for splitting of wood is a log
splitter. Splitting a log is a hard work, whether you do
it with an axe or with sledgehammer and wedge. The
cone achieves a high degree of efficiency because of its
shape and weight.

This contribution is focused on how to apply a
splitting cone in log splitting. The cone has a tapered
conical shape, which extends from a pointed forward
end to an enlarged diameter base. A log to be split is
positioned contiguous to the pointed end of the cone. As
the cone rotates, its threads draw the log onto progres-
sively larger diameter portions of the cone, causing the
log to split apart. This cone provides an improved split-
ting action, and is relatively easy and cheap to build.
Moreover, it prevents logs from becoming stuck on the
base part. The disadvantage could be the safety of the
operator, because with loose clothes there is a risk of
getting caught in the rotating cone or the cone can be
dangerous if it becomes stuck in the log. Although a
good log splitter can save the operator hours of work
with a maul, it is not possible to make it 100 percent
safe. Many occupational diseases and injuries occur in
forestry and wood processing industry (Suchomel et al.,
2011), and therefore work safety is very important. A
safety zone should be established around the splitter to
prevent injury from flying splinters of wood.

2 THEORETICAL BACKGROUND
2. TEORIJSKE OSNOVE

Fracture mechanics is a series of models used to
describe the influence of cracks and defects on material
behaviour. The work of Griffith (Griffith, 1921) proved
that cracks and defects dictate the strength of material
more than any other single feature. He arrived at a for-
mula for the fracture stress:

O-cmck:\l(E'R/ﬂ..a) (1)

where E is Young’s modulus, R the specific work
of fracture and a the size of the crack that extends
through the thickness of the body. It can be seen that
0. depends upon both stress and size of crack, not
just stress alone. The cracking stress is high when the
crack size is small and vice versa. There is a critical
crack length below which the crack will not run for a
given applied stress, and a critical applied stress below
which a crack of given length will not run. The lowest
possible value for R is the thermodynamic surface free
energy Y that Griffith believed was correct for his ex-
periments on glass, so he wrote Y in place of R.

Fracture mechanics deals with the whole field of
stress and strain around discontinuities to determine
the critical loads for fracture. Formulae for stress inten-
sity K has the general form

K=0\(7-a)-Y-(a/W) ()

where s is applied stress and a is the size of the crack
(in general, ‘size’ may be length, half-length, depth of
the crack depending on circumstances; for a small

12

crack in a large plate, a is the half-length of the crack
that extends through the thickness of the body). W is
some characteristic dimension of the cracked body.
Y(a/W) is a non-dimensional ‘shape factor’ that de-
pends on the geometry of the body, orientation of crack
and the way in which loads are applied.

When a cracked body is loaded, a stress intensity
appears around the crack tip and if the body is unload-
ed before cracking occurs, K disappears in the same
way that stress (or indeed strain) increases or decreases
in a flawless body. However, experiments show that
cracking takes place at a critical value of the stress in-
tensity factor, called K, and this becomes another me-
chanical property to indicate resistance to cracking.
Then, for fracture at stress o

crack’

Kc = o-cmck V(ﬂa)Y(a/W) (3)

where K has peculiar units N/m*?.
Comparison of Eq. (3) and the Griffith expres-
sion (1) shows that

K’=E-R 4)

where K. is a combination of two parameters, i.e.
Young’s modulus E and the specific work of fracture R.
The attainment of a critical stress intensity factor at
fracture is the same as satisfying an energy-based crite-
rion determined from the integrated stress and strain
fields around the crack and in the body generally.
Y(a/W) generalizes the Griffith formula to any type of
cracked body.

Stress intensity factors are often written with Ro-
man number subscripts I, II or III. The subscripts rep-
resent the mode of cracking, i.e. the way in which
separation occurs at the crack tip. Mode I refers to
crack opening by simple tension; mode II to in-plane
shear cracking where the crack faces slide along one
another; mode III also refers to shear, but to cracking
by out-of-plane (twisting) sliding motion across the
crack faces (Figure 1). The notation is sometimes used
inconsistently, since a subscript I is often employed to
indicate tensile cracking in plane strain (thick plates,
where the critical stress intensity factor K. is least ow-
ing to high hydrostatic stresses, thus leading to con-
servative design), whereas it is just as possible to have
tensile cracking under plane stress (thin sheets) where
toughness is greater owing to less constraint). A further
confusion is that critical stress intensity factors are
sometimes called the ‘fracture toughness’. Fracture
toughness means the specific work of cracking R. In

N <
> L

Figure 1 Types of cracks
Slika 1. Vrste pukotina
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any case, much cracking takes place in mixed mode,
meaning that the crack opening has both tensile and
shear components, as when the path of cracking is
curved (Atkins, 2009; Smith et al., 2003).

Some investigations on the fracture behaviour of
wood in relation to its microstructure were reported by
Stanzl-Tschegg (2006). The fracture properties of dif-
ferent hard- and softwood species have been character-
ized by the wedge splitting technique (Tschegg, 1986)
as a rather new fracture mechanical method and were
correlated with the resulting fracture morphology. With
this method, not only the fracture toughness X, ., but
also the specific fracture energy G, needed to complete-
ly separate a specimen, has been determined. Several
parameters, which do not only determine the mechani-
cal, but also the fracture properties, have been studied
(Stanzl-Tschegg, 2006).

3 MATERIALS AND METHODS
3. MATERIJAL | METODE

At first, the material of the cone has to be chosen.
In the previous study (Mec€iarova and Minarik, 2012),
some aspects in choosing the material were consid-
ered:

- conditions of dividing;

- properties and structure of divided wood and its
amount (periodicity of cone using);

- machine tool construction (its stiffness);

- cone construction;

- material price.

When selecting a material, the most important
factors to consider are hardness and ductility, especial-
ly in processes with a higher load. In addition, wood
fibres can contain a natural acid, which can cause dam-
age to machines.

Based on the above findings, four materials -
steels - have been chosen for the cone production:
common carbon steel/structural steel (E335), alloy
special steel (16MnCr5), martensitic stainless steel
(X39Cr13) and high-speed tool steel (HS10-4-3-10).
Each of these steels has certain limitations, properties,
structure, price and use. The surface quality of pro-
cessed wood was not important in this case.

The steels X39Cr13 and HS10-4-3-10 had a bet-
ter wear resistance than the steels E335 and 16MnCr5,
so they are more suitable in this case. According to dif-
ferent total costs of selected materials (Table 1), addi-
tional experiments for material selection were carried
out. In the experiments, the tooth shape and tool mate-
rial have been investigated.

Table 1 Comparison of the total costs of selected steels
Tablica 1. Usporedba ukupnih troskova odabranih celika

IANNRNARRRRNN
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Figure 2 Scheme of mechanisms for the determination of
tooth shape (1 — teeth; 2 — wood: oak, spruce; 3 — drive unit;
4 — fixture, 5 — linear support)

Slika 2. Shema mehanizma za odredivanje oblika zuba

(1 — zub; 2 — drvo: hrast, smreka; 3 — pogonska jedinica;

4 — ucvrscenje; S — linearna potpora)

Selected materials and teeth specimens are shown
in Table 2. The teeth specimens were pressed into the
rotated wood (oak, spruce) on a machine tool (Figure
2). Cutting conditions were selected as follows: spindle
speed n = 350 rev/min, depth of cut ¢ = 2 mm; cutting
time ¢, = 1 min. The tooth behaviour during cone rota-
tion was simulated by real conditions in the experi-
ment. At the tooth, it comes to wear and forces action.
The forces components and their interaction were ana-
lysed in detail. The teeth on the cone were designed on
the basis of this analysis and the experiment (per-
formed by Meciarova and Minarik, 2012) has con-
firmed that steels X39Cr13 and HS10-4-3-10 are the
most suitable for the cone production.

Splitting is often used with wet wood cutting,
therefore the suitable material for cone production is
steel X39Crl13. It is a martensitic stainless steel, which
resists weak acids contained in wood fibres. Another
advantage of this material is the hardness and abrasion
resistance resulting in preserving ductility in product
core. The disadvantage (shown in Table 1) could be the
higher purchase costs, but with respect to the total costs
of the machined cone and its tool life, it is not a pri-
mary criterion for its selection.

Secondly, the point angle of the cone needs to be
determined. In the experiment, three cone specimens
made of E335 structural steel have been used. The cone
specimens (Figure 3) with point angle of 40° (cone 1),
60° (cone 2), and 80° (cone 3), were sunk into the
spruce wood (Picea abies) with 18 percent humidity
(Figure 4). Each cone had a 40 mm diameter and was

Steel / Celik E335 16MnCr5 X39Crl13 HS10-4-3-10
(No. 1.0060) (No. 1.7131) (No. 1.4031) (No. 1.3207)

Material costs / Troskovi materijala 7.03 € 15.54 € 2035€ 2785€

(280 x 200)

Heat treatment costs / Troskovi toplinske obrade 0€ 20.75 € 20.75 € 20.75 €

Production costs / Troskovi proizvodnje 26.55€ 26.55€ 34.50 € 34.50 €

Total costs / Ukupni troskovi 33.58 € 62.84 € 67.65 € 83.10 €
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Table 2 Teeth specimens
Tablica 2. Uzorci zubi

Type of steel / Vrsta celika

HS10-4-3-10 (No. 1.3207) E335 (No. 1.0060)

10 mm
]

Used for beech tree (Fagus
sylvatica)
Primijenjeni za drvo hrasta

Used for spruce (Picea abies)
Primijenjeni za drvo smreke

applied to 9 wood specimens, making a total of 27
measurements.

While the cone specimens were sunk, the splitting
force process was monitored. The results were recorded

Figure 3 Cone specimens
Slika 3. Uzorci klina

Figure 4 Geometrical parameters of a specimen
Slika 4. Geometrijski parametri uzorka
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16MnCr5 (No. 1.7131)

X39Cr13 (No. 1.4031)

by software, which was connected with the universal
strength testing machine Testometric M500-100CT with
maximum operating force of 100 kN (Figure 5). Work-
ing speed was set to 10 mm/min and the measurement
was carried out until the wood breakage. The specimen
dimensions are shown in Figure 4.

The way how the cone penetrates the piece of
wood (shown in Figure 6) and specimen stress behav-
iour are specific for elastic-plastic fracture mechanics.

4 RESULTS AND DISCUSSIONS
4. REZULTATI | RASPRAVA

The graph (Figure 7) shows the results of splitting
force monitoring. Nine measurements were made for
each cone and afterwards a representative force devel-

Figure 5 Cone testing
Slika 5. Testiranje klina
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Figure 6 Resolution of forces caused by cone penetration
(F — splitting force, F,, — horizontal force, F,, — vertical
force, F, — normal force, F| — tangential force, R — resultant
force, a - point angle)

Slika 6. Raspodjela sila pri prodoru klina (# — sila cijepanja,
F,, —horizontalna sila, F, — vertikalna sila, F,, — okomita sila,
F, —tangencijalna sila, R — rezultantna sila, @ — kut klina)

opment was statistically chosen by median and plotted
into the graph. The graph indicates that the optimal
point angle is between 40 and 60 degrees. This fact has
been confirmed by the calculated values of mechanical
work, which represents the area below the splitting
force curve. The calculation was performed in Micro-
soft Excel. The value for cone 1 (point angle of 40°) is
represented by mechanical work of 151.3 J. Value 124.6
J belongs to cone 2 (point angle of 60°). The third value
680.8 J was calculated for cone 3 (point angle 80°). This
shows that the cone with point angle of 60° (with the
lowest splitting force) is the most suitable.

When splitting, it is necessary to exert a mechan-
ical work that causes the plastic deformation. The cre-
ated crack consequently helps to split the log, so it is
necessary to design a broken pointed angle. At first, a
smaller angle mitigates the penetration in a log and af-
terwards a bigger angle finishes the splitting. The cone
shape was developed based on theoretical findings and
obtained experimental values (Figure 8).

Finally, the cone was manufactured. Martensitic
stainless steel (X39Cr13) was used as a workpiece ma-
terial with dimensions &80 x 200 mm. At first, a clamp-
ing part with a 45 mm diameter and hole with a 24 mm
diameter were machined at a lathe. Then, a roughing

25000
, /1/
S
£ 20000
S
_% Cone 3
T
S 15000
3
3
S 10000
i
g Cone 1
£
2 5000 !
’ \
0 ; ; ; ;
0 10 20 30 40 50

60

Cone trajectory / putanja klina,mm

Figure 7 Splitting force process (cone 1 - point angle of 40°, cone 2 - point angle of 60°, cone 3 - point angle of 80°)
Slika 7. Promjena sile cijepanja (klin 1 — kut klina 40°, klin 2 — kut klina 60°, klin 3 — kut klina 80°)

1@37,23)'

60 (45,86)

@24 HS
45

for—

Sx45°

75

(180,86)

Figure 8 Design of the cone
Slika 8. Dizajn klina

DRVNA INDUSTRIJA 66 (1) 11-16 (2015)

15



Minarik, Hricova: Log Splitter Design and CONSIFUCIION « e s s e esssesssssssssssssssssss

Figure 9 Manufacturing of cone
Slika 9. Proizvodnja klina

Figure 10 Experimental apparatus (1 — wood specimen, 2
— cone, 3 — electromotor / engine, 4 — frame)

Slika 10. Eksperimentalni uredaj (1 — uzorak drva, 2 — klin,
3 — elektromotor / pogon, 4 — okvir)

process was performed at a lathe with working allow-
ance of 5 mm on the conical part. The three holes were
drilled and threaded at a drilling machine for engine
shaft connection. The screw teeth were produced by
milling at a CNC machine tool. They were afterwards
grinded (Figure 9).

The log splitter (experimental apparatus) has
been developed to determine the validity of the cone
and its teeth shape design (Fig. 10). The electromotor
has a power of 1.5 kW and the maximum rotational
speed is 1420 rev/min. The movement of the splitting
cone (connected with the electromotor) into the split-
ting process is provided by the frame.

The initial experiments indicate that the material
selection and geometry design were determined cor-
rectly. Four initial power measurements have been
made with beech (Fagus sylvatica) specimens by using
MI 2492 POWER Q instrument and the values ranged
between 110 and 160 W. The maximum power of the

16

electromotor is 1.5 kW, so obviously the splitting pow-
erisonly 11 %.

5 CONCLUSION
5. ZAKLJUCAK

This contribution deals with the design and con-
struction of a log splitter. A set of experiments have
been carried out to get an appropriate shape of the split-
ting cone and its teeth. The cone with point angle of
60° (with the lowest splitting force) was chosen as the
most suitable. On the basis of experimental results, the
designed cone has been manufactured. The initial ex-
periments indicate that the material selection and ge-
ometry design were determined correctly.

For the total verification of the log splitter, it is
necessary to gather a sufficient amount of measure-
ment data, and this will be the aim of the next study.
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ABSTRACT ¢ The aim of the study was to determine the effect of lacquer product application methods used in the
furniture industry on emissions of volatile organic compounds (VOCs). The air samples for analyses came from
three industrial plants, located in Poland, producing case furniture. In each of these plants, the finishing process
was performed using waterborne lacquer products, but using different types of lacquer application machines and
devices: automated finishing lines, automated vertical spray machines, a curtain coater and classical pneumatic
spray guns. The compounds found in the air collected for analyses were adsorbed on a Tenax TA synthetic sorbent.
The volatile compounds were analyzed by gas chromatography combined with mass spectrometry and thermal de-
sorption. The results showed differences in the amounts of identified compounds depending on the type of the used
lacquer application machine. It was found out that the use of automated finishing lines for lacquering of furniture
elements does not only lead to an increase in the efficiency of the process, but also results in a reduction of pollu-
tion in the production halls.

Keywords: volatile organic compounds, surface finishing, waterborne products, furniture industry, air analysis,
GC/MS/TD

SAZETAK -« Cilj istrazivanja bio je utvrditi utjecaj primijenjenih metoda lakiranja proizvoda u proizvodnji
namjestaja na emisiju hlapljivih organskih spojeva (VOCs). Uzorci zraka za analizu prikupljeni su u tri industrijska
postrojenja u Poljskoj u kojima se proizvodi namjestaj. U svakome od tih postrojenja za proces povrsinske obrade
upotrebljavaju se vodeni lakovi, ali se primjenjuju razliciti uredaji i strojevi za nanos laka: automatizirane linije
za povrsinsku obradu, automatizirani vertikalni uredaji za prskanje, uredaji za povrsinsku obradu sa zavjesom i
klasicni pneumatski pistolji za prskanje. Spojevi nadeni u analiziranim uzorcima zraka adsorbirani su na Tenax
TA sintetickom sorbentu. Hlapljivi spojevi analizirani su plinskom kromatografijom u kombinaciji s masenom spe-
ktrometrijom i toplinskom desorpcijom. Rezultati su pokazali razlike u kolicinama utvrdenih spojeva ovisno o vrsti
uredaja za nanoSenje laka. Utvrdeno je da uporaba automatskih linija za lakiranje elemenata namjestaja ne samo
povecava ucinkovitost procesa ve¢ i rezultira smanjenjem onecisc¢enja zraka u proizvodnim halama.

Kljuéne rijeci: hlapljivi organski spojevi, povrsinska zavrsna obrada, proizvodi na bazi vode, proizvodnja
namjestaja, analiza zraka, GC/MS/TD
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1 INTRODUCTION
1. UVOD

In the recent years, the interest in indoor air qual-
ity has increased considerably. The presence of some
substances in indoor air may cause many health prob-
lems, e.g. diseases of the respiratory tract, allergies,
migraines and overall irritation. Many researchers are
of an opinion that these health problems are caused by
volatile organic compounds (Brinke ez al., 1998; Jones,
1999; Pappas et al., 2000; Nielsen et al., 2007). Vola-
tile organic compounds are emitted from many sourc-
es, both internal and external.

The problem of air quality has been discussed in
terms of indoor air quality in housing buildings (Wal-
lace et al., 1991; Brown et al.,, 1994; Hodgson et al.,
2002; Park and Ikeda, 2004, 2006; Guo et al., 2003,
2009) and public buildings (Lee et al., 1999; Kim et
al., 2001; Loh et al., 2006; Eklund et al., 2008). Air
quality in educational institution facilities is consid-
ered to be of particular importance (Norback, 1995;
Lee et al., 1999a; Daisey and Angell, 2003; Godwin
and Batterman, 2007).

Increasing interest in indoor air quality in hous-
ing buildings, office buildings, schools, hospitals, etc.
has resulted in the subject being discussed also in rela-
tion to industrial practice. World literature presents
studies on VOC emissions and air pollution in indus-
trial practice only to a limited extent, including also
different sectors of wood industry. The studies con-
cerning wood industry have discussed mainly VOC
emissions from wood, lacquer coatings and finished
products (Salthammer, 1997; Risholm-Sundman et al.,
1998; Salthammer et al, 1999; Brown, 1999; Bau-
mann et al., 2000; Guo and Murray, 2001; Kim et al.,
2006; Roffael, 2006; Ohlmeyer et al., 2008, Kirkeskov
et al., 2009).

Such pollution occurs first of all during the pro-
cess of lacquering of furniture elements.

For this reason the aim of this study was to deter-
mine the effect of application methods of lacquer prod-

ucts used in the furniture industry on the microclimate
of facilities, in which the finishing operations were per-
formed on surfaces of furniture items.

The scope of the study included quantitative and
qualitative analyses of compounds emitted to the air.

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Characteristics of wood finishing plants
2.1. Obiljezja pogona za povrSinsku obradu proizvoda

In order to determine the effect of lacquer prod-
uct application methods on the emission of volatile or-
ganic compounds, investigations were conducted in
three furniture manufacturing plants located in Poland,
producing case furniture.

Production in these plants is based on modern
technological solutions, both in rough wood process-
ing and secondary processing as well as surface finish-
ing. All the plants selected for the study in the finishing
process use only lacquer systems based on waterborne
binders, which were applied on the surface of furniture
elements using different lacquer application methods
and machines. The parameters of lacquer products
used in the production process are presented in Table 1.

In the plant 1, the process of furniture surface fin-
ishing was based on:

* Anautomated finishing line (1) for lacquer applica-
tion and drying, consisting of a belt sanding ma-
chine, a dust suction device and an oscillating spray
machine with the electronic control unit for panel
dimensions reading, a belt conveyor and the lac-
quer recovery system and a drying tunnel, com-
posed of the following segments: heating (to a tem-
perature of 30 °C —40 °C), drying using IR radiators
(at a temperature of 60 °C) and conditioning to am-
bient temperature.

Incoming air by means of the air pressurization
unit moves overspray to the filtering system and is then
carried to the exhaust fan. Suction system composed of
a double set of dry filters.

Table 1 Technical parameters of lacquer products used in plants selected for the study
Tablica 1. Tehnicki parametri lakova upotrebljavanih u pogonima odabranim za istrazivanje

Lacquers / Lakovi

Parameters / Parametri

Plant 1
Pogon 1.

Plant 2
Pogon 2.

Plant 3
Pogon 3.

Binding agent / Vezno sredstvo

acrylic dispersion / akrilna disperzija

Solvents / Otapala water

Non-volatile contents / Sadrzaj nehlapljivih tvari, % 43 33 48

Density / Gustoca, g/cm? 1.18 1.07 1.25

Working viscosity at a temp. of (22+1) °C

Radni viskozitet pri temp. (22+1)°C, s* 55 68 23

Spraying / Prskanje - - 45

Curtain coater / Uredaj za lakiranje sa zavjesom

Colour / Boja white / bijela blue / plava white / bijela

Other information / Druge informacije multilayer product | multilayer product | undercoating product
viseslojni proizvod | viseslojni proizvod zastitni proizvod

Information on ingredients / Informacija o sastavu

2-butoxyethanol
2-butoksietanol

2-butoxyethanol
2-butoksietanol

2-butoxyethanol
1,2-propanodiol
2-butoksietanol
1,2-propanodiol

* Value measured using a Ford’s cup No. 4 / Vrijednost izmjerena uporabom Fordova uredaja broj 4
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* An automated vertical spray machine, equipped
with two spray guns. The spraying was performed
in a spraying booth.

The lacquering booth consisted of two rooms, i.e.
a painting room of 4.9 x 3.9 m (L x W) and a drying
room of 7.6 x 4.9 m (L x W). Pure air was supplied to
the booth through the filter ceiling. The air filtration
process consisted of preliminary and final filtration
stages. Dusted air was discharged through a filtering
water curtain.

In turn, in the plant 2, the furniture surface finish-
ing process was performed using:

* Anautomated finishing line (2) for lacquer applica-
tion and drying, equipped with a standing belt ma-
chine, a reading line with photocells to identify di-
mensions of processed elements, a drying tunnel
with IRM lamps, an automated spray machine with
six spray guns, a drying tunnel composed of the fol-
lowing zones: the drying zone using microwave
electromagnetic radiation energy (the Microwaves
Operating System - MOS), the drying zone with hot
air injection in a nozzle tunnel with IRM lamps, the
conditioning zone adjusting the temperature to am-
bient temperature.

Air purity in the lacquering chamber was pro-
vided by two fans coupled with filters. The unit is sup-
plied with ambient air using an electric fan. Overspray
is sucked in by two pipes mounted on an elevator using
an exhaust fan and passes through the system of two
filters: a prefilter and an after filter.

* Manual pneumatic guns in spray booths with dry
filters.

The lacquering unit was equipped with the sup-
ply-exhaust ventilation system. The ventilation system
was equipped with two filters: a cardboard pleated fil-
ter and a Paint-Stop filter mat.

Table 2 Operating conditions of the TD/GC/MS
Tablica 2. Uvjeti rada uredaja TD/GC/MS

In turn, the plant 3 was equipped with:
* A l-headed curtain coater.

The curtain coater was located in the hall
equipped with a mechanical supply-exhaust ventilation
system, meeting requirements of the current technical
and legal requirements concerning the operation of the
plant. It was confirmed by the positive results of envi-
ronmental analyses conducted at the plant on a regular
basis. The lacquering stand was not equipped with a
local exhaust ventilation.

* Lacquer application booths with dry filters with
manual pneumatic guns.

Spray booths were equipped with the supply-ex-
haust ventilation system. Contaminated air was purified
in a single stage process: using a cardboard pleated filter.

2.2 Adsorption of volatile organic compounds
2.2. Adsorpcija hlapljivih organskih spojeva

The air for analyses was collected to glass tubes
filled with a Tenax TA solid sorbent at 120 mg (35/60
mesh, Alltech). Each time, five parallel air samples
were collected using a pump (FLEC Air Pump 1001,
Chematec).

The analyses were performed at the lacquer ap-
plication zone at a distance of approx. 0.5 m from the
lacquer application machines. The samples were col-
lected at a height of 1.5 m above floor level.

The volume of 500 ml air was transferred by the
sorbent at a rate of 50 ml/min.

2.3 Chromatographic analysis
2.3. Kromatografska analiza

The volatile organic compounds adsorbed on the
Tenax TA were released in a thermal desorber and next,
they were determined by gas chromatography com-
bined with mass spectrometry following the procedure
presented in Table 2.

Elements of the system
Elementi sustava

Parameters / Obiljezja

Thermal desorber
Toplinski desorber

Injector / injektor
mikrotrap

Thermal desorber connected to a sorption microtrap / toplinski desorber spojen na sorpcijski

Purging gas / plin za cis¢enje: argon at 20 m*-min’!
Purge time / vrijeme cis¢enja: 5 min

Microtrap / mikrotrap

Sorbent / sorbent: 80 mg Tenax TA/30 mg Carbosieve 111
Desorption temperature / vrijeme desorpcije: 250 °C during 90 s.

Gas chromatograph
Plinska kromatografija

TRACE GC, Thermo Quest.

Column / kolona

RTX — 624 Restek Corporation, 60 m x 0.32 mm ID
D, — 1.8 um: 6% cyanopropylophenyl, 94% dimethylopolysiloxane

Detector / detektor

Mass spectrometer / maseni spektrometar (SCAN: 10 — 350)

Injector / injektor
mikrotrap

Thermal desorber connected with a sorption microtrap / toplinski desorber spojen na sorpcijski

Rinsing gas / plin za ispiranje: argon 20 m*-min’!
Rinsing time / vrijeme ispiranja: 5 min.

Microtrap / mikrotrap

Sorbent / sorbent: 80 mg Tenax TA/30 mg Carbosieve I1I;
Desorption temperature / temperature desorpcije: 250 °C during 90 s.

Carrier gas / plin

Helium / helij: 100 kPa, ~2 cm*-min’".

Temperature setting /
postavka temperature

40 °C during 2 min, 7 °C-min"! to 200 °C, 10 °C-min™' to 230 °C, 230 °C during 20 min
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2.4 Qualitative and quantitative analyses
2.4. Kvalitativna i kvantitativna analiza

The compounds were identified by comparing
the recorded mass spectra with the spectra contained in
the NIST MS Search library — program ver. 1.7 and
confirmed by referring the mass spectra and retention
times of identified compounds to the spectra and reten-
tion times of appropriate standards.

Quantitative analysis of volatile organic com-
pounds emitted from investigated surfaces was con-
ducted by adding a reference standard 1-bromo-
4-fluorobenzene (Supelco).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Figures 1 to 4 and Tables 3 to 5 present testing re-
sults concerning the effect of different lacquer application
technologies on the levels of volatile organic compound
emissions. These results make it possible to compare the
effect of technologies used to apply products based on
waterborne binders, in recent years used with increasing
frequency in the furniture industry. These comparisons
may be made only within individual plants, since the fin-
ishing process in each of these plants was performed us-
ing different waterborne lacquer products (Table 1).

RT:453-32.87

Relative Abundance

NL
a)- 11267
TIC NS
strefa
lakierowani
011
8
2
§
2101
H
3
<
2
K
o
14
1829
993 1072 1798
54
1721
1498 1630 2003 2058 2252 2966 24,07 2500 2663 2605 2904 29,98 3085 3180 3279
T T T ey T T T e
16 18 20 2 2% % 2 30 32
Time (min)
RT:472-3283
18,00 N
o b) 389E7
TIC NS
o
lakieria
natrsk

1830

1711
1702 Jk

19,00 2002

| 2059 2252 268 2420 2574 2772 2885 2977 3089 3179 3233

5 6 7 8 9 10 1 2 13 14 15 16 17 18

19 20 2 2 28 A 25 26 21 28 29 30 31 32
Time (min)

Figure 1 Chromatogram of VOCs emitted during surface lacquering in the plant 1: a) on a finishing line (1), b) using an

automated vertical spray machine

Slika 1. Kromatogram hlapljivih organskih spojeva emitiranih tijekom lakiranja proizvoda u pogonu 1: a) na liniji za
povrsinsku obradu (1), b) primjenom automatskih vertikalnih uredaja za prskanje

20

DRVNA INDUSTRIJA 66 (1) 17-26 (2015)



« o « Stachowiak-Wencek, Prgdzynski: The Effect of Application Method of Lacquer Products...

Table 3 Concentration of VOCs during surface lacquering on a finishing line (1) and an automated vertical spray machine in the

plant 1

Tablica 3. Koncentracije hlapljivih organskih spojeva emitiranih tijekom lakiranja proizvoda na liniji za povrsinsku obradu i
primjenom automatskih vertikalnih uredaja za prskanje u pogonu 1

Compounds / Spojevi RT Concentration, pg-m? / Koncentracija, ug-m

min finishing line (1) automated vertical spray
linija za povrsinsku machine / automatski
obradu (1) vertikalni uredaj za prskanje

1-butanol / I-butanol 10.72-10.74 721.1 2075.8

Toluene / toluen 13.14 768.6 547.3

Butyl acetate / butil acetat 14.53-14.55 181.9 501.0

Hexanal / heksanal 147.1 268.1

n-butyl ether / n-butil eter 15.89 - 210.8

m.p-xylene / m.p-ksilen 16.29 - 81.9

1-methoxy-2-propyl acetate / /-metoksi-2-propil acetat 16.40 - 86.9

Propanoic acid. butyl ester / propanoik acid. butil ester 17.02 - 100.6

o-xylene / o-ksilen 17.21 29.9 -

d-pinene / d-pinen 17.77 43.3 373.0

2-butoxyethanol / 2-butoksietanol 17.98-18.00 293.9 4737.1

3-carene / 3-karen 20.02 20.7 78.1

Limonen / limonen 20.59 - 8.4

¥ unidentified compounds / X nedefinirani spojevi 80.6 329.0

TVOC 2287 9398

The detailed results concerning the effect of sur-

face finishing technologies applied in the plant 1 are
presented in Figures 1 and in Table 3.
In the plant 1 equipped with a modern finishing line (1)
and an automated vertical spray machine, the concen-
tration of all volatile organic compounds at the lacquer
application zone was in a very broad range of values
from 2287 pg/m’to 9398 pg/m?’.

In the air, collected from the lacquer application
zone on the finishing line (1) the detected compounds

included particularly toluene, 1-butanol and 2-butoxy-
ethanol at 768.6 ng'm?3, 721.1 pg'm=and 293.9 ug-m=.
Moreover, the presence of the following compounds
was also detected: n-butyl acetate, hexanal and ter-
penes, mainly a-pinene and 3-carene.

In the course of lacquer application on furniture
elements using an automated vertical spray machine, a
broader spectrum of compounds was noted than that re-
corded at the application by the finishing line (1). When
using the automated vertical spray machine, 2-butoxy-

Table 4 Concentration of VOCs during surface lacquering on a finishing line (2) and with the use of manual pneumatic guns

in the spray booth in plant 2

Tablica 4. Koncentracije hlapljivih organskih spojeva emitiranih tijekom lakiranja proizvoda na liniji za povrsinsku obradu
(2) i primjenom ru¢noga pneumatskog pistolja u kabini za prskanje u pogonu 2.

Concentration, pg-m* / Koncentracija, ug-m-

Compounds / Spojevi Il;;l;l finishing line (2) manual pneumatic guns

linija za povrsinsku obradu (2) | rucni pneumatski pistolj
Acetone / aceton 6.42 299.0 -
1-butanol / I-butanol 10.77-10.79 226.3 944.5
Penatanal / penatanal 11.49 142.9 -
Toluene / foluen 13.17 401.7 68.7
Tetrachloroethylene / tetrakloretilen 14.14 48.1 -
Butyl acetate / butil acetat 14.57-14.58 134.1 700.1
Hexanal / heksanal 14.64 231.6 258.6
n-butyl ether / n-butil eter 15.92-15.93 15.9 110.6
Ethylbenzene / etilbenzen 16.08-16.09 54.0 57.1
m.p-xylene / m.p-ksilen 16.33-16.34 135.0 102.1
o-xylene / o-ksilen 17.19-17.20 43.5 31.9
Styrene / stiren 17.25 170.10 -
G-pinene / d-pinen 17.80-17.81 72.3 26.8
2-butoxyethanol / 2-butoksietanol 18.04-18.03 1264.9 1970.5
1-butoxy-2-propanol / I-butoksi-2-propanol 18.74 23.3 -
3-carene / 3-karen 20.06 - 10.8
Limonen / limonen 20.62 29.7 -
¥ unidentified compounds 448.8 277. 1
2 nedefinirani spojevi
TVOC 3741 4559
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Figure 2 Chromatogram of VOCs emitted during surface lacquering in the plant 2: a) on a finishing line (2), b) with the use

of a manual pneumatic gun in the spray booth

Slika 2. Kromatogram hlapljivih organskih spojeva emitiranih tijekom lakiranja proizvoda u pogonu 2.: a) na liniji za
povrsinsku obradu (2), b) primjenom ru¢noga pneumatskog pistolja u kabini za prskanje

ethanol was emitted in the greatest amounts. Concentra-
tion of the compound amounted to 4737.1 pg'm?. i.e.
almost 50 % total concentration of all compounds found
in the analyzed air. High emissions were also recorded
for 1-butanol (2075.8 pg'm?), toluene (547.3 pgm)
and butyl acetate (501.0 pg-m™).

Large differences in the total amount of all com-
pounds released into the air are primarily the result of
the increased concentration of 2-butoxyethanol and
I-butanol in the spray booth. Glycol concentration in
the lacquer application zone, when automated vertical
spraying was used, was over 16-times higher and that
of alcohol was almost 3-fold higher than at the lacquer
application zone on the finishing line.

22

Successive figures (Fig. 2) and Table 4 present
results concerning the effect of surface lacquering pro-
cesses on air quality in the plant 2.

The concentration of the volatile organic com-
pounds at the finishing line (2) amounted on an average
to 3741 pg/m? and it was lower than when applying
coatings with manual spray guns in the lacquer appli-
cation booth, equipped with dry filters, where it
amounted to 4559 pg/m?’.

In the tested air collected near the lacquer applica-
tion zone on the finishing line (2) considerable amounts
were detected for 2-butoxyethanol at 1264.9 pg/m’,
toluene at 401.7 pg/m?, acetone at 299.0 pg/m?, 1-buta-
nol at 226.3 pg/m’ and hexanal at 231.6 pg/m?®. The
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above mentioned compounds jointly accounted for over
64 % of the total emission. The other substances emit-
ted in smaller amounts included e.g. pentanal, butyl ac-
etate, ethylbenzene, m,p-xylene, as well as terpene
compounds. i.e. @-pinene. It needs to be stressed that in
the air collected at the finishing line (2) the presence of
styrene was detected at 170.10 ug/m?. Lacquer applica-
tion on furniture surface in the finishing line (2) addi-
tionally caused by the emission of such compounds as
acetone, pentanal, tetrachloroethylene and 1-butoxy-
2-propanol, whose presence was not detected in the air
collected from the spray booth (2).

In the air samples collected from a spray booth,
in which manual spraying was applied, a smaller spec-

trum of compounds was detected than in the case of the
finishing line (2). 2-butoxyethanol was the compound
released in the greatest amount, at a concentration of
970.5 pg/m?. Lacquer application by manual pneumat-
ic guns caused the emission of large amounts of 1-bu-
tanol (944.5 pg/m?) and butyl acetate (700.1 pg/m?).

Emissions of 2-butoxyethanol, 1-butanol and bu-
tyl acetate accounted for over 80 % of all the released
compounds.

The measurements taken in the plant 3 made it
possible to compare the technology of surface finishing
using curtain coater with manual spray pneumatic
guns. The results of these measurements are presented
in Figures 3 and 5.
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Figure 3 Chromatogram of VOCs emitted during surface lacquering in plant 3: a) with a curtain b coater, b) with the use of a

manual pneumatic gun in the spray booth

Slika 3. Kromatogram hlapljivih organskih spojeva emitiranih tijekom lakiranja proizvoda u pogonu 3.: a) uredajem za
nanos$enje laka sa zavjesom, b) primjenom ru¢noga pneumatskog pistolja u kabini za prskanje
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Table 5 Concentration of VOCs during surface lacquering with the use of a curtain coater and of manual pneumatic guns in

the spray booth in plant 3

Tablica 5. Koncentracije hlapljivih organskih spojeva emitiranih tijekom lakiranja proizvoda primjenom uredaja sa zavjesom
i primjenom ru¢noga pneumatskog pistolja u kabini za prskanje u pogonu 3.

Compounds / Spojevi RT Concentration, pg-m? / Koncentracija, ug-m?
min curtain coater manual pneumatic guns
uredaj za lakiranje sa zavjesom | rucni pneumatski pistolj

Acetone / aceton 6.39-6.42 377.1 440.3
1-butanol / I-butanol 10.77 1306.5 502.6
Penatanal / penatanal 11.47-11.48 146.4 2153
Toluene / toluen 13.16 498.1 447.5
Tetrachloroethylene / tetrakloretilen 14.13 51.3 67.4
Butyl acetate / butil acetat 14.56 349.9 215.2
Hexanal / heksanal 14.63 193.7 274.9
n-butyl ether / n-butil eter 15.91 515.9 100.7
Ethylbenzene / etilbenzen 16.08 89.2 62.7
m.p-xylene / m.p-ksilen 16.32-16.31 262.1 168.9
o-xylene / o-ksilen 17.18-17.17 66.9 40.5
d-pinene / d-pinen 17.80-17.79 75.2 181.6
2-butoxyethanol / 2-butoksietanol 18.02-18.01 2829.6 2207.3
1-butoxy-2-propanol / I-butoksi-2-propanol 18.73 50.9 408.6
3-carene / 3-karen 20.05-20.04 30.8 47.0
Limonen / limonen 20.60 405.5 168.3

¥ unidentified compounds / 2 nedefinirani spojevi 357.2 362.5
TVOC 7606 5911

They showed that lower air pollution is caused by
manual spray guns in a lacquer application booth than
by a curtain coater. The concentration of volatile or-
ganic compounds near the lacquer application zone in
the curtain coater was 7606 pug/m?, while at the lacquer
application workstation with the use of manual pneu-
matic guns it was lower amounting on an average to
5911 pg/m?.

In the plant 3, where during the study, the under-
coating product was applied, a spectrum of compounds
was found similar to those detected in the two other
plants. The compound released in the greatest amount
turned out to be 2-butoxyethanol. Finishing of furni-
ture elements by curtain coating caused emission of
this compound at 2829.6 pg/m?, while lacquer applica-
tion with the use of manual guns resulted in emission at
2207.3 pg/m’. In the tested air, high concentrations
were also detected for acetone, 1-butanol, toluene and
1-butoxy-2-propanol. Lower amounts were recorded
for pentanal, n-butyl acetate, hexanal, m,p-xylene as
well as terpenes, i.e. d-pinene, 3-carene and limonene.

Tested air samples collected from the furniture ele-
ment lacquer application zones contained such com-
pounds as aldehydes, ketones, aromatic hydrocarbons,
alcohols, glycols and terpenes. Sources of their emis-
sions included both finished furniture elements and ap-
plied lacquer systems. Wood species were sources of
emissions of aldehydes, pentanal and hexanal. These
compounds are formed through oxidation reactions of
unsaturated fatty acids found in wood (Risholm-Sund-
man et al., 1998). Pentanal is formed as a result of oxida-
tion of linoleic acid, while pentanal is the product of
oxidation of linolenic acid (Salthammer et al., 1999).
Terpene compounds (a-pinene, 3-carene, limonene) are
also emitted by various wood species, particularly soft-
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wood iglaste (Roffael, 2006; Risholm-Sundman et al.,
1998; Manninen et al., 2002). Acetone is a compound
detected during analyses of emissions of volatile organic
compounds from different wood species, wood-based
materials and lacquer systems (Brown, 1999; Risholm-
Sundman et al., 1998; Kirkeskov et al., 2009).

2-butoxyethanol was an important component re-
leased by all lacquer systems applied in the plants.
Analyses of water-borne systems conducted by Salt-
hammer (1997) and Stachowiak-Wencek and
Pradzynski (2011) showed that 2-butoxyethanol is a
characteristic compound emitted by such lacquer sys-
tems. Moreover, chamber tests conducted by Stachow-
iak-Wencek and Pradzynski (2011) also showed that
waterborne systems, apart from glycols, may emit to
air several other compounds. Air collected from furni-
ture element lacquer application zones in the analyzed
plants was found to contain aromatic hydrocarbons
(toluene, ethylbenzene, m-, p- and o-xylene, styrene)
and esters (butyl acetate, 1-methoxy-2-propyl acetate
and propanoic acid butyl ester).

It is rather difficult to explain the presence of sty-
rene in air collected from the lacquer application zone
at lacquering line 2. Available literature contains prac-
tically no information on emission of styrene from
aqueous systems. Moreover, this compound was not
detected during the application using spray guns. Emis-
sion of styrene is possible from waterborne products
cured using UV irradiation. Styrene is used for copoly-
merization of UPE-systems. A study by Salthammer et
al. (1999) showed that UV-cured aqueous products
based on unsaturated polyester (UPE) may be sources
of styrene emission. In the analyzed lacquering line (2)
both aqueous products and UV-cured aqueous products
may be applied alternately. It may be assumed that sty-
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Figure 4 Comparison of TVOC emissions from lacquer application zones using individual lacquer application machines
Slika 4. Usporedba emisije ukupnih hlapljivih organskih spojeva pri primjeni razli¢itih uredaja za lakiranje

rene detected in the lacquer application zone at lac-
quering line (2) did not originate from the analyzed
systems, but rather from the UV-cured aqueous prod-
ucts applied earlier at the same line.

On the basis of the conducted tests, it was found
that in the analyzed plants emissions of volatile organic
compounds varied and to a considerable extent de-
pended on the type of the used lacquer application ma-
chine or device. A comparison of TVOC emissions
from the lacquer application zones in individual lac-
quer application machines is presented in Figure 4.

The highest TVOC content was detected in the
air collected from the lacquer application zone with au-
tomated spraying amounting to 9398 pg/m?, while the
level for the use of a curtain coater was 7606 pug/m?.
Automated finishing lines proved to be superior in
comparison to the other machines. Concentration of
VOCs was 2287 and 3741 pg/m?. In the case of manual
spraying, the level of emission from the lacquer appli-
cation zone was varied ranging from 4559 5911 pg/m?
to 5911 pg/m?.

When comparing technologies of lacquer product
application, in which identical lacquer products were
applied, it needs to be stated that VOCs emissions in
the plant 1 were 4-fold higher when using automated
spraying than in the case of surface finishing of furni-
ture on the finishing line. In turn, in the plants 2 and 3
these differences were less marked. The finishing line
installed in the plant 2 in the lacquer application zone
caused air pollution with volatile compounds by 20 %
higher than the lacquer application with the use of
manual pneumatic guns. In turn, in the plant 3, surface
finishing with the use of a curtain coater contributed to
VOC air contamination higher by 28 %.

4 CONCLUSION
4. ZAKLJUCAK

1. Tt was found out that surface finishing of furniture
with waterborne lacquer products causes air pollu-
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tion in production halls with volatile organic com-
pounds.

. Abroad spectrum of volatile compounds was found

in the air collected from the lacquer application
zones. A characteristic component of emissions, ir-
respective of the type of the applied waterborne
product, was 2-butoxyethanol, whose concentra-
tion ranged from 293.9 pg/m?to 4737.1 pg/m? and
accounted for 12 % up to 79 % of the total amount
of all released volatile compounds.

. It was determined that not only the type of the ap-

plied lacquer product influenced the amount and
type of VOCs emitted during the finishing process,
but a significant role was also played by the type of
the used lacquer application machine.

. The use of automated finishing lines in surface fin-

ishing of furniture elements leads not only to an
increase in efficiency of the finishing process, but
has a positive effect on the microclimate in the fa-
cilities in which these machines are used.
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ABSTRACT ¢ In order to describe the behaviour of wood when calculating wooden elements and structures with
the use of the finite element method, orthotropic material model in combination with non-interactive (maximum
stress criterion) or interactive failure criteria (Hoffman and Tsai-Wu criterion) is used. Another option is to use a
general anisotropic plasticity material model complemented with a non-interactive failure criterion — maximum
stress criterion, which allows to describe wood failure by brittle failure in tension. The presented general material
model was used in combination with the idealization of annual rings by cylindrical surface for the modelling of
wood specimen tests form Scots pine (Pinus sylvestris). The obtained results show good agreement between the re-
sults of numerical analysis and experimental testing of wood specimens. The use of the anisotropic material model
can also be seen in cases when the level of the applied load is higher than the level when the failure of wooden
material occurs.

Key words: Scots pine (Pinus sylvestris), FEA, numerical modelling, elastic constants, material constants, aniso-
tropic plasticity

SAZETAK * Radi objasnjenja ponasanja drva pri proracunima drvnih elemenata i konstrukcija primjenom metode
konacnih elemenata, upotrijebljen je model ortotropnog materijala u kombinaciji s neinteraktivnim kriterijem
(kriterij maksimalnog naprezanja) ili interaktivnim kriterijima loma (Hoffmanov i Tsai-wuov kriterij). Druga je
mogucnost upotrijebiti opéi model za anizotropno-plasticne materijale dopunjen neinteraktivnim kriterijem loma
— kriterijem maksimalnog naprezanja, koji omogucuje objasnjenje lomljivosti drva pri naprezanju. Predstavijeni
op¢i model materijala u kombinaciji s idealizacijom godova kao cilindricnih povrsina upotrijebljen je za modeli-
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ranje uzoraka izradenih od drva obicnog bora (Pinus sylvestris). Dobiveni rezultati pokazuju dobru podudarnost
rezultata numericke analize i rezultata eksperimentalnih ispitivanja uzoraka drva. Model anizotropnog materijala
primjenjiv je i kada je opterecenje vece od onoga pri kojemu dolazi do loma drvnog materijala.

Kljuéne rijeci: obicni bor (Pinus sylvestris), FEA, numericko modeliranje, elasticne konstante, materijalne kon-

stante, anizotropna plasticnost

1 INTRODUCTION
1. UVOD

Despite the high abundance of Scots pine (Pinus
sylvestris) in mild and colder Eurasia climate (Utadni¢ek
etal.,2001;2012a), few literature sources contain infor-
mation on elastic and material constants of this tree spe-
cies, which could be used for an analysis with the use of
anisotropic plasticity material model. Anisotropic plas-
ticity material model defined by 9 elastic and 18 mate-
rial constants is described by Moses and Prion (2004) as
a general material model, which allows to define differ-
ent bilinear elasto-plastic behaviour with possible hard-
ening of material in three perpendicular directions, in-
cluding the definition of different behaviour in these
directions in tension, compression, and shear.

Elastic and material constants are predominantly
specified for Loblolly pine (Pinus taeda) (Bergman et
al., 2010; Bodig and Goodman, 1973; Morais et al.,
2001; Jeong et al., 2010) and for Douglas fir (Douglas
fir) (Bergman et al., 2010; Bodig and Goodman, 1973;
Winandy, 1994; Nairin, 2007; Kim and Harries, 2010).

Elastic constants for Scots pine (Pinus sylves-
tris), shown by Bodig and Goodman (1973) and Martin
and Berger (2001), are based on a special report pro-
duced by R. F. S. Hearmon (Hearmon, 1948). Elastic
constants for Scots pine used for the modelling of a
section of a wooden string staircase and stair joints are
also presented by Pousette (2006). Elastic and material
constants of Scots pine are shown by Danielsson and
Gustafsson (2013), who used these constants for the
modelling of a double cantilever beam (DCB) and end-
notched beams. According to Danielsson and Gustafs-
son (2013), the specified constants are in compliance
with the values for Norway spruce (Picea abies). The
values of elastic and material constants of Scots pine
are shown in the papers of Matovi¢ (1993) and Pozgaj
et al. (1997; 2004).

For the purpose of the numerical analysis of a
prefabricated suspended staircase from Scots pine
(Péncik, 2013), elastic and material constants of the
Scots pine were selected with the use of results pre-
sented in the papers of Matovic (1993) and Pozgaj et
al. (1997; 2004). The constants are shown in Table 1,
where £ is modulus of elasticity in material directions
(longitudinal L — E, radial R — E, and tangential T —
E.), G is shear modulus in material planes (G, G,
G, ), v Poisson’s ratio (Vo Vi Vi) fip Jop Jrp aT€
strengths in tension and f, , 1, . f;, are strengths in com-
pression in material directions L, R and T, f, ., /1 fer
are shear strengths in material planes.

The elastic constants (Table 1) were selected tak-
ing into account the meeting of criteria presented in
relation (1) (Gillis, 1972; Hallai, 2008) and in relation
(2) (Xavier, 2007), which express their inter-relation.

E>E >G,~G, >E>G, (1)

()

The verification of elastic and material constants
(Table 1) was performed by a numerical modelling of
experimental testing with the use of finite element cal-
culation using software ANSYS (ANSYS, 2012a).

E>E >FE,G,>G, >G

RT? VLR > VLT > VRT

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Experimental testing
2.1. Eksperimentalno ispitivanje

Wooden specimens made of Scots pine (Pinus
sylvestris) were prepared in compliance with CSN EN
408. The dimensions of the cross section — width (b)
and height (#) and length (L) of specimens were se-
lected in compliance with the requirements of CSN EN
408; b x h x L =25 x 25 x 475 mm. Before the testing,
the specimens were conditioned in a standard envi-
ronment at the temperature of 20 + 2 °C and relative

Table 1 Elastic and material constants of Scots pine (Pinus sylvestris) in MPa
Tablica 1. Elasti¢ne konstante i materijalne konstante drva obi¢nog bora (izrazene u MPa)

Elastic constant for orthotropic and anisotropic plasticity material model
Elasticne konstante za model ortotropnoga i anizotropnoga plasticnog materijala
EL ER ET GRT GLT GLR VRT VLT VLR
14300 700 545 500 800 1230 0.380 0.040 0.030
Material constant / Materijalne konstante
Ju e Jr Jre U Jre i Jix Jar
103.0 48.5 3.5 7.6 5.4 52 7.5 7.3 2.3
R, E, P
86 12800 505
Adjusted material constant for anisotropic plasticity material model
Prilagodba materijalnih konstanti za model anizotropnoga plasticnog materijala
Ju e . Jre Ju Jre i Jix Jir
101.0 43.0 4.927 5.4 5.4 52 7.5 7.3 2.3

28

DRVNA INDUSTRIJA 66 (1) 27-33 (2015)



ceessseess Pencik: Modelling of Experimental Tests of Wooden Specimens from Scots Pine...

(a) (b)

—9
—e
N

=
N
o
N
3
—
S
N
=
LS.

' F/2 /

¥z
S
|~

e
JPAPRT T SN

Figure 1 Arrangement of the test in compliance with CSN EN 408 (a) and specimen No. 7 with a steel V-shape fixture (b)
Slika 1. Skica ispitivanja u skladu s normom CSN EN 408 (a) i uzorak broj 7 ¢eliénim uévriéenjem V-oblika (b)

humidity of 65 + 2 % until reaching constant weight 35
(Kuklik and Videnisky, 2005). In total, 10 specimens
were prepared. 3.0 -\

The specimens were simply supported during the
experimental testing. The specimens were loaded by
four-point bending (Fig. 1). The distance between sup-

25 P 742/1
2.0 s

ports was 450 mm (18-4). The testing set was comple- £ >
mented with a developed steel V-shape fixture (Fig. 1), = s /
which prevented transversal displacement of the tested ’
specimens, while allowing their bending. Lof===="7 ooy 0.4 Finjx

For the purpose of the monitoring of vertical dis- Part of load displacement diagram
placement w* (Fig. 1), testing specimens were fitted on 0.5 for regression analysis. —
the right support at their upper surface, with an inductive V A LN oo1F, 4)( ’
standard displacement transducer HBM WA-T/50 mm 0-00 p 0 5 ”
(HBM, 2012), with the measuring range of 0 — 50 mm W, mm

and accuracy of 0.001 mm. The vertical displacement w
at midspan was converted with the use of the measured
vertical displacement w* (w = w*/2). The load was de-
rived from the mechanical testing press FPZ100. The
magnitude of the loading force was recorded by a cali-
brated resistance load cell. All sensors were connected
to an 8-channel measuring data logger HBM Spider 8
(HBM, 2006). The data were recorded with the record-
ing frequency of 2 Hz, i.e. in the time interval of 0.2 s.

2.2 Results of experimental testing
2.2. Rezultati eksperimentalnog ispitivanja

The relation of applied load F on vertical load w
(load — displacement diagram F — w) for the whole inter-

Figure 2 Load displacement diagram (F — w) for the whole
loading interval

Slika 2. Dijagram opterecenje — pomak (¥ — w) za cijeli
interval opterecenja

val of loading and all specimens is shown in Fig. 2. The
load displacement diagram for individual specimens is
shown in Fig. 5. The average value of limit load F__is
2.693 kN (Table 2). The regression analysis and the de-
termination of modulus of elasticity in bending used the
part of graph in the interval 0.1-F _ to 0.4-F . i.e. the
part with linear relationship between load F and dis-
placement w (Fig. 2) with the value of reliability R?
higher than 0.99 (Kuklik and Videinsky, 2005).

Table 2 Experimentally measured values for individual specimens
Tablica 2. Eksperimentalno dobivene vrijednosti za pojedine uzorke

Specimen No. m p F w* w E, R, w, w, R?

Uzorak br. g kg/m? kN mm mm MPa MPa mm mm
1 152.3 513.0 2.643 | 34.6188 | 17.3094 | 10624.0 74.5 1.14592 | 4.83916 | 0.9999
2 150.8 508.0 2.458 | 31.4688 | 15.7344 | 11070.0 69.2 1.13983 | 4.68429 | 0.9998
3 165.8 558.5 2.979 | 28.7375 | 14.3688 | 15738.0 83.9 0.83749 | 3.33063 | 1.0000
4 169.6 571.3 2.579 | 27.1000 | 13.5500 | 14414.0 72.6 0.86025 | 3.5824 | 0.9995
5 155.5 523.8 2.777 | 37.8688 | 18.9344 | 13157.6 78.2 0.91057 | 3.89265 | 1.0000
6 162.5 547.4 3.062 | 32.3875 | 16.1938 | 14510.4 86.3 0.89047 | 3.59453 | 0.9995
7 150.5 506.9 2.171 | 22.5063 | 11.2531 | 11518.3 61.2 1.03163 | 4.43813 | 0.9991
8 153.9 518.4 2.936 | 30.4813 | 15.2406 | 14785.6 82.7 0.78059 | 3.43433 | 1.0000
9 165.1 556.1 2.639 | 31.0688 | 15.5344 | 11710.7 74.3 1.06821 | 4.41875 | 0.9994
10 159.7 537.9 2.684 | 30.1625 | 15.0813 | 11825.1 75.6 1.03245 | 4.35058 | 1.0000

Average 158.6 534.1 2.693 | 30.6400 | 15.3200 | 12935.4 75.9

Prosjecno
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2.3 Evaluation of modulus of elasticity in bending
2.3. Odredivanje modula elasti¢nosti pri savijanju

Modulus of elasticity in bending £, (MPa) (Table
2) was determined with the use of relation (3) accord-
ing to CSN EN 408, where / — free sample length, m, b
— width of cross-section, m and 4 — height of cross-
section, m, and a — distance of load from support (6-4),
m (Fig. 1). The difference (¥, - F',) and (w, —w,) shows
the growth of loading and vertical displacement on the
linear part of the load — displacement diagram. The val-
ues I, F,, w and w, were determined with the use of
load—displacement diagram in Fig. 2; F, = 0.269 kN
and F, = 1.077 kN. The measured values are arranged
in Table 2, where m — weight, g, F/ __— limit load, kN,
w* — measured vertical displacement, mm, w — con-
verted vertical displacement at midspan, mm and R? —
value of reliability.

=G

2.4 Evaluation of bending strength
2.4. Odredivanje ¢vrstoce na savijanje

Bending strength R (MPa) (Table 2) was dgter-
mined with the use of the relation (4) according to CSN
EN 408, where b — width of cross-section, m, and /& —
height of cross-section, m, a — distance of load from
support (6-h), mand F__— limit load of specimen.

F ‘a

Ry = ﬁ 4)

2.5 Numerical analysis of experimental testing
2.5. Numeri¢ka analiza eksperimentalnog ispitivanja

When modelling wood by the finite element
method (Bathe, 2006; Tankut ef al., 2014), several ap-
proaches to wood modelling can be used. The ap-
proaches are based on simplifications of the real natu-
ral material. The modelling idealizes the real trunk of
generally cone shape as a cylindrical object (Bodig and
Jayne, 1993), idealizes annual rings as constant shape,
thickness and curvature, local failures (knots, cracks),

1 2

y [\ 3D F o
2525

\

=A }Q
—eo=X
|

*
N
Il

12.5 225

237.5

U,=0

U,=0
Figure 3 Geometry and 3D numeric model of wooden
specimens in the calculation system ANSY'S

Slika 3. Geometrijski i numeri¢ki 3D model drvnih uzoraka
u racunalnom sustavu ANSY'S

variable structure of material, and differences between
earlywood and latewood.

The numerical modelling of experimental testing
of specimens idealized annual rings of individual spec-
imens as cylindrical surfaces (Fig. 4) and the behaviour
of wood was described with the use of anisotropic plas-
ticity material model (Moses and Prion, 2004). The
model was described with elastic and material con-
stants shown in Table 1. The material constants were
adjusted in order to meet the conditions of plasticity
incompressibility and closed surface plasticity of ellip-
tical shape mentioned by Moses and Prion (2004) and
ANSYS (2012a). The material model was comple-
mented with non-interactive failure criterion — maxi-
mum stress criterion (Vinson and Sierakowski, 2002),
in order to allow the description of wood failure by
brittle failure in tension. Neither the hardening of ma-
terial, nor the limitation concerning the plasticity re-
serve was considered for compression.

Ten 3D numerical models of specimens were
made in the calculation system ANSYS version 14.0
(ANSYS, 2012a). The models were created with the

5

10

-

Wig\§

il

Figure 4 Idealised annual ring characteristics found from the characteristics of annual rings at the specimen front

Slika 4. Idealizirani godovi na popre¢nom presjeku uzoraka
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use of solid finite elements of SOLID45 and SURF154
type (ANSYS, 2012a).

In order to reduce the time demanding nature of
calculations, symmetric boundary conditions were
considered (Cook et al., 2001), i.e. specimen halves
were modelled of a size of 25 x 25 x 237.5 mm (Fig.
3). In the transversal direction, the line load (line A)
was distributed on specimens with the use of a distribu-
tion board (Fig. 3).

The cross sections of numerical models consid-
ered the characteristics of annual rings. The modelling
of the characteristics of annual rings was based on one of
two front views of specimens. General cone shape of the
trunk, as well as the spiral arrangement of grains along
the whole length of the trunk, was neglected. The char-
acteristics of annual rings in the front were replaced with
cylindrical surfaces, and the specimens were expected to
have constant curvature along the length. The cross sec-
tions of specimens are shown in Fig. 4.

The calculations were made in steps, taking into
account material non-linearity. In addition, the effect of
large displacements and rotations of finite elements,
i.e. geometric non-linearity, was taken into account.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Results of experimental testing
3.1. Reazultati eksperimentalnog ispitivanja

On average, the failure of tested specimens oc-
curred under the force of 2.693 kN (Table 2). The min-

imum force of 2.171 kN at the failure was measured
when testing specimen No. 7. In contrast, the maxi-
mum force of 3.062 kN at the failure was measured
when testing specimen No. 6. The experimentally mea-
sured variation strength coefficient at failure is 9.83 %.

The average value of the modulus of elasticity in
bending £, determined by experimental testing of 10
specimens, is 12935.4 MPa. The measured values of
the modulus of elasticity in bending ranged within the
interval of 10624.0 MPa (min; specimen No. 1) to
15738.0 MPa (max; specimen No. 3). The experimen-
tally measured variation coefficient of the modulus of
elasticity in bending is 14.0 %, which is a lower value
than that of 22 % mentioned by Bergman et al. (2010)
and Jirt (1970).

The average value of bending strength R, is 75.9
MPa. Minimum and maximum values of bending
strength do not correspond to the same samples used
for measuring modulus of elasticity in bending. The
measured values of bending strength ranged within the
interval of 61.2 MPa (min; specimen No. 7) to 86.3
MPa (max; specimen No. 6). The experimentally mea-
sured variation coefficient of bending strength is 9.8 %,
which is again a lower value than that of 16 % men-
tioned by Bergman et al. (2010) and Jird (1970).

The value of modulus of elasticity in bending £,
and bending strength R, depends on the orientation and
density of annual rings (Table 2 and Fig. 4). Higher
values £, and R, were shown by samples with higher
density of annual rings and specimens, whose annual
rings were convex when looking at the specimen front.

’ ----- Numerical analysis Experimental testing ‘

1 2 3 4 5
35 35 35 15 35
3.0 3.0 3.0 / 10 3.0
-7 el y 4P - /
2.5 /,’ A 2.5 ] ,/, 2.5 % 25 d 25 7
VA 4 ll / /
£ 20 v z 20 7 z 20 7 > 20 i » 20
o / = K —% A ) [ 4
15 7 L 15 y KOS /,‘ 1S / ;1.5 /
1
1) /, 4
1.0 / 1.0 / 1.0 / 1.0 / 1.0 /
05 1o 05 0.5 0.5 / 05
00 0.0 0.0 0.0 0.0
0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
U, , mm U, mm U,, mm U,, mm
Uy’mm Y Y Y Y
6 7 8 9 10
35 3.0 35 3.0 3.0
3.0 A el 3.0 A pre)
/l 2.5 v /‘ 25 V4 2.5 /
25 - 4 - /, /
i 20 + 23 // 20 V4 2.0 ,.'/
4
20 i /, 2.0 o4 / /
Z / Z s 4 Z /’ % o1s ," Z s 1
L / S f oS % / w p
1.0 1.0 Y 1.0 J
10 / / 10 % / /
0.5 05 05 0.5 0.5
0.0 0.0 0.0 0.0 0.0
0 10 20 0 10 20 0 10 20 0 10 20 0 10 20

Uy,mm U,, mm

U,, mm

U,, mm U,, mm

Figure 5 Load displacement diagrams (/" — U,) of specimens determined by numerical analysis and experimental testing
Slika 5. Dijagram opterecenje — pomak za ispitivane uzorke odreden numerickom analizom eksperimentalnog ispitivanja
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Table 3 Results of experimental measurement of strength at the failure limit /' (kN) and vertical displacement U, at point B
at midspan with numerically determined values

Tablica 3. Rezultati eksperimentalnog mjerenja ¢vrstoce pri maksimalnom opterecenju F (kN) i vertikalnom pomaku U, u
tocki B u sredini raspona s numeri¢ki utvrdenim vrijednostima

Specimen No. w F__ U, F, . xa w/U, FLo!Fona
Uzorak br. mm kN mm kN % %
Experimental testing Numerical analysis
Eksperimentalni podaci Numericka analiza
1 17.3094 2.643 15.9896 2.723 -8.25 291
2 15.7344 2.458 15.1248 2.698 -4.03 8.90
3 14.3688 2.979 13.9851 2.601 -2.74 -14.53
4 13.5500 2.579 14.2121 2.631 4.66 1.98
5 18.9344 2.777 15.4661 2.696 -22.42 -2.99
6 16.1938 3.062 13.7368 2.601 -17.89 -17.74
7 11.2531 2.171 15.4568 2.678 27.20 18.96
8 15.2406 2.936 14.5737 2.610 -4.58 -12.51
9 15.5344 2.639 15.9157 2.647 2.40 0.32
10 15.0813 2.684 14.8208 2.618 -1.76 -2.52
Average 15.3200 2.693 14.9282 2.650 - -

3.2 Results of numerical analysis of experimental

taking into account non-interactive failure criterion and

testing " . . the idealisation of the annual rings characteristics,
3.2. Reazultati numericke analize eksperimentalnog .
ispitivanja showed good agreement between the results of numeri-

The load curves F' — U, at point B (Fig. 3) are
shown in Fig. 5. Very good conformity between ex-
perimental tests and numerical analysis was reached
with the specimen No. 4, 5, 6, 9 and 10. Regarding the
specimen No. 1, 2 and 7, the hardness values of the
numerical and material model, respectively, were high-
er than those of wood specimens. Load curves of spec-
imen No. 3 and 8 are located under the experimentally
determined load curves, indicating lower rigidity of the
numerical and material model, respectively.

The average strength at the failure limit deter-
mined by experimental testing (2.693 kN) differs from
the average strength at the failure limit determined by
numerical modelling (2.650 kN) by —1.62 % (Table 3).
The difference of the average measured vertical dis-
placement at midspan (15.32 mm) and numerically de-
termined values (14.93 mm) is —2.61 %.

4 CONCLUSIONS
4. ZAKLJUCAK

The determined value of average modulus of
elasticity in bending £, 12935.4 MPa by experimental
testing differs from the values stated in literature for
Scots pine (Pinus sylvestris) 12800 MPa (Table 1) by
1.05 %. The average bending strength R, 75.9 MPa de-
termined with the use of the same group of specimens
differs by 11.74 % from the published value of
86.0 MPa. The determined average values £, and R,
confirm the values of these constants mentioned in the
paper of Matovi¢ (1993) and Pozgaj et al. (1997,2004).
The partial results of experimental testing of speci-
mens show that constants £, and R, are dependent on
the orientation and density of annual rings.

The use of anisotropic plasticity material model
(Moses and Prion, 2004) for wood modelling with elas-
tic and material constants according to Table 1, while

32

cal analysis and experimental testing of wood speci-
mens. The difference between experimentally and nu-
merically determined results is on average up to 2.7 %.
Numerically determined load curves follow the load
curves determined by experimental testing. The use of
anisotropic plasticity material model can be seen on ex-
amples of load test modelling, numerical determination
of load bearing capacity, i.e. in cases when the level of
the applied loading is higher than the load when the ma-
terial failure occurs. Otherwise, the above described ap-
proach can be replaced by a simpler, orthotropic mate-
rial model with elastic constants according to Table 1
and interactive failure criteria — Hoffman (Hoffman,
1967) and Tsai-Wu criterion (Tsai and Wu, 1971).

Acknowledgments - Zahvala

This paper has been worked out under the project
No. LO1408 “AdMaS UP — Advanced Materials,
Structures and Technologies”, supported by Ministry
of Education, Youth and Sports under the ,,National
Sustainability Programme I” and under the project
FAST-S-15-2757 supported by the IGA, Brno Univer-
sity of Technology, Czech Republic.

5 REFERENCES
5. LITERATURA

1. Bathe, K. J., 2006: Finite element procedures. [New ed.]
[S.I: s.n.].

2. Bergman, R.; Cai, Z.; Carll, Ch. G.; Clausen, C. A.; Di-
etenberger, M. A.; Falk, R. H.; Frihart, Ch. R.; Glass, S.
V.; Hunt, Ch. G.; Ibach, R. E.; Kretschmann, D. E.; Ram-
mer, R. J.; Ross, R. J.; Stark, N. M., 2010: Wood Hand-
book, Wood as an Engineering Material (All Chapters).
Forest Products Laboratory. Wood handbook — Wood as
an engineering material. General Technical Report FPL-
GTR-190. Madison, WI: U.S. Department of Agricul-
ture, Forest Service, Forest Products Laboratory.

3. Bodig, J.; Goodman, J. R., 1973: Prediction of Elastic
Parameters for Wood. Wood Science, 5(4): 249-264.

DRVNA INDUSTRIJA 66 (1) 27-33 (2015)



ceessseess Pencik: Modelling of Experimental Tests of Wooden Specimens from Scots Pine...

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bodig, J.; Jayne, B. A., 1993: Mechanics of wood and
wood composities. Reprint ed. Malabar, Fla.: Krieger
Pub., 1993, xxi, 712 p.

Danielsson, H.; Gustafsson, P. J., 2013: A three dimen-
sional plasticity model for perpendicular to grain cohe-
sive fracture in wood. Engineerimg Fracture Mechanics,
(98): 137-152.
http://dx.doi.org/10.1016/j.engfracmech.2012.12.008
Gillis, P. P., 1972: Orthotropic elastic constants of
wood. Wood Science and Technology, 6(2): 138-156.
http://dx.doi.org/10.1007/BF00350827

Hallai, J., 2008: Fracture of Orthotropic Materials under
Mixed Mode Loading: EM 388F Fracture Mechanics:
Term Paper. Austin, Texas: University of Texas at Austin,
Department of Aerospace Engineering and Engineering
Mechanics, (online).
http://imechanica.org/files/Julian’s%20Term%20Paper.pdf
(Accessed September 28, 2013).

Hoffman, O., 1967: The Brittle Strength of Orthotropic
Materials. Journal of Composite Materials, 1: 200-206.
http://dx.doi.org/10.1177/002199836700100210

Morais, J. L.; Xavier, J. C.; Dourado, N. M.; Lousada, J.
L., 2001: Mechanical behaviour of wood in the ortho-
tropic directions. In: SharePDF.net - Free Download PDF
File (online).
http://sharepdf.net/view/87548/mechanical-behaviour-
of-wood-in-the-orthotropic-directions

(Accessed September 24, 2013).

Hearmon, R. F. S., 1948: The Elasticity of Wood and Ply-
wood. Forest Products Research Special Report, 7(1):1-
87.

Jeong, G. Y.; Hindman, D. P.; Zink-Sharp, A., 2010: Or-
thotropic properties of loblolly pine (Pinus taeda) strands.
Journal of Materials Science, 45 (21): 5820-5830.
http://dx.doi.org/10.1007/s10853-010-4658-2

Jirt, P., 1970: Dievaiska technicka prirucka — Oddil prvni
— Dievo. SNTL — Nakladatelstvi technické literatury.
Kim, Y. J.; Harries, K. A., 2010: Modeling of timber
beams strengthened with various CFRP composites. En-
gineering Structures, (32): 3225-3234.
http://dx.doi.org/10.1016/j.engstruct.2010.06.011
Kuklik, P.; Vidensky, J., 2005: Stanoveni komplexu
fyzikalné-mechanickych a fyzikalné-chemickych chara-
kteristik. In: Centre for Integrated DEsign of Advanced
Structures: Uplatnéni pokrocilych materialii v inte-
grovaném navrhu konstrukci. Prague: CIDEAS, pp. 1-2.
Martin, P. A.; Berger, J. R., 2001: Waves in wood: free
vibrations of a wooden pole. Journal of the Mechanics
and Physics of Solids, (49): 1155-1178.
http://dx.doi.org/10.1016/S0022-5096(00)00068-5
Matovi¢, A., 1993: Fyzikdlni a mechanické vlastnosti
dfeva a materialli na bazi dieva, Brno: Vysoka skola
zem&délska.

Morais, J. L., Xavier, J. C., Dourado, N. M., Lousada, J.
L., 2001: Mechanical behaviour of wood in the ortho-
tropic directions. In: SharePDF.net - Free Download PDF
File (online).
http://sharepdf.net/view/87548/mechanical-behaviour-
of-wood-in-the-orthotropic-directions

(Accessed September 24, 2013)

Moses, D. M.; Prion, H. G. L., 2004: Stress and failure
analysis of wood composites: a new model. Composites:
Part B: engineering, (35): 251-261.
http://dx.doi.org/10.1016/j.compositesb.2003.10.002
Nairn, J. A., 2007: Numerical Modeling of Deformation
and Fracture of Wood including Heterogeneity and An-
isotropy. COST Action E35 Meeting, Lausanne, Switzer-
land, 2007 (online).

DRVNA INDUSTRIJA 66 (1) 27-33 (2015)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dostupné: http://www.cof.orst.edu/cof/wse/faculty/Nairn/
papers/NairnCOST.pdf (Accessed September 24, 2013).
Péncik, J., 2013: Dievéné segmentové schodisté s jedno-
stranné zavésenymi stupni. Brno, 2013. Habilitation thesis.
Pousette, A., 2006: Testing and modeling of the behavior
of wooden stairs and stair joints. Journal of Wood
Science, 52(4): 358-362.
http://dx.doi.org/10.1007/s10086-005-0778-8

Pozgaj, A.; Chovanec, D.; Kurjatko, S.; Babiak, M.,
1997: Struktura a vlastnosti dreva, Priroda, Bratislava.
Tankut, N.; Tankut, A. N.; Zor, M., 2014: Finite Element
Analysis of Wood Materials. Drvna industrija, 65(2):
159-171.

http://dx.doi.org/10.5552/drind.2014.1254

Tsai, S. W., Wu, E. M., 1971: A General Theory of
Strength for Anisotropic Materials. Journal of Composite
Materials, (5): 58-79.
http://dx.doi.org/10.1177/002199837100500106
Utadnicek, L., Madéra, P., Tich4, S., Koblizek, J.,
2001: Dieviny Ceské republiky. 2. ed. Pisek: Matice lesn-
icka.

Vinson, J. R., Sierakowski, R., 2002: The behavior of
structures composed of composite materials. 2nd ed.
Boston: Kluwer Academic Publishers, xiv, 435 p.
http://dx.doi.org/10.1007/0-306-48414-5

Winandy, J. E., 1994: in Encyclopedia of agricultural sci-
ence, ed. Arntzen, Ch. J., Ritter, E. M. Academic Press,
New York, 4: 549-561.

Xavier, J., 2007: Identification de la variabilité des rigidi-
tés du bois & I'intérieur de 1’arbre par la méthode des
champs virtuels: application au P. Pinaster dans le plan
LR. Paris. Thése pour obtenir la grade de Docteur. E.
N.S.AM (Ecole Nationale Supérieure des Arts et
Meétiers). (online). (Accessed September 28, 2013).
**%2004: “Fyzikalni a mechanické vlastnosti dfeva” (on-
line), Mendel University in Brno, wood.mendelu.cz/cz/
sections/Props/?q=node/56. First published 2004 (Ac-
cessed Sept. 20, 2013).

**%2006: “Spider8 from HBM” (online), HBM Inc.,
http://www.hbm.com/fileadmin/mediapool/hbmdoc/
technical/b0409.pdf. First published 2006 (Accessed
Sept. 20, 2013).

**%k ANSYS® Academic Research, Release 14.5, AN-
SYS, Inc., 2012a.

*#%2012: “HBM WA T — Inductive displacement trans-
ducer (Probe)” (online), HBM Inc.
http://www.hbm.com/en/menu/products/transducers-
sensors/displacement/wa-t/#c71014 (Accessed Sept. 20,
2013).

**%2012a: “ EUFORGEN: Distribution maps” (online),
EUFORGEN.
http://www.euforgen.org/distribution_maps.html
(Accessed Sept. 20, 2013).

*#% CSN EN 408 (73 1741), 2004: Timber structures -
Structural timber and glued laminated timber - Determi-
nation of some physical and mechanical properties.

Corresponding address:

Assist. Prof. Ing. JAN PENCIK, Ph. D.

Institute of Building Structures
Faculty of Civil Engineering
Brno University of Technology
CZECH REPUBLIC

e-mail: pencik.j@fce.vutbr.cz

33



Akreditiran prema HRN EN 17025 za
ispitivanja drvenih podnih obloga,
povrSinske obrade drvenih podova,
liepila za drvene podove i odabranih
fizikalnih svojstava drva.

Ovlasten za ocjenjivanje sukladnosti
gradevnih proizvoda.

Kontrola uvjeta ugradbe.
Projektiranje, seminari i konzultacije.
Sudska vjestacenja.

Razvoj novih metoda.

Sveudiliste u Zagrebu - Sumarski fakultet
Zavod za namjestaj i drvne proizvode \
LABORATORIJ ZA DRVO U GRADITELISTVU | ¥

SvetoSimunska cesta 25,
HR-10000 Zagreb

Tel. 01 235 2454
Tel. 01 235 2485
Fax. 01 235 2531

Ldg@sumfak.hr
www.sumfak.hr

17025 -HAA

CL

CROLAB

60/S41L1



o o oo oo Avdemir: Morphological and Thermal Properties of Cellulose Nanofibrils Reinforced...

Deniz Aydemir!

Morphological and Thermal
Properties of Cellulose
Nanofibrils Reinforced
Epoxy Nanocomposites

Morfoloska i toplinska svojstva epoksidnih
nanokompozita ojacanih celuloznim
nanofibrilima

Original scientific paper ¢ Izvorni znanstveni rad
Received — prispjelo: 30. 1. 2014.

Accepted — prihvaceno: 14. 1. 2015.

UDK: 630*812.14, 630*813.13, 630*824.321
doi:10.5552/drind.2015.1403

ABSTRACT e Epoxy resins have gained attention as important adhesives because they are structurally stable,
inert to most chemicals, and highly resistant to oxidation. Different particles can be added to adhesives to improve
their properties. In this study, cellulose nanofibrils (CNFs), which have superior mechanical properties, were used
as the reinforcing agent. Cellulose nanofibrils were added to epoxy in quantities of 1 %, 2 % and 3 % by weight
to prepare nanocomposites. Morphological characterization of the composites was done with scanning electron
microscopy (SEM). Thermal properties of the nanocomposites were investigated with Thermogravimetric Analyzer
(TGA/DTG) and Differential Scanning Calorimeter (DSC). SEM images showed that the cellulose nanofibrils
were dispersed partially homogenous throughout the epoxy matrix for 1 % CNF. However, it was observed that the
cellulose nanofibrils were aggregated (especially for 2 and 3 % CNFs) in some parts of the SEM images, and the
ratios of the aggregated parts increased as the loading rate of the cellulose nanofibrils increased. The TGA curve
showed that DTG and decomposition temperature of pure epoxy was higher than that of the nanocomposites. The
DSC curve showed that the glass transition temperature (T . ) value of pure epoxy was found to be similar with Tg
of the nanocomposites.

Keywords: Epoxy nanocomposites, cellulose nanofibrils, morphological and thermal analysis

SAZETAK e Epoksi smole smatraju se vaznim ljepilima jer su strukturno stabilne, inertne na veéinu kemikalija
i vrlo otporne na oksidaciju. Ljepilima se za poboljsanje njihovih svojstava mogu dodati razlicite cestice U ovom
istrazivanju, kao sredstvo za ojacanje kompozita upotrijebljeni su celulozni nanofibrili (CNFs), koji imaju izvrsna
mehanicka svojstva. Celulozni su nanofibrili dodani epoksi smoli u kolicini od 1, 2 i 3 % mase radi izrade nano-
kompozita. Morfoloska karakterizacija kompozita napravljena je skenirajucim elektronskim mikroskopom (SEM).
Toplinska svojstva nanokompozita istrazena su termogravimetrijskim analizatorom (TGA/DTG) i diferencijalnim
skenirajuéim kalorimetrom (DSC). SEM slike pokazale su da su celulozni nanofibrili rasprseni djelomicno ho-
mogeno u matrici od epoksidne smole s 1 % CNFs-a. Medutim, uoceno je da su celulozni nanofibrili agregirani
(pogotovo za 2 i 3 % CNFs-a) u nekim dijelovima SEM slike, a udjel agregiranih dijelova povecava se s udjelom
celuloznih nanofibrila. TGA krivulja pokazala je da su DTG i temperatura raspadanja ciste epoksi smole veée od

! Author is assistant professor at Bartin University, Faculty of Forestry, Forest Industrial Engineering, Bartin, Turkey.
! Autor je docent SveudiliSta u Bartinu, Fakultet Sumarstva i industrijske prerade drva, Bartin, Turska.
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temperature raspadanja nanokompozita. DSC krivulja pokazala je da je temperatura staklastog prijelaza (T ;) Ciste

epoksi smole slicna vrijednosti T L 2a nanokomporzite.

Kljucéne rijeci: epoksidni nanokompoziti, celulozni nanofibrili, morfoloska i toplinska analiza

1 INTRODUCTION
1. UVOD

Generally, epoxy adhesives have been used because
they have good physical properties and high bonding
strength. Epoxies have many applications, ranging from
electronic technologies to the development of new mate-
rials (Kozma and Olefjord, 1987). Their properties can
be tailored for the desired end use, e.g., they can be filled
or foamed, flexible or rigid, high or low modulus materi-
als, a conductor or an insulator, a fire retardant, and re-
sistant to chemicals. Epoxy systems basically contain
two main components, i.e., the resin and a hardener. The
hardener initiates the chemical reaction, which converts
the epoxy resin into a solid material that has a cross-
linked network of chains of molecules. Epoxies are said
to be ‘thermosetting’ because, when they are cured, they
are irreversibly rigid and relatively unchanged by heat.
Curing of epoxies begins when a hardener is added. The
curing of epoxy resins generally is an exothermic reac-
tion, which causes the temperature of the process to in-
crease (Petrie, 2006). Epoxies are used extensively in
many applications to bond the substrates of different
materials (Lapique and Redford, 2002). In recent years,
it has been shown that the addition of nanoparticles and
nanofibrils to adhesives is an economical and environ-
mentally friendly way to improve the various properties
of a polymer. Nano-sized materials have superior prop-
erties, such as increased chemical activities, increased
aspect ratios, and enhanced physical properties (Auer
and Frenkel, 2001). Thus, many researchers (Zhai et al.,
2007; Masoodi et al., 2012) have shown important pro-
gress in obtaining significant improvements in perfor-
mance, such as enhanced physical, mechanical, thermal,
and surface properties, by mixing low concentrations of
nanoparticles or nanofibrils with epoxy.

Cellulose nanofibrils (CNFs), which are natural
fibrils that occur at the nano scale, were selected for
use in producing nanocomposites. The cellulose chains
are held together by hydrogen bonds between hydroxyl
groups. Therefore, cellulose chains have high strength
and stiffness. They have begun to receive additional

attention as a reinforcement material because of reduc-
tions in the energy requirements for breaking down
cellulose fibrils in nanofibrils (Siro and Plackett, 2010).
Previous studies on reinforced epoxy, an adhesive that
is not used extensively in the wood industry, showed
that the addition of different fillers improved the tough-
ness of the adhesive bond (Kinloch and Lee, 2003;
Stewart et al., 2007).

In this study, cellulose nanofibrils were selected be-
cause of their sustainability, industrial ecology, eco-effi-
ciency, inexpensive cost, green chemistry, and abun-
dance in nature. Cellulose nanofibrils have a high
reinforcing effect and can improve the properties of the
matrix (Sain and Oksman, 2005). Epoxy was chosen as
the matrix due to its good physical properties and excel-
lent bonding strength. Thermal properties of the com-
posites prepared with epoxy and cellulose nanofibrils at
different loadings (1 %, 2 %, and 3 % by weight) were
investigated with thermogravimetric analysis (TGA/
DTG) and differential scanning calorimeter (DSC).
Morphological structure of the obtained composites was
characterized with scanning electron microscopy (SEM).

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Cellulose nanofibrils (CNFs) used in this study
were a commercial product, ARBOCEL MF40-10 at
10 wt % from J. Rettenmaier & Sohne (JRS), Germany.
The SEM images of CNFs are given in Fig. 1.

The CNFs were used to prepare the epoxy nano-
composites. A commercially available Technobond
3000 adhesive epoxy with two components, i.e., a resin
and a hardener, was obtained from Techno Structural
Chemicals, Turkey. The density of the epoxy adhesive
was 1.15 g/cm?. The flammable point of the epoxy was
180 °C, and the curing time was 45 min.

Different quantities (1 %, 2 %, and 3 % wt) of
cellulose nanofibrils were added to the epoxy resin,
and the mixture was blended mechanically with a me-
chanical stirrer at 1500 rpm for 20 min to obtain even

Figure 1 SEM images of cellulose nanofibrils
Slika 1. SEM slike celuloznih nanofibrila
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dispersion. Then, an equal amount of hardener was
added to the mixture, which was mixed mechanically
again for 10 min. The hardener was mixed homoge-
nously throughout the adhesive by mechanical disper-
sion. An epoxy adhesive without cellulose nanofibrils
was also prepared using equal amounts of resin and
hardener, which were mixed mechanically until the
mixture was homogeneous. The prepared adhesives
were cast in aluminum molds, and the molds were
cured for 1 day at 50 °C in an oven having +3 °C sen-
sitivity and working without air circulation.

The morphology of the surfaces of the epoxy
films was observed with an environmental scanning
electron microscope (ESEM) (Phillips Electroscan
2020) with an accelerating voltage of 5 kV. The sur-
faces of all samples were sputter-coated with gold us-
ing a Denton sputter coater for enhanced conductivity.
The thermal stability of the nanocomposites reinforced
with cellulose nanofibrils was investigated using ther-
mogravimetric analysis (TGA/DTG) (Perkin Elmer,
TA Instruments, USA). The samples were heated from
25 °C to 600 °C with a heating rate of 10 °C/min and a
nitrogen flow of 100 mL/min. The differential scan-
ning calorimeter (DSC) tests were performed on a DSC
2920 (Perkin Elmer, TA Instruments, USA) at a heating

HY mag [ | det
10.00kv | 2500x | ETD

vac mode
High vacuum

rate of 5 °C/min under a nitrogen atmosphere. The
samples that were used weighed about 10 mg.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The SEM was an effective method for investigat-
ing the morphological characteristics of the compos-
ites. Fig. 2 shows the distribution of CNFs in the epoxy
matrix. The SEM results showed that the CNFs were
dispersed throughout the epoxy matrix. The dispersion
of CNFs changed as the loading rates of the CNFs were
increased from 1 % to 3 %. Fig. 2 shows that clumping
occurred for the 2 % and 3 % loadings of CNFs due to
the strong affinity for hydrogen bonding or insufficient
mixing. For the case of low loading, i.e., 1 %, the dis-
persion of CNFs was partially homogenous (Fig. 2a
and 2b), but this condition was found to deteriorate as
the loading was increased (Fig. 2c, 2d, 2e, and 2f). The
poor dispersion can be said to occur due to increasing
of viscosity. There were mechanically weak locations
in the epoxy due to inadequate dispersion and poor
bonding of the cellulose nanofibril domains. Therefore,
the poor dispersion can be the cause of decreased me-
chanical performance.

wo |
11.3 mm

Figure 2 SEM images of cellulose nanofibrils reinforced epoxy nanocomposites: (a) and (b) 1 %

CNF; (c) and (d) 2 % CNF; (e) and (f) 3 % CNF

Slika 2. SEM slike epoksidnih nanokompozita ojacanih celuloznim nanofibrilima: a) ib) uz 1 %
CNFs-a; () i (d) uz 2 % CNFs-a; (e) i (f) uz 3 % CNFs-a
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Figure 3 TG/DTG curves of CNF-reinforced epoxy nanocomposites
Slika 3. TG/DTG krivulje epoksidnih nanokompozita ojacanih celuloznim nanofibrilima

Lu et al. (2008) reported the surface modification
of micro-fibrillated cellulose for epoxy composite ap-
plications. The SEM results showed that there was a
non-uniform phase morphology that constituted many
granular domains for all of the composites that were
prepared. This was possibly because of poor mechani-
cal mixing or faster cross-linking nature of the surface
molecules, which formed a particulate structure (Nair
and Dufresne, 2003).

Alamri and Low (2012) studied hybrid epoxy
composites using cellulose and nano-SiC. The results
showed that the dispersion of cellulose nanofibrils (1

%) was essentially homogenous, but the dispersion for
3 % was found to deteriorate, and many agglomera-
tions were observed at this loading. Fig. 3 shows the
thermal stability of the epoxy nanocomposites.

Three degradation steps for the samples were de-
termined from the weight changes in TGA and the de-
rivatives of the weight loss curves in Fig. 3a and Fig.
3b. At the first degradation point, pure epoxy and cel-
lulosic nanocomposites exhibited mass losses due to
the evaporation of moisture at around 50 °C to 100 °C.
Other decomposition points were determined in the
DTG curves. A different decomposition point was

Table 1 Summary data of thermal stability of CNF-reinforced epoxy composites
Tablica 1. Sazeti podaci toplinske stabilnosti epoksidnih nanokompozita oja¢anih celuloznim nanofibrilima

Maximum decomposition
Samples DTG, | T,., T, Najveéa dekomporzicija
Uzorci Residue / Ostatak | Mass loss / Gubitak mase
°C °C °C %/min %
Pure epoxy / cista epoksidna smola 362.7 | 170.1 | 362.1 0.5 99.5
1 % CNF + epoxy / I % CNF + epoksidna smola| 358.1 | 161.5 | 347.4 1.8 98.2
2 % CNF + epoxy / 2 % CNF + epoksidna smola | 355.8 | 168.9 | 350.5 1.9 99.1
3 % CNF + epoxy / 3 % CNF + epoksidna smola| 3514 | 169.5 | 350.7 1.9 99.1

Legend: DTG shows maximum degradation point of the composites; 7, and T, show the degradation temperature at 10 % and 50 %
weight losses, respectively. / Legenda: DTG,  pokazuje najvecu temperaturu degradacije kompozita; T, and T, oznacava temperature

10% 50%
degradacije pri gubitku mase od 10 i 50 %.
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Figure 4 DSC curves of pure epoxy and cellulosic epoxy nanocomposites
Slika 4. DSC krivulje Ciste epoksidne smole i celuloznih epoksidnih nanokompozita

found due to the presence of cellulose nanofibrils. The
third point is shown at 7,, (Tab. 1). DTG peaks
showed that the peak and degradation temperatures of
all composites were similar to that of pure epoxy. It
was, however, found that the composites had shoulders
(2" degradation point between 150 °C and 250 °C) in
DTG curves due to the presence of CNFs.

It was found that the thermal stability of the com-
posites was not improved by the addition of CNFs.
When CNFs were added, the curves of DTG, (Tab. 1)
were found to range from 362.7 °C to 351.4 °C. The
DTG values do not have a positive effect in raising the
loading rate. The TGA curves decreased as the particle
loadings increased. The highest residue of composites
was found to be 1.9 % for 2 % and 3 % additions of the
cellulose nanofibrils. The maximum mass loss was cal-
culated to be 99.5 % for pure epoxy. Alamri and Low
(2012) studied the thermal stability of epoxy nanocom-
posites. Their results showed that, at low temperatures
(<200 °C), epoxies with 1 % and 2 % CNFs had better
thermal stability than pure epoxy and those with 3 %
CNFs. Lu et al. (2008) worked with micro-fibrillated
cellulose epoxy composites. The results showed that the
decomposition of neat epoxy occurs between 325 °C
and 450 °C, and the degradation of micro fibrillated
cellulose (MFC) starts at 280 °C, which is lower than
the temperature at which epoxy starts to degrade. Thus,
the thermal stability of the composite was decreased
slightly by the addition of 5 % MFC, and MFC does
not have any significant effect on the thermal stability
of'the resulting composite, although the residual weight
following decomposition increased slightly. Fig. 4
shows DSC thermograms of the neat epoxy and the na-
nocomposites prepared with cellulose nanofibrils. The
T, values of the nanocomposites showed no apprecia-
ble changes among each other compared with their in-
crease over neat epoxy. Isik et al. (2003) also observed
that the glass transition temperatures of epoxy slightly

DRVNA INDUSTRIJA 66 (1) 35-40 (2015)

increased with increasing clay content. This status ex-
plained this behavior in terms of the restricted mobility
of polymer chains due to the interaction between the
particles and the polymer.

4 CONCLUSIONS
4. ZAKLJUCAK

The morphologies of epoxy nanocomposites that
were prepared with cellulose nanofibrils were character-
ized and investigated for their thermal properties. The
results showed that cellulose fibrils were found to have
some effects on the morphological and thermal proper-
ties of epoxy. When the cellulose loading rate of nanofi-
brils in the epoxy was increased to 3 %, some clumping
was observed on the SEM photographs. The thermal
stability of epoxy was decreased by the addition of cel-
lulose fibrils, and the highest DTG__ was found at 362.7
°C for neat epoxy, whereas DTG__was decreased to
351.4 °C when the cellulose loading was increased.
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ABSTRACT e The paper presents the research results of process characteristics during cutting beech prisms
on horizontal log band saw type Mebor HTZ—1000. The band saw blades were equipped with swaged teeth and
stellited teeth. The power consumption, tool wear resistance, surface roughness and variation of board thickness
during 6000 m sawn prism length were studied. All studied parameters were monitored during the tool life-circle
(from sharpening to loosing its sawing capability). Wearing process was monitored as a function of cutting length.
The cutting edge modification, i.e. its wearing affecting energetic demands during sawing process as well as the
surface quality and dimension accuracy of produced work piece was monitored, too.

Based on cutting edge wear process and its effect on the above mentioned sawing process parameters, the optimal
period of saw band replacement with a new or sharpened one was determined. Based on measured parameters, it
was possible to determine which type of band saw tooth is recommended for cutting frozen beech.

Key words: horizontal log band saw, band saw blade, stellite teeth, swaged teeth, cutting wedge wear, cutting
power, surface quality

SAZETAK ¢ U radu se iznose rezultati istrazivanja obiljezja procesa piljenja bukovih prizmi na horizontalnoj
tracnoj pili trupcari proizvodaca Mebor, model HTZ-1000. Za piljenje su primijenjeni listovi pila sa stlacenim
i stelitiranim zubima. Proucavana je snaga potrebna za piljenje, postojanost alata, hrapavost obradene plohe
i odstupanje debljine piljenica od nominalne dimenzije, i to tijekom piljenja prizmi ukupne duljine 6000 m. Svi
proucavani parametri praceni su tijekom vremena postojanosti pojedinog lista pile. Proces trosSenja zubi lista pile
promatran je kao funkcija duljine puta zahvata tijekom piljenja. Takoder je analiziran utjecaj postupnog zatu-
pljivanja zubi lista pile na energiju potrebnu za piljenje, na kvalitetu obradene plohe i na odstupanje dimenzija
piljenica s obzirom na nominalne vrijednosti.

Uzimajuci u obzir proces zatupljivanja zubi lista pile i utjecaj na promatrane parametre obrade, odredeno je opti-
malno vrijeme zamjene lista pile. Na temelju izmjerenih parametara zakljuceno je koji je nacin pripreme zubi pile
preporucljiv za piljenje zamrznute bukovine.

Kljucéne rijeci: horizontalna tracna pila trupcara, list tracne pile, stelitirani zubi, stlaceni zubi, troSenje ostrice
alata, snaga rezanja, kvaliteta obradene plohe
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1 INTRODUCTION
1. UVOD

Log band saw is one of the main sawmilling ma-
chines designed to saw leafy hardwood species with
large diameters. Csanady et al. (2011) defined the saw-
ing process on log band saw as wood splitting by even-
ly moving tool, during which feed force vector acts
across the saw band. As it was presented by Detvaj
(2003) and Siklienka (2006), it is an individual method
of cutting, the principle of which is based upon qualita-
tive and geometrical characteristics of hardwood logs
(Gejdos et al., 2014; Suchomel et al., 2010). These
logs often require specific cutting layout during the
sawing process. The advantage of band saws is that
there is no need to classify and sort logs into large
number of categories in regard to variance of log cross-
section (Lisic¢an et al., 2000).

The sawing process on a log band saw is consid-
erably influenced by numerous parameters. The season
of the cutting process (summer/winter) also affects the
process. Frozen wood changes its mechanical proper-
ties and it has different impact on the cutting tool. The
consequence is the reduction of the dimensional accu-
racy of sawn products as well as production economics
effects (Frykova et al., 2010). Frozen wood is more
fragile than unfrozen wood and according to Lustrum
(2001) and Gaff et al. (2010) there is less variance of
surface unevenness due to lower saw band plate fric-
tion. Orlowsky et al. (2006) as well as Frykova et al.
(2010) allege that sawing frozen wood is energetically
more demanding than sawing unfrozen wood.

In practice, it is very important to saw with mini-
mal energetic input demands at the same time attempt-
ing to achieve the best output quality of sawing prod-
ucts. As mentioned by Wasilewski ef al. (1999) and
also Siklienka et al. (2005), suitable tool selection, tool
geometry and cutting conditions can lower the costs of
the cutting process and increase the performance and
accuracy of cutting.

Surface quality of wooden sawing products is
mostly characterized by their unevenness. Siklienka
(2004) and Sandak et al. (2005) present 4 classes of
surface unevenness: form variance, washboarding,
roughness and micro-roughness.

During sawing on band saws, the quality of work-
pieces is monitored and evaluated on the basis of the
surface unevenness parameter (P, — the difference be-
tween height mean value of five highest points and mean
value of five lowest points of primary profile) in accor-
dance to STN EN ISO 4287 and on the basis of devia-
tion of trimmed layer thicknesses. Both parameters are
monitored in dependence of the indicated chip length
(ICL). This quality monitoring method was also used by
Frykova et al. (2010) and Silienka ez al. (2008, 2011).

The indicated chip length (ICL) is the tool effec-
tive edge trajectory through the workpiece during cut-
ting. An important influencing factor that affects ener-
gy demands as well as the quality of cutting surface is
the wear of the cutting edge. Wearing is caused by the
resistance of the machined material (Ockajova, 2002).
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This resistance is based on wood stiffness, bend defor-
mation, chip friction on teeth cutting face and friction
of the teeth back as well as machined surface (Hajnik
et al., 2008).

The aim of this article is to describe the effect of
cutting wedge wearing on energy demands and qualita-
tive indicators of the sawing process by sawing frozen
beech prisms on horizontal log band saw type Mebor
HTZ-1000. The practical result of this article are refer-
ences that should enable choosing the suitable saw
band plate in accordance with the cutting wedge wear,
cutting process energy demands and the quality of ma-
chined surface.

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

The sawing of beech prisms was carried out on
horizontal log band saw type Mebor HTZ-1000 (Fig.
1), installed in VDL TU in Zvolen.

Technical data:

- wheel diameter: D = 1000 mm,

- band blade width: B= 95 mm,

- cutting speed: v, =30 m's”,

- feed rate: v, = (0 + 40) m-min"' (adjustable)

- max. log diamater: 800 mm,

- main electromotor output power: P, =22 kW.

2.1 Characteristics of sample work pieces
2.1. Parametri uzoraka

Beech prisms — European beech (Fagus sylvatica
L.) were used for the experimental measurement. The
prisms humidity was over the point of fibers saturation,
in the range (53+56) %. The logs were transported
from the Bud¢a area — provided by the University for-
est enterprise (SLP) TU Zvolen. The cutting of beech
prisms was done under the following conditions:
- feed rate v,=10 m-min’',
- cutting height 7 =300 mm,
- band saw blade with stellited teeth and band saw
blade with swaged teeth
- thickness of trimmed sample = 3 mm
- frozen prisms — prisms were placed in ambient tem-
perature -15 °C for at least 48 hours.

N

i,

¥ A
w 8

]
|

Figure 1 Horizontal log band saw Mebor HTZ -1000
Slika 1. Horizontalna traéna pila trupéara Mebor HTZ-1000
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Table 1 Geometry parameters of the band saw blade
Tablica 1. Geometrijski parametri lista traéne pile

Parameter Symbol | Value |Parameter Symbol | Value
Parametar Simbol | Vrijednost | Parametar Simbol | Vrijednost
Clearance angle, ° / ledni kut, ° a 15 Blade thickness, mm / debljina lista, mm a 1.1
Sharpness angle, ° / kut ostrice, ° B 50 Tooth height, mm / visina zuba, mm h, 10
Rake angle, ° / prednji kut, °© y 25 Tooth spacing, mm / korak zuba, mm t 45
Cutting angle, ° / kut rezanja, ° 0 65 Swage set, mm/ ispon zuba, mm e 0.35+0.05
Band width, mm / §irina lista, mm B 100

a)
Figure 2 Swaged tooth a), and tooth with stellite b) used in experimental cutting
Slika 2. Detalj listova pila primijenjenih u eksperimentu: a) sa stla¢enim zubima i b) sa stelitiranim zubima

2.2 Saw band characteristics
2.2. Parametri lista pile

For the purpose of the experiment, band saw
blades made by UHB 15 (Uddeholm, 2000) with hard-
ness 38 — 44 HRe, supplied by KLI Produkt s.r.o were
used. Geometry parameters of band saw blades (PP)
are shown in Table 1 for both types of teeth.

Band saw blade with a swaged, i.e. a stellited
tooth used in experimental cutting are shown in Fig. 2.

2.3 The experiment procedure
2.3. Tijek eksperimenta

At the beginning of the experiment, the initial
cutting wedge wear on the band saw blade with sharp-
ened swaged teeth was measured. Two initial cuts with
sharpened saw band were made. Samples for the un-
evenness test were removed and at the same time the
input cutting power was measured. The cutting was
performed with the same band saw blade up to 50 m
ICL. The samples for the unevenness test were re-
moved periodically. Before that, input cutting power
and cutting wedge wear were measured. This testing
procedure was repeated every 500 m ICL until the ma-
chined surface has shown defects of quality visible
with the naked eye. The same test procedure was ap-
plied for both types of teeth.

Figure 3 Sample selection for surface unevenness measure-
ment

Slika 3. Shema uzimanja uzoraka od piljenica za
odredivanje kvalitete obradene plohe

DRVNA INDUSTRIJA 66 (1) 41-48 (2015)

Surface unevenness was measured on samples of
300x50x3 mm. The samples were cut-out following
the cutting layout shown in Fig. 3.

The surface unevenness was measured with a la-
ser measuring equipment, Type LPM-4, which was as-
sembled and installed at the Department of Woodwork-
ing at the Technical University in Zvolen in cooperation
with the Kvant Ltd. Company. The measuring chain
(Fig. 4) was assembled of the following components: a
profile meter LPM-4 was installed on the height adjust-
able console; the recording and evaluation unit was
equipped with a LPM-View software. LPM uses the
triangulation principle of laser profile meter. The im-
age of the laser line was scanned with a digital camera.
The interpreted profile was scanned from the image
cross section (Siklienka et al., 2001). The principle of
the laser profile meter is shown in Figure 5.

Surface unevenness was evaluated according to
the actual woodworking standard STN EN ISO 4288
on the length of 80 mm. The surface unevenness of the
tested specimen was measured in feed speed direction
during cutting. The surface unevenness was evaluated
based on the maximum height of primary profile P,.

Figure 4 Surface roughness measuring chain
Slika 4. Mjerni lanac za odredivanje hrapavosti piljene
plohe
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Figure 5 Principle of laser profile meter LPM 4 (1 — cam-
era, 2 — laser, 3 — tested specimen, 4 — distance between
LPM and measured object)

Slika 5. Shematski prikaz nacela mjerenja uz pomo¢
laserskog profilometra LPM 4 (1-kamera, 2 — laser, 3 —
uzorak, 4 — udaljenost izmedu lasera i mjernog objekta)

Cutting input power was measured using the
measuring device designed for analyzing the electrical
power network quality. The Metrel Power Q Plus MI
2392 device was installed into the electric network be-
fore connecting the separate phases into the main ma-
chine electromotor.

The measuring principle was based on the chang-
es of power demand of the main electromotor of the log
band saw from the power network (Siklienka et al.,
2011). For the calculation of the electromotor input
power, the Metrel Power Q scans the changes of cur-
rent demand (/), actual voltage (U) and power factor
(cos ¢). The values were recorded in intervals of 1 sec-
ond. All values were measured with the frequency of
1024 Hz. The measuring values were averaged in peri-
ods of 1 second. These averaged values were the base
for the power consumption evaluation. The power
measuring device was connected to the computer via
RS 232 interface. Values were downloaded with the
Power Q Link 2.1 software (Hajnik, 2008).

Cutting wedge wear was measured using micro-
scopic method based on measuring the increase of cut-
ting edge radius (7). The increase of the wedge radius
is a consequence of cutting during certain effective

rake side
PN e —

a) b)

time (Fig. 6). The measurements were carried out ac-
cording to the internal methodology at the Department
of Woodworking at the Technical University in Zvolen.
As Hajnik et al. (2008) stated, it is a method of evalua-
tion with the help of a digital camera and a microscope.
Digital photography of the cutting wedge (Fig. 6/c) is
graphically analyzed using AutoCAD software.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Cutting wedge radius
3.1. Radijus zaobljenosti ostrice

Increase of the cutting wedge radius of saw bands
swaged teeth and stellited teeth at sawing frozen beech
prisms are given in Table 2.

The data obtained with the experimental cutting
given in Table 3 were analyzed and fitted with the poli-
nomal regression. The results are shown in Fig. 7a) and
7b).

Stellited teeth have shown evidently higher wear
resistence in comparison with swaged teeth in cutting
frozen beech prisms. Catastrophic wear was observed
on swaged teeth after cutting length of 2500 m. In the

Table 2 Change of the cutting wedge radius during cutting
for swaged teeth and stellited teeth as a function of cutting
length

Tablica 2. Promjena radijusa zaobljenosti ostrice za stlacene
i stelitirane zube kao funkcija duljine puta zahvata

Cutting wedge radius, xm
Radijus zaobljenosti oStrice, um
ICL, m Swagjed teeth : Stellited t/:eth
Stlaceni zubi Stelitirani zubi
0 17 13
500 53 33
1000 63 52
1500 70 64
2000 79 74
2500 89 85
3000 - 85
3500 - 88
4000 - 91
4500 - 91
5000 - 100
——= Digital Camera
Bm”*‘ﬂinn Canon A520

—— Adapter to connect
the camera

— Microscope 100x
otical zoom

o
|7 e e ]

Band saw blade
- - - = -«

Measured cutting edges

9

Figure 6 a) Wear of cutting edge (SV), b) real wear of cutting wedge, ¢) measuring apparatus for measuring SV with

microscopic method

Slika 6. a) TroSenje rezne ostrice (SV), b) prikaz stvarnog troSenja otrice i ¢) mjerni lanac za odredivanje zatupljenosti

oStrice uz pomo¢ mikroskopa
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Figure 7 Cutting wedge radius in relation to cutting length: a) swaged teeth and b) stellited teeth
Slika 7. Promjena radijusa zaobljenosti ostrice kao funkcija duljine puta zahvata: a) za stlacene zube i b) za stelitirane zube pile

same cutting conditions, catastrophic wear was obser-
ved on the stellited teeth at the double cutting length as
clearly shown in Fig. 7 a) and 7 b). Vasilka et al. (2009)
came to the same conclusion. The increase of the radi-
us of the cutting wedge as a result of the ICL increase
was also confirmed in the works of Lisian et al.
(1996), Ockajova (2001), Javorek et al. (2006) and
Siklienka et al. (2007).

3.2 Cutting input power
3.2. Snaga rezanja

Cutting power was measured periodically in the
same intervals as tool wedge radius during cutting with
the swaged teeth and stelitted teeth. The results ob-
tained during power measurements are given in Table
3. The data for cutting with swaged teeth are graphical-
ly presented in Fig. 8 a), and for cutting with stellited
teeth in Fig. 8 b).

Fig. 8 a) cleary shows that the power required for
cutting frozen beech prisms with sharpened teeth in-
tensively increases at the start until approximately
1000 m of cutting length. After that, the power con-
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Table 3 Power consumption in cutting frozen beech prism
with swaged and stellited teeth

Tablica 3. Snaga potrebna za piljenje bukovih prizmi
primjenom lista pile: a) sa stlacenim zubma i b) sa steliti-
ranim zubima

Power consumption, kW
Snaga piljenja, kW
ICL
CL,m Swaged teeth Stellited teeth
Stlaceni zubi Stelitirani zubi
0 10.8 10.2
500 11.4 10.9
1000 12.0 12.1
1500 12.1 12.5
2000 12.2 13.0
2500 12.3 13.8
3000 - 13.9
3500 - 14.0
4000 - 14.7
4500 - 16.1
5000 - 17.2
18
=
-
< 16
=
3 5
S 14 o)
Y]
g
5 12 i
E y=1E-10x3- 8E-07x2+0.0027x+ 10.026
= R>=0.989
& 10
£
=
© 8
0 1000 2000 3000 4000 5000
Cutting length / duljina reza, m

b)

Figure 8 Power consumption during sawing frozen prisms in relation to total cutting lenght: a) swaged teeth, and b) stellited

teeth

Slika 8. Snaga potrebna za piljenje zamrznutih prizmi u ovisnosti o ukupnoj duljini piljenja: a) za stlacene zube i b) za

stelitirane zube
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sumption increases lineary until the period in which
catastrophic tool wear occurs. The power consumption
curve follows the changes of the tool wedge radius
over the whole interval of cutting length. The same
comment applies to the changes in the level of power
consumption in different periods when cutting with
stellited teeth. It corresponds to the conclusion of Ja-
vorek (1995) and Holopirek (2004), who state that the
cutting power input increases with the increase of the
cutting surface, cutting time and cutting wedge wear.
Similar trends were presented in the works of Siklienka
et al. (2011) and Hajnik (2008).

3.3 Sawing surface quality
3.3. Kvaliteta obradene plohe

The tool influence on the cutting surface quality
is usually evaluated by measuring surface roughness,
i.e. maximum height of the primary profile (P)). An-
other quality indicator, called thickness deviation, was
also used in this study.

a) Surface roughness

The data obtained in measuring surface rough-
ness are given in Table 4. The surface roughness was
measured at the same time intervals as the increase of
tool wedge radius and power consumption. The surface
roughness in relation to cutting length for swaged teeth
is graphically presented in Fig. 9a). The relation be-
tween the surface roughness and cutting length for stel-
lited teeth is shown in Fig. 9b). The data obtained in
measuring the surface roughness were statistically ana-
lyzed and fitted with linear equations. The results are
also given in Fig. 9a) and b). The regression coeffi-
cients show very strong correlation between surface
roughness and cutting length.

From the point of view of the machined surface
quality (Table 5, Fig. 9a) and b)), it is obvious that saw-
ing frozen beech prism using stellite tipped band saw
blades leads to better surface quality. This observation
corresponds with Okai’s et al. (2006) and Lustruma’s
(2001) research results. The surface roughness mea-
surement has shown that roughness of machined sur-
face increases with the increase of cutting length as a

. |1

45 -

el
(=]

y=0.0241x+25.095

Surface roughness / hrapavost povrsine, mm

R?*=0.9834
30
&
15
0
0 500 1000 1500 2000 2500
Cutting length / duljina reza, m
a)

Table 4 Machined surface quality in cutting frozen beech
prism with swaged and stellited teeth

Tablica 4. Kvaliteta obradene plohe nakon piljenja
zamrznutih prizmi od bukovine uz pomoc¢ lista pile sa
stlacenim i sa stelitiranim zubima

Surface roughness, ym
ICL, m Hrapavost povrSine, pm
Swaged teeth Stellited teeth
Stlaceni zubi Stelitirani zubi
0 25 24
500 39 40
1000 46 47
1500 60 52
2000 78 54
2500 83 73
3000 - 80
3500 - 82
4000 - 94
4500 - 102
5000 - 104

result of cutting wedge wear (Table 3). The same con-
clusion was reached by Siklienka (2004), Wilkowski et
al. (2006) and Carpa et al. (2006).

b) Thickness deviation

Table 5 shows the results of measurement of
thickness deviations. The data are graphically present-
ed in Fig. 10 a) and b). The data obtained by measure-
ment were analyzed with the help of mathematical sta-
tistics and fitted with polynomial curves. The results
are also shown in Fig. 10 a) and b).

Fig. 10 clearly shows that the height deviation is
greater in samples sawed with the swaged teeth. The
increase of the height deviation ratio on the surfaces
sawed with swaged teeth is very intensive in the cut-
ting length interval from the start to approximately
1300 m and nearly constant in the interval from 1300
m to 2300 m. After that period, the height deviation
dramatically increases. The 4" degree polynomial re-
gression very well fits the changes of the height in-
crease of the surface sawn with swaged teeth with a
very high correlation coefficient. The height deviations

E 120
b
;& 100
5 S
2
= 80 C (6}
2 o
g
S 60
= [e y=0.0159x+28.591
2 [e R?*=0.9797
g 40 o
=
g
2 20§
g
T
@ 0 1000 2000 3000 4000 5000
Cutting length / duljina reza, m
b)

Figure 9 Surface roughness during sawing frozen prisms in relation to total cutting lenght: a) swaged teeth and b) stellited

teeth

Slika 9. Ovisnost hrapavosti obradene plohe pri piljenju zamrznutih bukovih prizmi o ukupnoj duljini puta zahvata: a) za

stlacene zube i b) za stelitirane zube
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Figure 10 Thickness deviation of the surface in relation to cutting length: a) for swaged teeth, b) for stellited teeth
Slika 10. Promjena odstupanja debljine ispiljenih uzoraka od nominalne dimenzije s obzirom na duljinu puta zahvata alata: a)
za stlacene zube i b) za stelitirane zube

Table 5 Surface height deviation in cutting frozen beech 2500 m of sawing length. The stellited teeth have
prism with swaged and stellited teeth shown near double wear resistance. The catastroph-
Tablica 5. Odstupanje debljine ispiljenih uzoraka od ic wear was observed after approximately 4800 m
nominalne dimenzije pri piljenju zamrznutih bukovih prizmi of cutting length
primjenom lista pile sa stla¢enim i sa stelitiranim zubima According to the wear characteristics of the two
Thickness deviation, mm different types of teeth, the power consumption
ICL. m Odstupanje debljine, mm during tool life period has not shown the expected
’ Swaged teeth Stellited teeth results. Power consumption during the first 2500 m
Stlaceni zubi Stelitirani zubi of cutting length was comparable for both types of
0 0.35 0.23 teeth. After that period, due to the unacceptable
500 0.55 0.46 quality of the cutting surface, cutting with the
1000 0.73 0.57 swaged teeth was stopped.
1500 0.85 0.61 - During sawing with the swaged teeth, the surface
2000 0.85 0.63 roughness has increased to the unacceptable level
2500 0.88 0.64 after 2500 m. That was the reason why cutting has
3000 0.65 been stopped. Quite the opposite, the surface qual-
3500 0.73 ity with stellited teeth remained acceptable until
4000 0.73 5000 m of cutting length.
4500 0.76 - The results of measurement of sample height devia-
5000 0.81 tion are the same. The increase of height deviation
ratio on the surfaces sawed with swaged teeth is very
of the surfaces sawn with stellited teeth are significant- intensive in the cutting length interval from the start
ly lower. The intensive increase of height deviation to approximately 1300 m and nearly constant in the
could be viewed in the interval from the start to 2000 interval from 1300 m to 2300 m. After that period,
m. After that the increase ratio is approximately linear the height deviation dramatically increases. Height
until 4000 m of cutting length. Finally, in the last sec- deviation of the surfaces sawn with stellited teeth is
tion from 4000 m to 5000 m, the surface height devia- significantly lower. Intensive increase of height de-
tion drastically increases. The changes in surface viation could be observed in the interval from the
height deviation in relation to cutting length were fitted start to 2000 m. After that, the increase ratio is ap-
with the 3" degree polynomial regression with very proximately linear until 4000 m of cutting length.
high correlation coefficient as shown in Fig. 10. Finally, in the last period from 4000 m to 5000 m, the

surface height deviation drastically increases.
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ABSTRACT e Laccases have the ability to oxidize both phenolic and trough mediators non-phenolic lignin re-
lated compounds. When reacting on lignin, they can display both ligninolytic and polymerizing (cross-linking)
abilities, which makes them very useful for their application in industries based on lignocellulose material. Most
of the published papers and applications of laccase and laccase-mediator systems on lignocellulose material
relate to the pulp, paper and textile industry. Recent research has been done in terms of laccase assisted biograft-
ing of phenols and other compounds on wood surface and use of laccase for adhesion enhancement in fiberboard
production. They can be introduced to wood technology as environmentally friendly enzymes. The paper reviews
the application of laccases in industries based on lignocellulose material and discusses the future outlook and
development in the above mentioned fields.

Key words: laccase, laccases mediators, lignocellulose material, lignin functionalization

SAZETAK ° Enzimi lakaze imaju sposobnost oksidacije fenolnih spojeva uz pomo¢ medijatora i nefenolnih spo-
jeva lignina. Kada reagiraju na lignin, mogu pokazati i ligninoliticke i polimerizacijske (unakrsno povezujuce)
sposobnosti, Sto ih cini vrlo korisnima za primjenu u industriji utemeljenoj na lignoceluloznim materijalima.
Vecina objavljenih radova i primjena enzima lakaze i posrednickih lakaza-sustava na lignoceluloznim materijali-
ma odnose se na celulozu, papir i proizvode tekstilne industrije. Nedavno su provedena istrazivanja o kalemljenju
fenola i drugih spojeva uz pomo¢ lakaza na povrsinu drva i o primjeni lakaza za poboljsanje adhezije u proizvod-
nji ploca vlaknatica. Lakaze se mogu upotrijebiti u drvnoj tehnologiji kao ekoloski prihvatljivi enzimi. U radu se
analizira primjena enzima lakaze u industriji utemeljenoj na lignoceluloznim materijalima i razmatraju se buduce
perspektive i razvoj na spomenutim podrucjima.

Kljuéne rijeci: lakaze, posrednici lakaze, lignocelulozni materijal, primjena lignina

1 INTRODUCTION widely distributed in many plant and fungal species
1. UVOD (Riva, 2006). An enzyme of this group was first de-
scribed by Yoshida (1883) at the end of the 19" century

Laccases (EC 1.10.3.2., p-diphenol:dioxygen  as a component of the resin ducts of the lacquer tree
oxidoreductase) belong to the multicopper oxidases  Rhus vernicifera (Yoshida, 1883). The physiological
family and are also called blue enzymes. They are  function of these biocatalysts is different in various or-

! Authors are assistant and professor at University of Ljubljana, Biotechnical Faculty, Department for Wood science and technology, Ljubljana,
Slovenia.
! Autori su asistentica i profesor Sveucilista u Ljubljani, Biotehnicki fakultet, Odsjek za znanost o drvu i drvnu tehnologiju, Ljubljana, Slovenija.
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ganisms but they all catalyze polymerization or depo-
lymerization processes. It has been suggested that lac-
cases are involved in cuticle sclerotization in insects
and in the assembly of UV-resistant spores in Bacillus
species. In plants, they are involved in cell wall forma-
tion and, together with peroxidases, in lignification
(Mayer and Staples, 2002). In white rot fungi, the lac-
cases are among the main enzymes involved in deligni-
fication process (Tavzes ef al., 2009).

Meeting the challenges of reducing formalde-
hyde emissions from the adhesives and improving
product recyclability, calls for innovative approaches
to minimize the amount of binder while ensuring prod-
uct quality. Enzymatic treatment of wood fibers or
other wood particles before their pressing into compos-
ite boards, such as medium density fibreboards (MDF),
has been investigated by Felby, Kharazipour and cow-
orkers since 1997. For example, laccase has been
shown to greatly improve the internal bond (IB) of fi-
ber boards (Felby et al., 1997; Kharazipour et al.,
1997, Hiittermann et al., 2001; Felby et al., 2002; Fel-
by et al., 2004). This effect may be explained by the
fact that laccase oxidizes the phenolic structures in lig-
nin, which leads to relatively stable free radicals that
may participate in fiber bonding by subsequent radical
coupling (Fackler et al., 2008).

Others, like Widsten (2008b), made research for
combining boards without petroleum-derived wood
adhesives. Furthermore, an important topic related to
wood products is the chemical modification of their
surface properties to improve their resistance. Enzyme
technology offers an environmentally friendly method
for modifying solid wood, pulp, or other lignocellulos-
ics by biografting of phenols and other molecules on
their surfaces. Properties such as antimicrobial, anti-
fungal, UV- and weathering stability, and fire retardan-
cy have been or can potentially be imparted to ligno-
cellulosic substrates (Widsten et al., 2008a).

2 DISTRIBUTION, STRUCTURE AND
MECHANISMS OF LACCASE

2. DISTRIBUCIJA, STRUKTURA | MEHANIZMI
ENZIMA LAKAZE

Laccases are common enzymes in nature. The
first laccase was reported in Rhus vernicifera, the Japa-
nese lacquer tree (Reinhammar, 1984). Subsequently
laccases have been discovered in numerous plants. The
majority of laccases characterized so far have been
from wood decay fungi especially from white-rot ba-
sidiomycetes (Fig. 1) that are efficient lignin degrad-
ers. Well-known laccase producers also include fungi
belonging to the ascomycetes, deuteromycetes and ba-
sidiomycetes (Sharma et al., 2007).

The first report of prokaryotic laccase is from the
rhizospheric bacterium Azospirillum lipoferum (Givau-
dan et al., 1993). The best-studied bacterial laccase is
the CotA, the endospore coat component of Bacillus
subtilis. The CotA gene codes for a 65-kDa protein be-
longing to the outer spore coat. CotA participates in the
biosynthesis of the brown spore pigment, which mu-

50

Figure 1 White-rot caused by basidiomycetes Oudemansi-
ella mucida (photo by Franc Pohleven, 2011)

Slika 1. Bijela trulez uzrokovana basidio gljivicama
Oudemansiella mucida (foto: Franc Pohleven, 2011)

tants in the gene encoding CotA lost the ability to pro-
duce. The protein, which was over expressed in E. coli,
has a molecular mass of 65 kDa, an isoelectric point of
7.7 and is highly thermo stable (Martins et al., 2002).
Fungal laccases molecular mass ranges from 50 to 100
kDa with a 10 to 45 % covalently linked carbohydrate
molecules. For the catalytic activity, a minimum of
four copper atoms per protein unit are needed, and they
are divided in three Types (T1, T2, and T3). T1 is a
paramagnetic copper with absorbance at 610 nm and
confers the blue color to the multicopper proteins,
which results from the intense electronic absorption
caused by the covalent copper-cysteine bond. It is also
the site where substrate monoelectronic oxidation takes
place. It has a high redox potential of +790 mV. On the
other hand, T2 copper shows no absorption in the visi-
ble spectrum but reveals paramagnetic properties in
Electron Paramagnet Resonance (EPR) studies. It is
positioned close to the T3, a binuclear center spectro-
scopically characterized by an electron adsorption at
330 nm. T2 and T3 copper form a trinuclear cluster,
where reduction of molecular oxygen and release of
water take place. The oxidation of substrates (p-diphe-
nols) creates reactive radicals that can undergo non-
enzymatic reactions like cross-linking of monomers,
degradation of polymers and ring cleavage of aromatic
compounds (Claus, 2003; 2004) (Fig. 2).

Because of their redox potential of around <0.8
V, their action is restricted to the oxidation of the phe-
nolic lignin moiety, whereas non-phenolic substrates
having redox potential above 1.3 V cannot be oxidized
by laccases directly (Cafias and Camarero, 2010).

For catalyzing the oxidation of non-phenolic sub-
strates, laccase requires the presence of a mediator. A
mediator is a small molecule in the medium that be-
haves like an “electron shuttle” between laccase and
substrate. They act as redox mediators and oxidize
other compounds that are not substrates of laccase
(Sharma et al., 2007). In 1990, the first artificial media-
tor 2,2’-azino bis-(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) was used in the laccase mediator systems
(LMS) for pulp delignification (Bourbonais et al.,
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Figure 2 Coupling reactions of phenoxy radicals on lignocellulosic substrates treated with phenol-oxidizing enzymes
(Widsten and Kandelbauer, 2008b)
Slika 2. Reakcija fenoksi radikala na lignoceluloznim podlogama tretiranim fenol-oksidacijskim enzimima (Widsten i
Kandelbauer, 2008b)
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Figure 3 Examples of laccases artificial (a-f) and natural (g-m) mediators and veratryl alcohol. (a) 2,2’-azino-bis-(3-ethylben-
zothiazoline-6-sulphonic acid) (ABTS); (b) violuric acid; (c) 2,2,6,6-tetramethylpiperidine-1-yloxy (TEMPO) (VLA); (d)
N-hydroxybenzo-triazole (HBT); (e) 3-Hydroxyanthranilic acid (HAA); (f) N-hydroxyacetanilide (NHA); (g) acetosyrin-
gone; (h) acetovanillon; (i) syringaldehyde; (j) vanillin; (k) p-coumaric acid; (1) sinapinic acid; (m) ferulic acid; (n) 3,4-dime-
thoxybenzyl alcohol (VA) (Riva, 2006; Kunamneni et al., 2008)

Slika 3. Primjeri umjetnih (a-f) i prirodnih (g-m) posrednika lakaze i veratril alkohola (n): (a) 2,2’-azino-bis (3-etilbenzotia-
zolin-6-sulfonska kiselina) (ABTS); (b) violuri¢na kiselina; (c) 2,2,6,6-tetrametilpiperidin-1-iloksi (TEMPO) (VLA); (d)
N-hidroksibenzo-triazol (HBT); (e) 3-hidroksiantranilna kiselina (HAA); (f) N-hidroksiacetanilid (NHA); (g) acetosiringon;
(h) acetovanilon; (i) siringaldehid; (j) vanilin; (k) p-kumarinska kiselina; (1) sinapinska kiselina; (m), feruli¢na kiselina; (n)
3,4-dimetoksibenzil alkohol (VA) (Riva, 2006; Kunamneni et al., 2008.)
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1995). Since then, more than hundred other compounds
have been tested for their ability to oxidize lignin or
lignin models (Fig. 3). Riva and coworkers (2006)
proved the most effective mediators for lignin degrada-
tion to be the N — heterocycles bearing N — OH groups
(Fig. 3 b, d, f, i).

The cost and toxicity of synthetic mediators tend
to be prohibitive for implementation in industry. This
has generated interest in natural mediators obtainable
from plants, fungi or as industrial by-products. Poten-
tially cost-effective lignin derived natural mediators
like p-coumaric acid, syringaldehyde and acetosyrin-
gone have been investigated by Camarero et al. (2007).
Not only organic compounds have been investigated as
laccase mediators, but also inorganic polyoxometalate
and other transition metal complexes (Widsten and
Kandelbauer, 2008a).

3 LIGNOCELLULOSE MATERIAL
AS LACCASE SUBSTRATE

3. LIGNOCELULOZNI MATERIJAL
KAO PODLOGA LAKAZE

Lignin is an amorphous polymer; it comprises
approximately 20-32 % of dry wood mass and func-
tions as a cementing material in wood cells. Lignin
consists of p-hydroxyphenyl, guaiacyl and syringyl-

' ¢ 7
b G ¢
oC C C
1
6 2
5
a3 OR) (RO OR)
OR OR OR
p-Hydroxyphenyl  Guaiacyl Syringyl
R=H,alkyl,aryl

type phenylpropane units in which the aromatic units
bear 1, 2 or 3 free or etherified hydroxyl groups. The
phenylpropane units are linked together by alkyl aryl
ether (0-O-4, B-O-4), aromatic ether (4-O-5") bonds
and carbon-carbon bonds (5-5’ or B-5) in condensed
structures (Fig. 4). A good understanding of lignin
structure and chemistry is helpful in the development
of laccase based treatment technology for wood (Wid-
sten and Kandelbauer, 2008a).

Adhesion improvement of lignocellulosic prod-
ucts, such as medium-density fiberboard and particle-
board, by enzymatic bonding methods are well sum-
marized in a paper by Widsten and Kandelbauer
(2008b). They mention two approaches; one is to im-
prove the self-bonding properties of the particles by
oxidation of their surface lignin before they are fabri-
cated into boards. Another method involves using en-
zymatically pre-treated lignins as adhesives for boards
and laminates.

Fackler et al. (2008) functionalized spruce wood
particles by fungal laccase combined with 4-hydroxy-
3-methoxybenzylamine (HMBA) or 4-hydroxy-3 me-
thoxybenzylurea (HMBU). The expectation was cross-
linked with wurea-formaldehyde (UF) resins in
subsequent bonding processes, which should improve
strength properties of particle boards (Fig 5). Mechani-
cal testing and multivariate data analysis revealed an

H,CO

7
C
| 36 34
i c %
Cw» (IJw
ucl; 2
c 3 OCH,
[3(|3_0
¢ H,CO 5% OCH,
OR OR
5-5'
OR
B-O-4

Figure 4 Lignin model compounds (p-Hydroxyphenyl, Guaiacyl, Syringyl);a f-O-4 ether linkage; an example of condensed
lignin structures, a biphenyl 5-5° lignin substructure (Widsten and Kandelbauer, 2008a)

Slika 4. Modeli spojeva lignina (p-hidroksifenil, Guajacil, Siringil); B-O-4 eter veza; primjer kondenziranih ligninskih
struktura, bifenil 5-5” ligninska podstruktura (Widsten i Kandelbauer, 2008a)
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Figure 5 Functionalization of lignin with laccase and 4-hydroxy-3-methoxybenzylurea (HMBU), and cross-linking of
functionalized lignin and urea-formaldehyde (UF) resin in particleboards (Fackler ez al., 2008)

Slika 5. Funkcionalizacija lignina primjenom enzima lakaze i 4-hidroksi-3-metoksibenzilurea (HMBU) te umrezenje
funkcionaliziranog lignina i urea-formaldehidne (UF) smole u plo¢ama ivericama (Fackler ef al., 2008.)
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Figure 6 Examples of low-molecular weight compounds biografted to lignocellulosic materials with the aid of laccase:
(A)4-hydroxyphenylacetic acid; (B)4-hydroxybenzoic acid; (C) vanillic acid; (D) syringic acid; (E) ferulic acid; (F) gallic
acid; (G) guaiacol; (H) vanillin; (I) guaiacol sulfonate; (J) 3-hydroxytyramine hydrochloride; (K) tyrosine; (L) 4-hydroxy-3
methoxybenzylurea; (M) acrylamide (Widsten in Kandelbauer, 2008a)

Slika 6. Primjeri spojeva male molekularne tezine kalemljeni na lignocelulozne materijale uz pomo¢ enzima lakaze: (a)
4-hidroksifeniloctena kiselina; (B) 4-hidroksibenzojeva kiselina; (C) vanili¢na kiselina; (D) siringijska kiselina; (E) ferulicna
kiselinu; (F) galna kiselina; (G) gvajakol; (H) vanilin; (I) gvajakol sulfonat; (J) 3-hidroksitiramin hidroklorid; (K) tirozin; (L)
4-hidroksi-3 metoksibenzilurea; (M) akrilamid (Widsten u Kandelbauer, 2008a)

increase of internal bond (IB) as a result of functional-
ization with HMBU. HMBA showed no significant in-
crease of IB.

Biografting is a method for tailoring the surface
of lignocellulose material (LM) under mild conditions
and usually without harmful solvents. Series of reac-
tions result in the introduction of new functional groups
that may alter the physicochemical properties of LM in
a desired way. Laccase may act as a catalyst for the
covalent binding of compounds with low-molecular
weight to lignin in wood and pulp fibers (Chandra et
al., 2002, 2004a,b; Gronqvist et al., 2006). Examples
of grafted molecules are shown in Figure 6.

Kudanga et al. (2010b) showed for the first time
the mechanistic evidence of a laccase-catalyzed meth-
od of covalently grafting hydrophobicity enhancing
fluorophenols onto Fagus sylvatica veneers. Coupling
was made of fluorophenols (4-fluoro-2-methylphenol,
4-[4-(trifluoromethyl)phenoxy] phenol and 4-(trifluo-

DRVNA INDUSTRIJA 66 (1) 49-55 (2014)

romethoxy)phenol) onto complex lignin model com-
pounds guaiacylglycerol B-guaiacyl ether and syrin-
gylglycerol B-guaiacyl ether (Fig 7). The covalent
bonding was demonstrated by LC-MS, NMR and XPS
analysis.

Furthermore, they report of laccase-mediated
grafting of long chain alkylamines onto LMs and how
it can be potentially exploited for improving their hy-
drophobicity (Kudanga ef al. (2010a). Concomitantly
the grafting of dihexylamine (DHA) or dodecylamine
(DA) onto beech veneers resulted in a 53.8 % and 84.2
% increase in hydrophobicity, respectively when com-
pared to simple adsorption (Kudanga et. al., 2010a).
The advantage of laccase-mediated covalent binding of
molecules onto wood surface is that the grafted mole-
cules are not easily released into the environment.

Schubert (2013) represented laccase-catalysed
iodination of wood as an efficient method for wood
protection. The enzymatic oxidation of iodide (I-) to
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Figure 7 Chemical structures of the lignin model compounds and fluorophenols used in the coupling reactions in an attempt
to achieve higher surface hydrophobicity. (Kudanga et. al., 2010b)
Slika 7. Kemijske strukture spojeva lignina i fluorofenola koji se upotrebljavaju u kondenzacijskim reakcijama kako bi se

postigla veca hidrofobnost (Kudanga et al., 2010b)

iodine (1,) in the presence of wood led to an enhanced
resistance of the wood surface against all microorgan-
isms, even after exposure to leaching.

4 SUCCESSFUL APPLICATION OF LACCASE
ON OTHER LM

4. USPJESNA PRIMJENA LAKAZE NA DRUGIM
LIGNOCELULOZNIM MATERIJALIMA

In textile industry, laccase is used to bleach tex-
tiles and even to synthesize dyes. In 1996 Novozyme
from Denmark launched a new industrial application
of laccase enzyme in denim finishing called DeniLite®.
It is the first industrial bleaching enzyme acting with
the help of mediator molecule. In 2001, the company
Zytex from India developed the formulation based on a
laccase mediator system (LMS) Zylite® capable of de-
grading indigo. Due to laccases potential to degrade
dyes of diverse chemical structure, it seems an attrac-
tive solution for removal of dyes from industrial efflu-
ents (Couto et al., 20006).

Production of chemical pulp paper requires sepa-
ration and degradation of lignin in wood pulp, pre-
treatments of wood pulp with ligninolytic enzymes
provides milder and cleaner strategies than polluting
chlorine-based procedures. In pulp and paper industry,
laccase and LMS are used for a variety of processes
like biopulping, biobleaching, deinking, pitch control
by pulp treatment, enhancing paper strength properties,
mill process water and effluent treatment (Widsten and
Kandelbauer, 2008a). LMS have also found commer-
cial applications in paper industry such as Lignozym®
- process (Couto et al., 2006).

Tavzes et al. (2009) tested the chemical changes
induced in melanin as a result of treatment with laccase
and 1-hydroxybenzotriazole (HBT). Since melanin is a
black pigment produced by moulds and various blue-
staining fungi which also infest many art objects, the
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implication of these findings can be applied in art con-
servation science (Tavzes et al., 2009).

5 FUTURE OUTLOOK
5. POGLED U BUDUCNOST

Mayer and Staples (2002) titled their paper “Lac-
cases: New Functions for an Old Enzyme” and almost
ten years later we are discovering new functions and
possible applications for this “old” enzyme. Not only
can we use it for new wood technological processes, but
we can also use it for bioremediation of old wood pre-
servatives that were used for wood protection in the past,
such as lindan (gamma-hexachlorocyclohexane) and
PCP (pentachlorophenol). Ul¢nik (2012) demonstrated
that white rot fungi can degrade lindan. With the use of
enzymes, wood industry has the potential to become part
of many fields in biotechnology and modern environ-
mentally friendly technologies. Who knows what else
the future holds for these “old eco-friendly”” enzymes.
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ABSTRACT ¢ The aim of the cooperative research project was the development of a wood-cement in-situ con-
crete used as local filler and stiffening element in wooden ceiling elements. For further processing, only water
should be added to the mineralized particles, whereby the amount of added water is relevant to the adjustment of
the consistence and flowing characteristics. Portland cement was used as binding component. Particle residues
of Scots Pine (Pinus sylvestris L.) and spruce (Picea abies (L.) Karst.) from sanding with 60 grit paper, as filling
components, were supplied by Lignotrend GmbH, an industrial manufacturer of solid wood structural elements
(cross laminated timber) and project partner. The mineralization of these wood particles has also been studied.
Three different ways to accelerate the hydration of the cement and therefore to counteract the effect of the so called
cement poisons were examined. Moreover, the compressive strength of hardened concrete had to be set to not less
than 3.2 N/mm?, which was also examined.

Key words: wood concrete compound, mineralization, compressive strength

SAZETAK * Cilj zajednickog istrazivanja bio je proizvesti beton od drva i cementa koji ¢e se upotrebljavati kao
punilo i kao element za ukrucivanje drvnih stropnih elemenata. Za daljnju obradu mineraliziranim Cesticama
drva treba samo dodati vodu, pri cemu je kolicina dodane vode relevantna za prilagodbu konzistencije i svojstva
tecljivosti betona. Kao vezivna komponenta upotrijebljen je portlandski cement, a kao punilo drvne Cestice nas-
tale brusenjem drva obicnog bora (Pinus sylvestris L.) i smreke (Picea abies (L.) Karst.), i to brusnim papirom
granulacije 60. Drvne Cestice dobavljene su od tvrtke Lignotrend GmbH, industrijskog proizvodaca strukturnih
elemenata od masivnog drva (unakrsnoga lameliranog drva), koja je ujedno i partner u projektu. Mineralizaci-
Ja Cestica drva takoder je dio istrazivanja. Istrazena su tri razlicita nacina ubrzavanja hidratacije cementa, a
istrazeni su i tim procesima suprotni ucinci, tzv. otrovi cementa, kao i tlacna cvrsto¢a otvrdnutog betona, koja ne
smije biti manja od 3,2 N / mm”.

Kljucéne rijeci: spoj drvo — beton, mineralizacija, tlacna ¢vrstoca

! Authors are professors at Eberswalde University for Sustainable Development - University of Applied Sciences, Faculty of Wood Science
and Technology, Eberswalde, Germany.

! Autori su profesori Sveuéilista odrzivog razvoja u Eberswaldu — Sveu¢iliSte primijenjenih znanosti, Fakultet znanosti o drvu i drvne
tehnologije, Eberswalde, Germany.
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1 INTRODUCTION
1. UVOD

Since the use of wood particles is considered at-
tractive for the reinforcement of cement (Campbell and
Coutts, 1980), their application leads to various chal-
lenges due to wood components like water soluble car-
bohydrates (e.g. sugars, starch, hemicellulose and pec-
tin) and due to resins, oils, waxes and fats - depending
on wood species (Schubert et al., 1990). Those sub-
stances react with cement and cause delays in harden-
ing. Miller and Moslemi investigated the effects of
wood components like glucose, quercetin, xylan and
acetic acid on cement regarding hydration characteris-
tics and tensile splitting strength. They discovered that
glucose decreased the cement tensile strength by near-
ly 50 % (Miller and Moslemi, 1991). By differential
calorimetric analysis, Kithne and Meier showed that
cement hydration is inhibited by galactomannan and
especially xylan hemicelluloses, as well as by glucose
(Kiihne and Meier, 1990). Cong et al. (2007) have con-
ducted experiments to reduce the hydration retarding
sugar in the wood by microorganisms and enzymes
(Cong et al., 2007). Alpar et al. applied an additive
combination of montmorillionite and polydiallyldi-
methylammonium chloride to Portland cement to im-
prove the bending strength of cement bonded poplar
wood (Populus spp.) composite. Bending strength
could be increased above 20 % (Alpar ef al., 2012).
Wei et al. suggested to eliminate the so called cement
poisons (Sandermann and Brendel, 1956) by using al-
kali salts, for example calcium chloride, as setting ac-
celerators (Wei et al., 2000). Alpar and Racz claimed
that the use of calcium-chloride and calcium-formate
with poplar clone (Populus x euramericana cv. ,,1
214") for the production of cement-bonded particle-
boards leads to a significantly reduced price by im-
proved physical and mechanical properties of boards
compared to those made with conventional water-glass
(Alpar and Racz, 2009). On the other hand, the in-
creased corrosion of ferrous materials (for example
various fasteners like nails or screws) by leachable
chlorides is disadvantageous for later use. Del Menezzi
et al. (2007) replaced Portland cement with silica fume
(Si0,) to reduce the inhibitory effects of wood (Pinus
taeda L.) on the setting of cement in the wood-cement
board production. They showed that a replacement of
cement with 10 % of SiO, not only improved mechani-
cal properties but also eliminated the inhibitory effect
of wood on cement setting.

In the context of a scientific study, it had to be
found out which kind of mineralization is meaningful
for the present use and which concentrations are use-
ful. Furthermore, it was examined how much of the
wood particles can be inserted into the concrete in or-
der to achieve a maximum reduction in density, simul-
taneously maintaining the required consistency, and to
keep a compressive strength of hardened wood con-
crete over the minimum compressive strength of Scots
pine (Pinus sylvestris L.), since the material should be
able to bring stability to wooden ceiling elements. This
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compressive strength transverse to the fibre £, of
softwood for the highest strength class C50 is described
in the standard DIN EN 338:2010-02 with 3.2 N/mm?.

In a preliminary experiment, the following miner-
alizers, which are mentioned in various patents and have
been successfully used there, were examined: cement,
water glass, magnesium hexafluorosilicate, silica, calci-
um chloride, aluminium sulphate. Another aspect of the
treatment is the reduction of the water uptake of the tim-
ber to minimize the total water requirement. The first
four of the just mentioned substances should prevent the
leaching of wood components, producing a better adhe-
sion and reducing the water absorption of the particles.
The latter two substances are salts to accelerate the hy-
dration of the cement - and hence, counteracting the ef-
fect of cement poisons.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

It is known that the particle size fraction can be
influenced by the sanding direction (Ockajova et al.,
2008). In this research however, Scots Pine (Pinus syl-
vestris L.) and spruce (Picea abies (L.) Karst.) parti-
cles, generated by both perpendicular and longitudinal
sanding, were used as fillers in the wood concrete com-
pound. They were produced by the project partner
Lignotrend Produktions GmbH using 60 grit paper. For
mineralisation, the particles have been treated with:

- 31.2 % aqueous sodium silicate solution (Na,O x
Si0,), thinned to 10 % (“WG 10 %),

- Sodium silicate solution 10 %; after drying, the par-
ticles were powdered with cement (“WG 10 % /
Cement powdered”)

- Cement mixed with moistened particles were addi-
tionally powdered (“Cement powdered”)

- Cement; after drying, the mixture has been sepa-
rated from cement dust (“cement dust reduced”).

Pantarhit PC160 PLV from the Ha-Be Betonche-
mie GmbH & Co. KG was used as plasticizing agent. It
is based on a polyacrylic acid derivative. 146 different
mixing ratios and recipes were tested in total. In the
preliminary series, wood particles were mineralized
and then mixed with cement. The mass gain after min-
eralization, miscibility and consistency were deter-
mined as well as the water/cement ratios whenever
water was added to the dry mixture. After 20 hours. the
setting and curing behaviour was examined.

As a result of preliminary series, concrete with a
wood/cement ratio of 15 mass % kiln dry could be pro-
duced. Concrete with a higher wood particle level did
not set after 20 hours. Based on the results of the pre-
liminary series, five recipes were selected for the main
experiment. Due to the findings of the preliminary
tests, following recipes were considered for the pro-
duction of wood concrete in the main test (Table 1):

1. Filling material: wood particles soaked in sodium
water glass (10 %); wood/cement ratio of 15 mass
%; binder: sodium silicate water glass.

2. Filling material: wood particles soaked in sodium
water glass (10 %); powdered with cement; wood/
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Table 1 Mixtures for the production of pressure test specimens

Tablica 1. Smjese za proizvodnju uzoraka za tlacni test

Sample Filler / Punilo Cement | Plasti- | Water | Mis- Consi- Com-
ID batch / serija composition / sastav Cement | cizing Voda cibi- stency ment
Oznaka short name wood minerali- | water agent lity Konzi- | Komen-
uzorka | skraéeni naziv particle | zation agent | voda Sredstvo Mijesa- | stentnost tar
kilndry | sredstvo plastifi- nje
suhe minerali- kacije
drvne zacije
Cestice
g g g g g g
A pure cement - - --- 1 9501.02 - 3800.90 | --- watery
Cisti cement vodenast
B WG 10% 541.20 23228 |28.91|3607.95| 9.02 |[3635.92|good |crumbling
dobro | dividing
mrvi se,
dijeli se
C WG 10%/ 523.28 483.31 [ 72.80 | 3488.58 --- 3416.34 | bad crumbling
cement powdered lose mrvi se
cement u prahu
D cement powdered 529.10 212.43 7.57 | 3527.73 --- 3540.87 | bad crumbling
cement u prahu lose mrvi se
E cement dust 409.40 310.59 12.47 | 2730.38 -—- 2736.88 | bad crumbling | did not
reduced lose mrvi se set
smanjena nije
cementna prasina postav-
ljena
F cement dust 410.00 337.86 8.04 | 2733.60 --- 2979.62 | bad crumbling | did not
reduced lose mrvi se set
smanjena nije
cementna prasina postav-
ljena

cement ratio of 15 mass %, binder: sodium silicate
water glass and Portland cement.

3. Filling material: moistened wood particles; pow-
dered with cement; wood/cement ratio of 15 mass
%, binder: Portland cement.

4. Filling material: wood particles soaked in 25 % ce-
ment / 75 % water slurry, then after drying sepa-
rated from cement dust; wood/cement ratio of 15
mass %; binder: Portland cement.

As consistency has great influence on certain
properties like pumpability, the flow spread was meas-
ured with a flow table according to DIN EN 12350-5.
For pressure testing, five cube-shaped specimens with
a side length of 100 mm (nominal) of each recipe (Ta-
ble 1) were prepared according to DIN EN 12390-
1:2001-02, DIN 1048-5:1991-06 and DIN EN 12390-
2:2009-08.

When producing specimens for the pressure test
based on the results of the preliminary tests, it was
found that the dust reduced specimens (sample ID E
and F) did not solidify. Thus, only the sample rows B,
C and D were examined further and compared with the
samples consisting of pure cement (sample row A).
Water-resistant plywood, coated with phenolic resin,
was used for the mould. After 20 hours, the test speci-
mens were removed from the mould and then stored in
sealed bags, where they were kept for two weeks at 21
°C. Subsequently, they were removed from the bags
and preserved for a further two weeks with the prevail-
ing ambient laboratory climate (21 °C / RH 35 %) to
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Figure 1 Specimens for compressive strength testing
Slika 1. Uzorci za ispitivanje tlacne ¢vrstoce

prepare the pressure test. For a better load transmis-
sion, the specimens were ground plane and parallel,
and a compensating layer of quick-setting cement was
also applied on pure cement specimens (Figure 1).
After a total of 28 days, the pressure test was car-
ried out in compliance with DIN EN 12390-3:2009-07
using a WPM 600 testing machine equipped with a 650
kN load cell for the pure cement series (sample row A)
and a Zwick 4084 universal testing machine equipped
with a 200 kN load cell for the sample rows B, C and D.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

A consistency that allows the concrete to be pro-
cessed with a spatula could only be created with a max-
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Table 2 Moisture content and bulk density of the specimens
Tablica 2. Sadrzaj vode i nasipna gusto¢a uzoraka

‘s .. Average bulk
t [ [
Humidity, % / Sadrzaj vode, % density / Prosjecna
average total average internal | average external | nasipna gustoca

prosjek, ukupno | prosjek, unutarnji | prosjek, vanjski kg/m’
pure cement / Cisti cement 19 1913
WG 10 % 26 41 19 1223

0,

WG 10 % / cement powdered 23 4 19 1210
cement u prahu
cement powdered / cement u prahu 22 34 18 1166

imum wood/cement ratio of 15 %, with a very high
water/cement ratio of 1.3. This surplus water will es-
cape gradually over the time and burden the environ-
ment with moisture. A plastic consistency can be
achieved with less use of water only when at the same
time the wood components are considerably reduced.
The most advantageous fact for the cured product com-
bination, namely a high content of wood substance and
a small amount of water, inevitably leads to a fresh
concrete, which is no longer ductile but crumbling in
consistency.

The moisture content of the pressure test speci-
mens was determined immediately after the pressure
test, using the kiln-dry method. Since the inner region
of the specimen seemed to have a different moisture
than the outer area, the moisture was determined on
each sample from both the edge regions (up to 20 mm
below the surface) and from the innermost area. In or-
der to determine the average total moisture, each wood
concrete sample was granulated and a portion (about
1/5 of the sample mass) of the well-mixed pellets dried
to kiln. A significantly higher moisture content was re-
corded inside the cubes than in the outer areas.

The average moisture content of each wood con-
le ranges from 22 to 29 %. The moisture

particles were the lowest. The specimens with water
glass pre-treated particles showed significantly higher
moisture content than those with only cement pow-
dered particles. A reason could be that water glass
makes it difficult for the remaining moisture to escape.
Another aspect is the tendency of wood particles to ab-
sorb water from the air.

The gross density was determined from the mass
and dimensions of the specimen before the pressure
test. They are within 1200 £ 50 kg/m? (Table 2). Due to
the use of fillers, the gross density could be reduced by
an average of 36 % (WG 10 %) to 39 % (cement pow-
dered) in comparison to those of the pure cement cubes.

As a result of the pressure tests, the mean value
of the breaking stress of pure cement specimens was
45.15 N/mm?2. When comparing the reference test of
pure cement with those of the wood cement specimens,
it is clear that the introduction of 15 mass % of wood in
relation to the mass of cement brings a very strong de-
crease of almost 90 % to 5 N/mm?. Due to the high
humidity in the samples, the strength is expected to rise
during the drying process. It has been determined as
not appropriate to compare the cement modulus of
elasticity with wood cement modulus due to measuring
errors caused by deformation of the testing machine
steel crossbar. Therefore, only the properties of differ-

I~ —WG1%/|
~ — I
£ /: \E\\ | +—T | powdered
§ 45 — = —
S 4 / e e < \Q
//’_/_‘%—//T—:’ /"’ N \§\ — — cement
¥ 35 717 B T~ powdered
g / ) 3
g 3 I,I .\
= 25 v
P I A I e A N EN f p WG 10 %
A
@ !
2 os |
A il
2 14—k
2
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Figure 2 Compressive stress-strain curves of selected specimens
Slika 2. Tla¢ne krivulje naprezanje — deformacija za odabrane uzorke
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Figure 3 Moduli of elasticity - box plot of sample rows

Slika 3. Prikaz rezultata modula elasti¢nosti za razli¢ite uzorke

ent mineralized wood concrete test specimens are com-
pared with each other when considering the material
properties.

As shown in the stress-strain diagram (Figure 2),
the maximum stresses of the water glass mineralized
samples (WG 10 %, sample row B) are on average 4.17
N/mm? with a standard deviation of 0.08 N/mm? The
strengths were significantly higher when using particles
soaked with water glass and then powdered with cement
(WG 10 % / cement powdered, sample row C). A mean
0f 4.93 N/mm? could be achieved. The statistical scatter
was slightly higher, but still low (standard deviation is
2.4 % of the mean). The cement powdered test row had
an average maximum stress of 4.48 N/mm?. The highest
scattering of the three series of measurements is with a
standard deviation of 5.2 % on average.

Results of the modulus of elasticity MOE (Figure
3) for the WG 10 % series show that the linear-elastic
range ends at 2 to 2.5 N/mm?, an average modulus of
502.35 N/mm? is achieved. In comparison with the
only water glass mineralized wood concrete, the WG
10 % / cement powdered samples showed a greater
range of linear-elastic behaviour, amounting to 3 to 3.5
N/mm?. The maximum stress is reached at a strain of 3
to 4 %. So a less severe deformation was observed. In
addition, the modulus of elasticity with an average of
636.22 N/mm? is bigger.

The mean modulus of the cement powdered se-
ries of 495.38 N/mm? resembles the WG 10 % series
and the linear-elastic range ends between 2.5 and 3 N/
mm?.

4 CONCLUSION
4. ZAKLJUCAK

It can be concluded that a wood concrete, whose

binder is Portland cement, could be developed. The
filling material consists of water-glass and / or Portland
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cement mineralized wood particles. Through the use of
only 15 mass % wood particles as filler, the gross den-
sity of the concrete can be significantly reduced by 36
to 39 %. The fresh concrete mixed with water, at a wa-
ter/cement ratio of 1.0 to 1.1, has a crumbling, easily
malleable consistency - but it is not flowing. The
achieved compressive strength of the wood concrete of
4 to 5 N/mm? is higher than the required compressive
strength transverse to the fibre | of softwood (3.2 N/
mm? for C50 strength class).
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ABSTRACT e In a multi-step batch or continuous operating process, quantitative & qualitative optimization of
every single step is always aimed at. Even the smallest aberration in processing parameters affects the quality of
the final product. Therefore, it is necessary to study time series quality of products delivered by every single step,
so as to ensure product quality in a long run. Refining is one of the most crucial steps in fibreboard manufacturing,
as it has a major impact on fibre quality and energy consumption. Refining plate pattern is key to good resullts,
which have to be optimized based on experience or onsite testing. We tested three different refining plate patterns:
straight bar design pattern (TYPE 1), spiral bars design pattern (TYPE 2) and bar with groove pattern (TYPE 3),
and their impact on fibre size quality in a time series. Reported results include fibre size distribution of three dif-
ferent types of plate patterns observed for 1500 hrs and relative quantity of fine fibres observed in time series for
three variants of disc type refiners. Our research showed that fibre quality within desired limits was best delivered
by TYPE 2 plates; however, fibre quality also varied with time series for three of them, so different time periods of
desired fibre quality were analysed.

Key words: refining plate pattern, fibre size quality, disc type refiner

SAZETAK « U procesu sastavljenome od vise kracih faza ili u kontinuiranome operativnom procesu kvantitativna
i kvalitativna optimizacija usmjerena je na svaku pojedinu fazu. Cak i vrlo malo odstupanje parametara obrade
utjece na kvalitetu konacnog proizvoda. Stoga je kvalitetu proizvoda u realnom vremenu potrebno pratiti u svakoj
fazi proizvodnje kako bi se dugorocno osigurala kvaliteta proizvoda. Razvlaknjivanje je jedna od najvaznijih faza
u proizvodnji ploca vlaknatica jer ima velik utjecaj na kvalitetu vlakana i potrosnju energije. Dizajn diska mlina
za razvlaknjivanje kljucan je za dobar rezultat te njegov dizajn mora biti optimiziran na temelju iskustva ili na
temelju rezultata istrazivanja u pogonu. U radu se prikazuju rezultati ispitivanja triju razlicitih dizajna ploca za
razvlaknjivanje: ploca s ravnim trakama (TYPE 1), ploca sa spiralnim trakama (TYPE 2) i ploca s trakama s uto-
rom (TYPE 3) te njihov utjecaj na kvalitetu viakana s obzirom na dimenzije u vremenskom nizu. Predstavijeni re-
zultati obuhvacaju distribuciju velicine vlakana dobivenih primjenom triju razlicitih vrsta ploca za razvlaknjivanje
tijekom 1500 sati i relativne kolicine finih vlakana promatranih u vremenskom nizu za tri varijante ploca za raz-

! Authors are associated professor and assistants at Mendel University in Brno, Faculty of Forestry and Wood Technology, Brno, Czech Republic.
' Autori su izvanredni profesor i asistenti Mendelova sveu¢ilista u Brnu, Fakultet Sumarstva i drvne tehnologije, Brno, Republika Ceska.
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vlaknjivanje. Uoceno je da se najbolja kvaliteta viakana u Zeljenim velicinama postize primjenom ploce TYPE 2,
no kvaliteta vlakana mijenja se u vremenskom nizu, a analizirana su razlicita vremenska razdoblja u kojima se

postize Zeljena kvaliteta viakana.

Kljuéne rijeci: dizajn ploce za razvlaknjivanje, kvaliteta velicine vlakana, vrsta diskova za razvlaknjivanje

1 INTRODUCTION
1. UVOD

Hydrothermal refining is the process of convert-
ing steamed chips into fibre bundles, widely utilized in
fibre board and pulping industries (Lumiainen, 2010).
Factors affecting the choice of a refiner can be divided
into two categories, first refiner considerations and sec-
ond system considerations. Refiner considerations in-
clude plate diameter, pattern design detail, surface and
sub-surface dams, refining intensity (fibre type) and
alloy. System considerations include refiner through-
put, system stability, stock contamination, available
horsepower, operating scheme, and control method.
Refining plate pattern is the criteria affecting energy
consumption as well as fibre size quality. That is why
refiner plate pattern is continuously researched and im-
proved. Plate pattern has changed from classical con-
stant angle type and bar with groove type to more ad-
vanced and improved types, for example curved
refining bars with jagged leading sidewalls (Gingras,
2011), plates with logarithmic spiral type bars (Anten-
steiner, 2008), damless refiner plate for wood fibres
(Savujz’irvi and Liifgren,1999), rough edged refiner
plate cutter bars (Wasikowski,1996), tooth refiner
plates having V-shaped teeth (Gingras, 2012). Despite
the efforts to find a computer model to design plates, in
the end the selection is based on experience and onsite
testing of the process (Rowell, 2012).

The refiner plate design is characterized by bar
width (b), groove width (g), groove depth (gd), sector
angle (¢), and bar angle (f); plate designs are typically
characterized by the length of intersecting edges be-
tween the opposing plates, termed as the “bar edge
length” (BEL) (Figure 1).

BEL is a standardized measure in the industry esti-
mated using TAPPI standard TIP 0508-05 (1994):Eq.(1)

ron(r)n(r)
mm%m—gaffm (1)

Where 7 (r) and n (r) are the number of bars on
the rotor and stator plate at a given radius, R, and R, are
the inner and outer radii of the refiner plates, respec-
tively.

gd

Figure 1 Characteristic features of a refiner plate
Slika 1. Karakteristi¢na obiljezja ploca za razvlaknjivanje
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To approximate this integral, the number of bars
on each plate can be roughly estimated by setting (2):

n (r) = if; 2)

With this, Equation 1 can be integrated directly to
yield Eq. 3 .
. 3 3
mm:uﬂ.[&_&J 3)
cosd \3(b+g)
At this point, attention must be directed to define
an operating parameter used through the research, i.e.
the no-load power. No-load power refers to the power
used by the refiner for purposes other than changes in
fibre morphology. The LC (low consistency) refiner
no-load power has been estimated to 20-35 % of the
total refiner motor power, (Dietermann and Roux,
2005). During the process of defibration, radial com-
pression collapses the lumen, the cross section bound
by fibre cell wall, which enhances paper smoothness
and sheet uniformity in paper making (Page and Grace,
1967). In this work, effect was observed of plate pat-
tern type on the size quality of fibres produced. The
purpose of this research was:
(1) to compare on-site efficiency of three types of plate
pattern,
(2) to understand differences in time series perfor-
mance of these types of plate pattern in a disc type
refiner.

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

In this research refiner plates with different pat-
tern design (TYPE 1, TYPE 2 and TYPE 3) were used
and the fibre-size i.e. fibre-quality distribution was
evaluated. Wooden raw material composed of 80 %
softwood and 20 % hardwood was processed at 1500
rpm. The distance between refiner plates was automati-
cally optimized according to tool wear. Samples of fi-
bres were taken from belt conveyer at the interval of 2,
10, 30, 200, 350, 500, 650, 800, 950, 1100, 1250 and
1378 hrs. Samples were stored in laboratory plastic
bags to provide constant relative humidity and marked
by number, time and date. The weight of specimens
were scaled for 30 g and homogenized at 20 °C and 60
% relative humidity for 24 hours. For size analysis, the
cascade laboratory sieving machine was employed
(Figure 1). The sieves with different sizes (2; 1; 0.5;
0.25; 0.16; 0.08 mm) were used to determine the vol-
ume of fibres on sieve of each type of sieve opening.
The fibres were sieved for 50 minutes and the weight
of fibres from each section was determined. This labo-
ratory process was used for all samples separately.
Data were mathematically evaluated and listed in
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Figure 2 Laboratory cascade sieve
Slika 2. Laboratorijsko kaskadno sito

graphs. Although the size range was very wide, the so-
lution of size distribution in time was included as well
as the quantity of particles by means of descriptive sta-
tistics of the total produced amount of each fibre type
by each tested plate. The trends were evaluated using
software MS Excel and then software STATISTICA.10
to obtain the total amount of fibre type produced by
cach tested refiner plate. The ANOVA test with
Duncan'’s post-hoc test was employed to determine sta-
tistically significant differences between the effects of
refiner plates.

Quantity of fibres with specified size (Q) was cal-
culated using equation (4), where m_is the weight of
fibres on n™ sieve in a cascade starting from the top,
and m, is the total weight of the fibres.

3 RESULTS
3. REZULTATI

The research provided solid ground for size-eval-
uation in time series, and size distribution of fibres pro-
duced by each refiner plate type was reported. Results
in figures represent trends of change in fibre size with
time and also relative quantity of fine fibre produced by
different refiner plates. For plate Type 1 (Figure 3), in
the time range of 500-800 hrs, the relative amount of
dust fibres (undesirable) was found to be minimum,
whereas other desired fibre sizes of 0.16 to 1 were
found to be at a maximum relative amount. So, the
range between 500 and 900 hrs can be considered as
optimum performance time for the refiner plate.

Fibres processed by TYPE 2 (Figure 4) were
found to be in the desired size in time ranging between
300 and 900 hours, the relative amount of dust fibres
(bottom) shows a steep fall in the first section of opera-
tion and rise after 900 hours. The amount of fibres with
dimension of 0.08 to 1 mm showed a decrease during
the whole duration of operation. Larger particles
(above 1 mm) showed a steady tendency with the same
percentage as at the beginning. Their share during the
production is up to 8 %.

Type 3 plate pattern (Figure 5) is represented by
decreasing quantity of dust fibres whose size is smaller
than the last sieve i.e. 0.08 mm up to 600 hrs. The quan-
tity of fibres with the size of 0.08 to 0.016 mm is in-
creased or constant in the second half of the production,
as well as the quantity of particles with dimensions great-
er than 0.5 mm. Although these facts are not convincing
for mill efficiency, the positive results are achieved for
fibres concerned. It can be concluded that the quantity of
high quality size fibres are used in a steady range through-
out the production time up to 750 hours.

Total performance of the refiner plates were also

0= ", .1()()[%] 4) evaluated as mean values of the total produced fibres
m, along the refiner life span (see Table 1). Considering
40
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Figure 3 Fibre-sizes in time, processed by TYPE 1 in tool life cycle (trends of results are included)
Slika 3. Veli¢ina vlakanaca u ovisnosti o vremenu uzimanja uzorka; za proizvodnju vlakanaca primijenjena je ploca TYPE 1
tijekom zivotnog ciklusa alata (ukljucena je trend linija rezultata)
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Figure 4 Fibre-sizes in time, processed by TYPE 2 in tool life cycle (trends of results are included)
Slika 4. Veli¢ina vlakanaca u ovisnosti o vremenu uzimanja uzorka; za proizvodnju vlakanaca primijenjena je ploca TYPE 2

tijekom zivotnog ciklusa alata (ukljucena je trend linija rezultata)

fibres on 1 mm sieve, TYPE 1 and TYPE 2 produced
the same amount of fibres (ANOVA; p> 0.05). At the
same time, TYPE 3 produced a higher amount of 1 mm
fibres compared to TYPE 1 (ANOVA; p<0.05). The
plates delivered the same amount of fibres considering
0.5 mm sieve. On the other hand, the dimension of 0.25
showed insignificant differences between the total
amount of produced fibres considering all types of re-
finer plates. All tested Types performed with fibres
amount to around 15 % (ANOVA, p>0.05). With the
use of 0.16 mm sieve, different amounts were produced
by TYPE 3 and TYPE 1 (ANOVA; p<0.05). Fibre pro-
duction of TYPE 3 was lower by 1.5 %. Fibre produc-
tion on 0.08 sieve was higher by 3.5 % with TYPE 1
compared to TYPE 3 (ANOVA; p<0.05). Interestingly,
the dust fibres on the last sieve (Bottom) were produced
in the same amount of 29 % by TYPE 3 and TYPE 1,
while TYPE 2 showed a significantly lower production
of fibres (ANOVA; p<0.05).

According to results, the plate pattern has signifi-
cant influence on fibre-quality during its lifetime. With

TYPE 1 and TYPE 2, longer life span and higher vol-
ume of high quality fibres were obtained, however low
quality dust fibres were also produced in considerable
amount. TYPE 2 and TYPE 1 have the highest amount
of high quality fibres (sieve range 0.08 to 0.25 mm)
with no significant change until the end of the tool life
span. Nevertheless, the percentage share of the high
quality fibres is not constant during the whole process-
ing time. Results with TYPE 1 showed a decreasing
tendency of high quality fibres during the whole opera-
tion. On the other hand, the lifetime of refiner plates
was longer than in case of the last Type. Although
TYPE 3 has the shortest production time, the quality of
fibres is high. The share of the fibres with high quality
is constant and high from the beginning to the end of
lifetime. On the other hand, the lifetime limits its rec-
ommendation for future use. With respect to the pre-
sented facts, TYPE 2 and TYPE 1 are considered as the
best option for the use in the process, the lifetime is
long and the volume of high quality fibres is high
throughout the production. Despite the short lifetime,

3 — = 2 mm
T I ik N,
.................................... e 0.5mm
© 25 ..
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=
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Figure 5 Fibre-sizes in time, processed by TYPE 3 in tool life cycle (trends of results are included)
Slika 5. Veli¢ina vlakanaca u ovisnosti o vremenu uzimanja uzorka; za proizvodnju vlakanaca primijenjena je ploca TYPE 3

tijekom zivotnog ciklusa alata (ukljucena je trend linija rezultata)
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Table 1 Descriptive statistics of the total amount of fibres considering the total amount of fibres obtained in refiner plate life span
Tablica 1. Deskriptivna statistika ukupne koli¢ine vlakanaca odredenih dimenzija u ukupnoj koli¢ini proizvedenih vlakanaca

tijekom zivotnog ciklusa diska za razvlaknjivanje

TYPE 1, %
1 mme 0.5 mm* 0.25 mm' 0.16 mm" 0.08 mm¥ Bottom*
mean 6.79 14.08 15.67 11.67 22.80 28.81
min 2.68 11.51 13.66 8.87 19.07 24.41
max 8.95 16.63 17.90 15.42 26.26 36.76
st.dev 1.98 1.56 2.28 2.20 3.15
TYPE 2, %
1 mmpr4 0.5 mm® 0.25 mm' 0.16 mm"¥ 0.08 mm¥ Bottom?
mean 6.53 14.40 15.94 14.82 23.41 23.54
min 4.59 11.50 13.98 10.39 16.12 15.43
max 9.19 16.84 18.33 18.84 26.00 30.83
st.dev 1.50 1.44 2.93 2.74 4.83
TYPE 3, %
1 mm¢ 0.5 mm® 0.25 mm' 0.16 mm" 0.08 mmY Bottom*
mean 8.32 14.62 15.52 13.01 19.37 28.81
min 5.68 12.12 14.11 10.63 18.07 23.86
max 12.14 16.15 17.04 16.22 23.86 32.65
st.dev 1.93 1.64 2.05 1.90 2.93

rarstuvwryz yalues having the same letter are not significantly different (Duncan test) / Vrijednosti oznacene istim

slovom znacajno se ne razlikuju

TYPE 3 is then recommended due to constant fibre
quality, which was also high at the start of production,
compared to TYPE 1 and TYPE 2, and did not signifi-
cantly fall during the production. Considering TYPE 1
compared to TYPE 2, high quality fibres were pro-
duced at the beginning, however with decreasing ten-
dency during the production. The quantity of high-
quality fibres reached the peak in time ranging between
200 and 500 hours and after that its quantity declined.
Since plate pattern design includes numerous mathe-
matical and technical niceties, more research is re-
quired to understand the behaviour of each plate.

4 CONCLUSIONS
4. ZAKLJUCAK

1. In this study, three Types of refiner plates were suc-
cessfully compared in terms of mean values of fibre
sizes produced along the life span. Various trends
and different plate life spans were presented.

2. The results show that TYPE 1 and TYPE 2 plates
provide very similar total amount of fibres since
ANOVA shows difference only in the amount of
fibres on the bottom of cascade sieve i.e. dust parti-
cles.

3. TYPE 3 is found to provide constant fibre quality,
which does not significantly fall during the life
span of the plate. On the other hand, the total life
span of the plate is lower than that of TYPE 1 and
TYPE 2.
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Koncept Membrain - dosad
najvec¢i studentski projekit
U Republici Hrvaiskoj

- projeki samoodrzive
moniazne drvene kué¢e

Uvod

Tim studenata SveuciliSta u Zagrebu prvi je put
sudjelovao na prestiznom medunarodnom natjecanju
Solar Decathlon Europe s projektom Koncept Mem-
brain. Mjeseci truda i rada rezultirali su gradnjom sa-
moodrzive montazne kuce u parku dvorca Versailles u
Francuskoj. Hrvatski tim studenata dobio je mnoge
pohvale i osvojio simpatije organizatora i posjetitelja,
ali 1 ostalih natjecatelja.

Solar Decathlon

Tijekom 1990-ih u SAD-u je nastala ideja o na-
tjecanju kojim bi se studente, buduce inzenjere, pota-
knulo na koriStenje obnovljivim izvorima energije.
Stoga je pod pokroviteljstvom Ministarstva energetike
SAD-a 2002. organizirano prvo natjecanje Solar De-
cathlon. Odrzano je Washingtonu, u parku National
Mall (ispred Bijele kuce). Sudjelovali su iskljucivo ti-
movi s americkih sveuciliSta, a posjetilo ga je vise od
100 000 posjetitelja. Sljede¢i Solar Decathlon odrzan
je 2005. na istome mjestu, a ve¢ su tada uz timove ame-
rickih sveucilista na njemu sudjelovali i timovi iz Ka-
nade i Spanjolske. Od te se godine natjecanje odrzava
svake druge godine na istome mjestu, a popis zemalja
sudionika sa svakim je natjecanjem sve veci, kao i broj
posjetitelja. Zbog velikog interesa natjecanje se s vre-
menom prosirilo na Europu i Kinu.

Pravo sudjelovanja na natjecanju ostvaruju sva
registrirana sveucilista 1 stru¢ni studiji koji u svom sa-
stavu imaju fakultete arhitektonske, elektrotehnicke,
strojarske 1 gradevinske struke te drugih struka koje
pronalaze interese u temama o energetskoj ucinkovito-
sti 1 odrzivosti. NatjeCu se ponajprije studenti, ali je
dopusteno, a katkad i nuzno, sudjelovanje profesora i
profesionalaca. Dopusteno je i sudjelovanje timova sa-
stavljenih od viSe sveucilista iz pojedine zemlje, kao i
vise sveucilista iz razli¢itih zemalja.

Natjecanje Solar Decathlon temelji se na izgrad-
nji samoodrzive montazne kuce Cije se potrebe za ener-
gijom zadovoljavaju iz obnovljivih izvora, prije svega
od Sunca. Natjecanje se sastoji od dvije faze. U prvoj
fazi, koja traje dva mjeseca, potrebno je napraviti idej-
no rjesenje te dokazati da natjecateljski tim ima znanja,
mogucnosti i ambicije dovesti projekt do zavrsetka, tj.
do izgradnje kuce na natjecanju Solar Decathlon. Naj-
vazniji kriteriji koji se pri tome razmatraju jesu finan-
cijska i organizacijska moguénost zavrsetka projekta.
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Usto, za odabir finalista bitni su kriteriji inovativnost i
integracija projekta u nastavni program sveuciliSta.
Ako tim prode u drugu fazu natjecanja, tj. ako ude
medu 20 finalista, ima 18 mjeseci za dovrSetak izved-
benog projekta i izgradnju objekta. Organizator perio-
di¢no provjerava izvedbu projekta na temelju projek-
tne dokumentacije koju su timovi duzni dostaviti
prema unaprijed odredenim rokovima. Vrhunac natje-
canja je izgradnja svih objekata i njihovo izlaganje na
lokaciji odrzavanja natjecanja.

Objekti se ocjenjuju u deset kategorija, a to su:

1. arhitektonska izvedba
2. konstrukcije
3. energetska ucinkovitost

4. ravnoteza proizvodnje i potrosnje elektri¢ne energije
5. ugodnost stanovanja

6. funkcionalnost

7. industrijalizacija

8. inovativnost

9. odrzivost

10. drustvena prihvatljivost.

Svaku kategoriju ocjenjuje troclana komisija, a
ocjenjivanje se provodi tijekom cijelog trajanja natje-
canja. Sve dok traju mjerenja, npr. energetske ucinko-
vitosti, kuce su zatvorene za javnost kako bi se ukloni-
la moguénost utjecanja na rezultate.

Solar Decathlon Europe

Zahvaljuju¢i velikom uspjehu Solar Decathlona
u SAD-u, 2010. prvi je put odrzano natjecanje Solar
Decathlon Europe u Madridu, na temelju sporazuma
izmedu Spanjolske vlade i Ministarstva energetike
SAD-a. Prvi Solar Decathlon Europe posjetilo je oko
190 000 osoba, a za sudjelovanje na natjecanju prijavi-
lo se 46 timova od kojih je izabrano 17 finalista. Iduci
Solar Decathlon Europe odrzan je 2012., takoder u
Madridu, a razgledalo ga je oko 250 000 posjetitelja.
Sudjelovalo je 20 timova finalista iz 11 zemalja svijeta,
a samo dva tima zbog tehnickih i/ili financijskih razlo-
ga nisu mogli izloziti svoju kucu.

Dogovorom izmedu vlada SAD-a i Francuske, So-
lar Decathlon Europe 2014. odrzan je u Versaillesu, u
parku dvorca, od 16. lipnja do 19. srpnja. Poziv za prija-
vu objavljen je 10. listopada 2012. pod pokroviteljstvom
francuske vlade. Na natjecanje su se prijavila 44 tima iz
23 zemlje svijeta. Prijave su stizale iz Europe, Azije te
Sjeverne i Juzne Amerike. Neki su timovi bili sastavljeni
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od sudionika sa sveucilista iz razli¢itih zemalja, ¢ime je
zapoceta nova era natjecanja, ali i znanstvene suradnje u
istrazivanju i razvoju solarne energije.

Za Solar Decathlon Europe 2014. iznimno su for-
mirane dvije skupine finalista: 20 glavnih i pet zamjen-
skih timova. Zamjenski su timovi osmisljeni za slucaj da
neki glavni tim odustane u procesu razrade projekta.
Prvotni je plan bio da svi timovi do 1. studenog 2013., tj.
do trece isporuke dokumentacije, ravnopravno sudjeluju
u natjecanju. Tada se, prema stanju projekata, trebalo
odluciti o nastavku rada na projektu za glavne timove, ili
o prekidu rada za zamjenske timove. No ponukani oz-
biljnos¢u zamjenskih timova i njihovim angazmanom,
organizatori su pokusali, i uspjeli, na¢i nacin da se i za-
mjenskim timovima omoguéi sudjelovanje na natjeca-
nju te izlaganje njihovih objekata. Do pocetka natjecanja
ostala su dva zamjenska tima koja su u zadanom roku
uspjela izvesti svoje projekte do kraja.

Tim UniZG

Tim UniZG (sl 1.) tim je studenata SveuciliSta u
Zagrebu, sastavljen radi sudjelovanja na natjecanju So-
lar Decathlon Europe 2014. To je prvi tim iz Republike
Hrvatske koji je sudjelovao na natjecanju tog tipa. Osim
sudjelovanja na natjecanju, njihovim se radom zeljelo
posti¢i povecanje svijesti javnosti i studenata o potrebi
iskoriStavanja obnovljivih izvora energije i o odrzivom
razvoju. S vremenom se tim razvijao te je od malog bro-
ja studenata narastao do vise od 70 studenata i 30 profe-
sora mentora s 13 zagrebackih fakulteta. To su Fakultet
elektrotehnike i raunarstva, Fakultet strojarstva i bro-
dogradnje, Gradevinski fakultet, Arhitektonski fakultet,
Sumarski fakultet, Ekonomski fakultet, Prirodoslovno-
matematicki fakultet, Fakultet kemijskog inzenjerstva i
tehnologije, Prehrambeno-biotehnoloski fakultet, Filo-
zofski fakultet, Fakultet politickih znanosti, Tekstilno-
tehnoloski fakultet i Graficki fakultet.

Da bi projekt bio uspjesno proveden, studenti su
bili podijeljeni u nekoliko timova: Arhitektura, Kon-
strukcije i materijali, Strojarstvo, Elektroenergetika,
Automatika, Organizacija gradenja, Drvna tehnologija,
EkoinZenjerstvo i Marketing.

Potrebno je napomenuti kako su u trenutku grad-
nje kuce granice medu tim timovima prakticki izbrisa-
ne, te su svi zajedno radili u skladu sa svojim mogu¢-
nostima i kompetencijama prema potrebama projekta.

Slika 1. Tim UniZG na dan otvorenja natjecanja u Versaille-
su (Foto: tim UniZG, 2014.)
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Glavni je mentor tima prof. Mladen Josi¢ s Arhi-
tektonskog fakulteta u Zagrebu, voditelj cijelog tima
Hrvoje Nikola Vuc¢emilo, student Fakulteta elektroteh-
nike i raunarstva, a menadzer za sponzorstva je Stipo
Dubravac, student Sumarskog fakulteta.

Veéina ¢lanova tima UniZG kao motivaciju za rad
na projektu ponajprije istice interdisciplinarnost koja se
zbog isprepletenosti razlicitih struka danas namece kao
nuznost. Takoder treba spomenuti da su iz rada na pro-
jektu proizasli mnogi zavrsni i diplomski radovi koji
svjedode o vaznosti projekta. Projekt je pokazao da stu-
denti Sveucilista u Zagrebu svojim znanjem i idejama, te
uz pomo¢ mentora sa Sveucilista, itekako mogu biti
konkurentni na medunarodnoj razini. To je dobar poka-
zatelj u kojem smjeru treba i¢i kako bi se ostvario puni
potencijal studenta Sveucilista u Zagrebu.

Jedna od glavnih ideja kojom su se studenti vodi-
li pri izradi projekta bila je da kuca u konacnici bude
izradena iskoriStenjem domacih resursa ako je ikako
moguce. Zahvaljujuéi tome, ostvarena je suradnja s
brojnim domacim tvrtkama koje su prepoznale znace-
nje projekta. Pri tome treba istaknuti tvrtke iz Hrvatske
drvne industrije koje su financijski i materijalno potpo-
mogle uspjesnu izradu projekta. To su Spin Valis, Hr-
vatske Sume, Drvene kuée — Macola, Drvene konstruk-
cije — Vo¢in, Bernarda, Lokve, Schachermayer, Hafele,
Elgrad, Egger i obrt Kolar.

Koncept Membrain

Pocevsi veé od stanice, membrane su vitalni di-
jelovi svih zivih organizama — one moraju biti u
izravnom kontaktu s okoliSem, dok tvari selektivno
cirkuliraju unutar stani¢nog prostora. Sli¢no tome, i
Koncept Membrain projekt je pametne samoodrzive
kuée koncipirane s visokotehnoloSkom membranom
koja stiti jezgru kuce te omogucuje zivot u njoj. Mem-
brana apsorbira sekundarne prostore i oslobada jezgru
koju korisnik potom prilagoduje svojim potrebama.

Slika 2. Prikaz slojeva Kocept Membrain kuée (1 — sjeverni
zid unutar kojega su smjesteni strojarnica, ulazni prostor,
kuhinja, garderobni ormar i kupaonica, 2 — centralni dio

— jezgra okruzena staklenicima, 3 — zimski vrt) (Foto: Tim
UniZG, 2013.)
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Ovojnica komunicira s vanjskim svijetom, upija ener-
giju i prenosi je u unutrasnjost, gdje stvara ugodnu
mikroklimu. Takoder, membrana obuhvaca kuhinju,
kupaonicu, spremiste, strojarnicu, ulaz i staklenik, a
time oslobada unutarnji prostor i stvara fleksibilni
prazni prostor. Ona je ,,mozak® cijele kuce, prilagod-
ljiva je i slojevita, a obavija kucu sa svih njezinih stra-
na. Dakle, dvije klju¢ne komponente kuce jesu mem-
brana i jezgra (sl. 2.).

Projekt Koncept Membrain takoder je usko vezan
za izgradnju kampusa Borongaj. Kampus je osmisljen
kao ekoloski rezervat, pa se i gradi u skladu s ekolos-
kim 1 energetskim standardima. Energetski koncept u
potpunosti slijedi najsuvremenija nacela i tehnologije
iskoriStavanja te primjene obnovljivih izvora energije,
ustede energije, zastite okolisa i odrzive gradnje te po-
tiCe na eksperimentiranje sa svim poznatim novim
energentima i tehnologijama njihove primjene.

Sustavi kuée

Kako bi se osigurala brza gradnja kuce te njezino
normalno funkcioniranje nakon sastavljanja, studenti
su implementirali mnoge sustave koje su uglavnom
sami osmislili i izradili.

Nosiva konstrukcija kuce napravljena je od drve-
nih lameliranih stupova, horizontalnih podnih i stro-
pnih ploca te ukrutnih zidova. Drvo je odabrano kao
materijal s dugom tradicijom u hrvatskoj kulturi grad-
nje, a ima sjajna svojstva — malu specifiénu gustocu,
nisku toplinsku provodljivost i negativan utisak CO.,,.

Kao toplinska izolacija upotrijebljena je ovcja
vuna. Ona je koriStena za ispunu posebno projektiranih
kutija od OSB ploca na ukrutnim zidovima te na podnim
i stropnim plo¢ama. Vuna je izabrana kao prirodni mate-
rijal 1 nusproizvod uzgoja ovaca koji se zbog preniske
kvalitete ne rabi za izradu odjevnih predmeta, a ima jed-
nako dobra svojstva kao i klasi¢na mineralna vuna.

Na juznome, istocnome i zapadnom zidu toplin-
ska se izolacija postize sustavom staklenika koji svo-
jim dvostrukim izostaklom smanjuju gubitke topline,
stvaraju prostor za uzgoj biljaka, a zbog solarne energi-
je zimi smanjuju potrebu aktivnoga grijanja.

Krov kuce je dinami¢na povrsSina fotonaponskih
solarnih panela, poznatija pod nazivom ,harmonika‘.
Ovisno o insolaciji, ona mijenja svoju geometriju i kut
nagiba panela te se prilagoduje za optimalno skuplja-
nje elektricne energije i §titi kucu od prekomjernog
osuncavanja ljeti. Zimi, kada je Sunce nisko, krov se
nabere povecavajuéi tako nagib fotonaponskih panela
te proizvodi vise energije i istodobno propustajuci vise
Sunceve energije u unutrasnjost kuce.

Unutar konstrukcije spustenog stropa ugraden je
pasivni sustav phase-change materijala (PCM) koji
promjenom svoga agregatnog stanja povecava toplin-
ski kapacitet kuce zadrzavajuéi konstantnu temperatu-
ru prostora.

Sve potrebe za grijanjem i hladenjem koje pasiv-
ni sustavi ne mogu ostvariti, kao i potrebe za sanitar-
nom toplom vodom, nadoknaduje sustav dizalice topli-
ne koji, koristeci se energijom dobivenom od solarnih
panela, hladi/grije vodu koja se sustavom niskotempe-
raturnog podnoga grijanja distribuira kroz kucu. Za
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aktivan sustav grijanja/hladenja primijenjen je sustav
ventilacije s rekuperacijom zraka.

Svim sustavima unutar Membrain kuce upravlja
glavni racunalni sustav koji istodobno omogucuje nad-
zor i upravljanje. Interakcija s korisnikom ostvaruje se
putem tableta ili pametnog telefona. Na kampusu ¢e slu-
ziti kao glavni obrazovni alat koji e posjetiteljima dava-
ti informacije o potro$nji energije te ustedama ostvare-
nim koriStenjem obnovljivih izvora i odrzive gradnje.

Za zvuénu izolaciju strojarnice upotrijebljene su
drvno-cementne ploce koje nude mnoge pogodnosti za
okoli$ 1 odrzivi razvoj, a vrlo se jeftino proizvode — dva
najskuplja elementa su cement i radna snaga. Kako se ne
proizvode u velikoj tvornici ili postrojenju, tijekom pro-
izvodnje znatno su umanjeni uglji¢ni otisak i potro$nja
energije. Cilj nije bio proizvesti materijal velike ¢vrsto-
¢e, ve¢ lagan i porozan, pogodan za koristenje na fasadi,
koji omogucéuje bolju toplinsku i zvuénu izolaciju. Vrlo
je otporan na vlagu, nametnike, insekte i vatru.

Drvna tehnologija

Studenti Sumarskog fakulteta okupljeni u timu
Drvna tehnologija bili su zaduzeni za mnoge poslove u
sklopu rada na projektu Koncept Membrain. Medu
ostalim bili su to poslovi osmisljavanja i izrade namje-
Staja, proracuni trajnosti drvene fasade kojom se obla-
gao sjeverni zid kuce, izrada drvene ograde terase,
izrada unutarnjih vrata te savjetovanje s ostatkom tima
u vezi s uporabom drva i drvnih materijala.

Unutarnja vrata na strojarnicama, ulaznom pro-
storu i1 kupaonici izradena su od jelove konstrukcije i
brezovih furnirskih ploca, a studenti su ih izradili sami.
Za toplinsku i zvuénu izolaciju upotrijebljena je ov¢ja
vuna, $to je koncept primijenjen i na ostatku kuce.

Namjestaj, koji su projektirali i velikim dijelom
izradili studenti Sumarskog fakulteta, u potpunosti je
prilagoden konceptu pametne prilagodljive kuce. Ku-
hinja se, sa svim svojim uredajima, nalazi unutar mem-
brane, a namjestaj u jezgri kuce jednostavan je, lako
pomican i sklopiv. Ta je ideja jasno naglasena i koriste-
nim materijalom — namjestaj u jezgri kucée izraden je
od hrastovine kao tradicionalnoga hrvatskog materijala
za izradu namjestaja i opremu interijera. Drvo hrasta
luznjaka visokokvalitetni je materijal iznimnih estet-
skih, fizikalnih i mehanickih svojstava. Kuhinja i gar-
derobni ormar izradeni su od suvremenih materijala
kakvi se rabe u izradi namjestaja da bi se priblizili su-
vremenom visokotehnoloskom konceptu membrane u
kojoj se nalaze. To je prije svega ploca iverica, opleme-
njena folijom, ploce sa sacastom ispunom, furnirska
ploca od brezovine, inoks i aluminij. Ploce iverice do-
bar su primjer odrzivih materijala zato Sto se za njiho-
vu proizvodnju uglavnom upotrebljava drvo koje se
zbog nesto nize kvalitete ne moze iskoristiti za izradu
drugih predmeta, kao i reciklirano drvo, $to smanjuje
potrebu za sje¢om Suma. Namjestaj izraden od ploca
iverica na kraju svojega zZivotnog vijeka moze se isko-
ristiti za proizvodnju biogoriva.

Koncept namjestaja

Osnovni koncept namjestaja kojim su se vodili
studenti Sumarskog fakulteta prilikom projektiranja
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a)
Slika 3. Kuhinja u razli¢itim fazama otvorenosti (a — zatvorena, b — poluotvorena, ¢ — otvorena, sa spremljenim kuhinjskim
otokom, d — otvorena, s izvu¢enim kuhinjskim otokom) (Foto: Novak, M., 2014.)

namjestaja bila je prilagodljivost. Ona se ponajprije
ogleda u tome Sto je sav namjestaj lako pomican i ne-
nametljiv u prostoru. Stoga se kuhinja sastoji od dva
dijela. Nepomic¢ni dio s ugradenim uredajima nalazi se
u membrani kuce, dok se pomicni kuhinjski otok moze
izvudi iz membrane u srediSnji prostor kuée prema po-
trebi. Ako korisnici ku¢e imaju potrebu za vise prosto-
ra u jezgri kuce, kuhinjski se otok vrlo jednostavno
moze spremiti u membranu i zatvoriti. Slika 3. prikazu-
je kuhinju u razli¢itim fazama otvorenosti. Kuhinjski je
otok projektiran u tri dijela kako bi se ustedio prostor i
povecala funkcionalnost namjestaja. On se sastoji od
Sanka, sklopivoga blagovaonic¢kog stola za Sest osoba i
kuhinjskog elementa. Funkcionalnost kuhinjskog ele-
menta dodatno je povecana time Sto se dva barska stol-
ca mogu spremiti unutar njega da ne smetaju u prostoru
dok nisu potrebni.

U membrani je uz kuhinju smjesten i garderobni
ormar koji se izvlaéi iz zida. Dok je garderobni ormar
zatvoren, procelje ormara postaje dio zida. Na taj je
nacin jezgra kuce rasterecena od monumentalnih formi
koje bi mogle biti nametljive u prostoru, a korisnici
kuce i dalje imaju dovoljno prostora za spremanje.

Namjestaj u jezgri kuce ¢ine radni stol i ladicar
(sl. 4.), preklopni bracni krevet (sl. 5.), Cetiri ormaric¢a
koja mogu posluziti i za sjedenje te Sest blagovaonic-
kih stolaca.

Pri projektiranju namjestaja vodila se briga i o
povecanoj funkcionalnosti. To se vidi na primjeru or-
mari¢a koji mogu posluziti za spremanje predmeta, kao

?

i za sjedenje i odlaganje predmeta. Naravno, uz sve na-
vedeno bilo je potrebno voditi brigu o kvaliteti, trajno-
sti i odrzivosti izradenog namjestaja.

Gradnja Koncept Membrain kuce

Nakon mjeseci rada na dokumentaciji, planiranja
te prikupljanja financijskih i materijalnih sredstava, u
prolje¢e 2014. pocela je i gradnja kuce u Kineskom pa-
viljonu Zagrebackog velesajma (sl. 6.). Kako bi se is-
punili ogranic¢eni rokovi za sastavljanje kuce, mnogi su
sustavi zamisljeni kao prefabrikati, tj. predmontirani su
kako bi se smanjilo vrijeme potrebno za sastavljanje u
Versaillesu. Kuca je odmah nakon sastavljanja rastav-
ljena te uz pomoc¢ pet Slepera otpremljena na put prema
Versaillesu.

Sastavljanje kuce u Versaillesu (sl. 7.) pocelo je
16. lipnja, a trajalo je do 28. lipnja. U tom roku kuca je
uspjesno sastavljena, s tim da je potrebno napomenuti
kako su neki sustavi prvi put postavljeni tek u Francu-
skoj, Sto je vazno istaknuti s obzirom na to da je neko-
licina ostalih timova kasnila s izgradnjom i produzila je
za vrijeme natjecanja. Pri izgradnji kuca organizatori
su timove smatrali pravim gradevnim tvrtkama, stoga
su svi sudionici tijekom cijelog vremena gradnje na
gradilistu nosili zastitnu opremu, svako je gradiliste
bilo ogradeno zastitnom ogradom te je osim organiza-
torskih nadzornika za zastitu na radu svaki tim imao i
svoje nadzornike. Radilo se u dvije smjene, jutarnjoj i
vecernjoj, kako bi kuce bile izgradene navrijeme, tj. do
pocetka sluzbenog dijela natjecanja.

Slika 4. Radni stol, ladicar i ormari¢ (Foto: Novak, M.,
2014.)
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Slika 5. Preklopni bracni krevet i ormari¢ (Foto: Novak, M.,
2014.)
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Slika 6. Postavljanje stropne ploce u Kineskom paviljonu
(Foto: tim UniZG, 2014.)

Slika 7. Sastavljanje kuce u Versaillesu

Kuéa je bila otvorena za javnost od 28. lipnja do
14. Srpnja, kada je zavrSeno natjecanje. Timovi su ima-
li rok za rastavljanje objekata do 19. srpnja, a tim
UniZG kuéu je uspjesno rastavio i poslao na put prema
Zagrebu u zadanom roku.

Rezultati Solar Decathlona Europe 2014.

Na natjecanju Solar Decathlon Europe 2014.,
odrzanome u parku dvorca Versailles, svoje su projekte
predstavila 22 sveucili$na tima iz 17 zemalja s podruc-
ja Europe, Azije te Sjeverne i Juzne Amerike (sl. 8.), tj.
20 natjecateljskih timova i dva izlozbena. Tim UniZG
sa svojim je projektom Koncept Membrain sudjelovao
kao jedan od izlozbenih timova. Za vrijeme cjelokup-
nog trajanja natjecanja, tj. do izlozbe, kucu Koncept
Membrain razgledalo je otprilike 80 000 posjetitelja.

Natjecanje su posjetile osobe razlicitih interesnih
skupina, a mnogi od njih bili su puni pohvala za Koncept
Membrain kucu (s19.). Posjetitelji su bili zadivljeni time

Slika 8. Pogled na Solarno selo u Versaillesu (Foto: Solar
Decathlon Europe 2014.)

72

S .a BT R s

Slika 9. Eksterijer Koncept Membrain kuce u Versaillesu
(Foto: Solar Decathlon Europe 2014.)

Slika 10. Interijer Koncept Membrain kuce u Versaillesu
(Foto: Solar Decathlon Europe 2014.)

Sto je hrvatski tim projektirao i izgradio svoju kucu bez
pomoci profesionalaca i uz znatno skromnija sredstva
od ostalih timova. Posjetitelja se najvise dojmila jedno-
stavnost izvedbe ukomponirana u funkcionalnost, a do-
zivjeli su je kao ugodan i otvoren prostor ispunjen svje-
tlos¢u i toplinom (sl. 10.). Potrebno je naglasiti kako se
koncept same Membrain kuce toliko razlikovao od osta-
lih ku¢a na natjecanju da je oznacen kao jedan od inova-
tivnijih. To je bitna Cinjenica zato $to je to prvo sudjelo-
vanje nekog tima iz Hrvatske na takvom natjecanju, a
tim UniZG pokazao je Sto studenti zagrebackog Sveuci-
lista znaju i mogu napraviti kad dobiju priliku.

Nakon zbrajanja bodova za svih deset ocjenjiva-
nih kategorija, ukupnim je pobjednikom proglasen tali-
janski tim RhOME s projektom RAOME for denCity, a
tim UniZG dobio je posebno priznanje za sudjelovanje
na Solar Decathlonu Europe 2014. Edwin Rodriguez
Ubinas, jedan od glavnih organizatora natjecanja, tije-
kom cijele gradnje i natjecanja pomno je pratio UniZG
tim te je izrazio veliko zadovoljstvo radom i trudom
hrvatskog tima.

Vise o natjecanju Solar Decathlon Europe 2014.
mozete saznati na web adresi: http://www.solarde-
cathlon2014.fr/en/, a o timu UniZG i Konceptu Mem-
brain mozete saznati na web adresi: http://www.mem-
brain.com.hr/.

Marko Sostar, mag. ing. tech. lign.
Stipo Dubravac, univ. bacc. ing. techn. lign.
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25. MEDUNARODNO
ZNANSTVENO SAVJETOVANIE
AMBIENTA 2014

INTERNATIONAL SCIENTIFIC CONFERENCE

25°

Godine 2014. Sumarski fakultet Sveuéilita u Za-
grebu proslavio je svoju 25. godis$njicu organiziranja
medunarodnoga znanstvenog savjetovanja s podrucja
Sumarstva i drvne tehnologije, medu sudionicima pop-
ularno nazvanu AMBIENTA, koja je, kao i dugi niz
godina dosad, odrzana tijekom 41. medunarodnog saj-
ma namjestaja, unutarnjeg uredenja i pratece industrije
Ambienta ‘14 (15.—19. listopada 2014.) u organizaciji
Zagrebackog velesajma. Ambienta se jos od 1990.
odrzava redovito jedanput u godini, te je s godinama
postala glavni dogadaj za susrete i umrezavanje profe-
sionalaca iz znanstvenoistrazivackih institucija i drvne
industrije Hrvatske i Sireg podrucja.

Tijekom svih ovih dvadeset pet godina osnovni je
cilj savjetovanja bio dovesti na jedno mjesto vodece
znanstvenike, nastavnike, istrazivace, postdiplomante i
doktorante kako bi razmijenili i podijelili svoja iskust-
va i rezultate istrazivanja o svim aspektima znanosti o
drvu i tehnologiji. Ambienta je ujedno interdisciplinar-
ni forum za istrazivace, stru¢njake i nastavnike na ko-
jemu mogu predstaviti najnovije inovacije, trendove,
zabrinutosti, prakti¢ne izazove s kojima se susrecu i
raspraviti o njima, kao i o usvojenim rjeSenjima na
podruc¢ju materijala od drva i tehnologije.

Godine 2014. jubilarno je, 25. medunarodno znan-
stveno savjetovanje odrzano pod nazivom Novi materi-
Jjali i tehnologije u funkciji proizvoda od drva, ¢ime su
organizatori Zeljeli potaknuti raspravu o novim,
konkurentnijim drvnim materijalima i tehnologijama.
Nadalje, jedan od ciljeva savjetovanja bio je davanje in-
formacija o tome kako se ukljuciti u nove programe fi-
nanciranja iz fondova Europske unije, Cime ¢e se
omoguciti mnogo veca ulaganja u znanost, istrazivanje i
inovacije, kao i u financiranje konkurentnih znanstven-
oistrazivackih projekata te uspostaviti bolja povezanost
znanstvenih institucija s gospodarstvom.

Organizatori savjetovanja bili su Sumarski fakultet
Sveucilista u Zagrebu, InnovaWood, Hrvatska komora
inzenjera Sumarstva i drvne tehnologije, Akademija
Sumarskih znanosti, Akademija tehnic¢kih znanosti Hr-
vatske, Hrvatsko Sumarsko drustvo, Znanstveno vijece
za poljoprivredu i Sumarstvo HAZU, Oddelek za lesarst-
vo Biotehniske fakultete Univerze v Ljubljani, Zveza
lesarjev Slovenije 1 Zagrebacki velesajam.

Glavni pokrovitelj savjetovanja bilo je Ministar-
stvo poljoprivrede, a supokrovitelji su bili Ministarstvo
poduzetni$tva i obrta, Ministarstvo gospodarstva, Hr-
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vatski Sumarski institut, Hrvatske Sume d.o.o., Hrvats-
ka komora inzenjera Sumarstva i drvne tehnologije,
Hrvatska gospodarska komora, Hrvatska gospodarska
komora Zagreb, Viroviticko-podravska zupanija,
Zagrebacka zupanija, Hrvatski drvni klaster i Hrvatski
klaster konkuretnosti drvnopreradivackog sektora.

Savjetovanju su prisustvovali predstavnici drv-
noindustrijskih tvrtki, predstavnici tvrtki koje se bave
prodajom namjeStaja i ostalih proizvoda od drva,
Sumarskog fakulteta u Zagrebu, Zagrebatkog velesaj-
ma, Ministarstva poljoprivrede, Hrvatskih Suma d.o.o.,
kolege znanstvenici iz Austrije, Bugarske, Ceske, Greke,
Madarske, Makedonije, Poljske, Slovacke, Slovenije,
Srbije i Turske, brojni studenti drvne tehnologije te vise
zainteresiranih stru¢njaka razli¢itih podrucja koji nisu
izravno povezani s drvnom industrijom.

Nadalje, savjetovanje je 2014. godine ponovno
odrzano, i to deveti put, u suradnji s najve¢om europ-
skom organizacijom iz sektora Sumarstva, industrijske
prerade drva i industrije namjeStaja InnovaWoodom.
Tijekom dugogodisnje suradnje u organiziranju savje-
tovanja InnovaWood je, zajedno s vise od 70 svojih
Clanica iz 24 zemlje, uspjesno pomogao ostvariti cilje-
ve savjetovanja, ponajprije uspostavljanjem efektivni-
jih mehanizama kao podrskom inovacijama u nave-
denim sektorima, preko aktivnosti u podruc¢jima
istrazivanja, edukacije i transfera tehnologije.

I posljednje je savjetovanje jo§ jedan doprinos
kampanji Drvo je prvo, €iji je cilj promicanje drva kao
prirodnoga, ekoloski prihvatljivog materijala. Iz pro-
grama je vidljivo da je okupljenim stru¢njacima iz
razli¢itih zemalja 1 razli¢itih disciplina zajednicka
ljubav prema drvu i drvnoj struci te zelja za S$to
uspjeSnijom promocijom drva. Zbornik radova s tog
savjetovanja daje mnogo korisnih informacija za struku
u cjelini u obliku novih spoznaja na podru¢ju bio-
tehniCkih znanosti vezanih za valorizaciju i ocjenu
stanja konkurentnosti na trziStu te za oblikovanje
namjes$taja, nove tehnologije i1 tehnoloske procese
obrade drva, kao i primjene drva, drvnih i drugih ma-
terijjala u izradi namjestaja i u graditeljstvu kojima
struka moze povecati konkurentnost svoje trziSne po-
nude.

Ovogodis$nje, 25. medunarodno znanstveno
savjetovanje medunarodno je vec¢ po broju prijavljenih
radova (25) 1 interesu eminentnih domacih i stranih
struénjaka, a pokazalo je da suradnja Sumarskog
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Slika 1. Naslovnica zbornika

fakulteta 1 Zagrebackog velesajma i u krizna vremena 6. Bego, Margarita

moze rezultirati organizacijom savjetovanja na visokoj Conservation and Restoration of the Alt Deutsch

medunarodnoj razini. To je rezultat ne samo kvalitete cabinet

dosadasnjih znanstvenih savjetovanja veéivisegodisnje 7.  Simek, Milan — Tauber, Ji¥i — Voith, Petr — Dlauhy,

medunarodne suradnje priznatih struénjaka Sumarskog Zdenek

fakulteta kao punopravnog ¢lana organizacije Innova- CNC Manufacturing Technology Case Study of

Wood. Evidentno je da suradnja s organizacijom Inno- an Armchair Design

vaWood 1 dalje pridonosi jo§ vecoj afirmaciji 8. Svoboda, Jaroslav — Tauber, Jifi — Tesafova, Dan-

Sumarskog fakulteta te uévri¢ivanju njegova polozaja iela

na razini vode¢ih medunarodnih znanstvenih instituci- Decreasing the concentration of cigarette smoke

ja. Zbog velikog broja prijavljenih radova i 2014. go- in the interior using controlled air-ionization

dine dio je radova (13) prezentiran putem postera. 9. Zupgié, Ivica— Zulj, Ivan — Grbac, Ivica — Premus,

Na savjetovanju su izlozeni sljedeéi radovi. Igor

1. Birbilis, Dimitrios — Karastergiou, Sotirios — Ada- Welding of chemical modified oak
mopoulos, Stergios — Kakavas, Konstantinos — 10. Aydin, Ismail — Demirkir, Cenk — Colak, Semra —
Tsioukas, Thomas Colakoglu, Gursel — Ozturk, Hasan
Properties of Pine (Pinus Nigra) and Beech (Fa- Effect of Wood Species and Adhesive Types on
gus Sylvatica) Wood Impregnated with Hot Rape Thermal Conductivity of Plywood
Oil and Surface Treated with Turpentine I1. Demir, Aydin — Aydin, Ismail — Ozturk, Hasan

2. Klari¢, Kristina — Greger, KreSimir — Francetic, Effect of Fire Retardant Chemicals on Formalde-
Marko hyde Emission of Plywood
ISO 9001 Quality Management Certification in 12. Pirc Baréi¢, Andreja — Motik, Darko — Liker,
Croatian Wood Industry Branko — Kavran, Marijan

3. Hrovatin, Jasna— Klos, Robert — Fabisiak, Beata Market Possibilities of Wooden Biomass in Croatia
Impact of new Materials and Technologies in the 13. Simeonova, Ralitsa — Jivkov, Vassil — Marinova,
Design of Wooden Products Assia

4. Kovac, Jan — Krilek, Jozef Bending Strength under Compression Test of
Influence of selected factors on the vibrations of a Glued Joints of Frame Structural Elements Made
chainsaw of Plywood

5. Moro, Maja 14. Bahcevandziev, Konstantin — Mihajlovski, Nikola
Employment Trends in the Croatian Furniture Swelling and transverse anisotropy of impregnat-
Manufacturing ed and coated spruce wood (Picea abies Karst)

74 DRVNA INDUSTRIJA 66 (1) 73-75 (2015)



© 0 0000000000000 000000000000000000000000600000000000000000000 Sajn’IOVl'l‘l'ZIOZ/be

15. Kyuchukov, Georgi — Kyuchukov, Borislav —
Jivkov, Vassil — Marinova, Assia — Gruevski,
Georgi — Kanarchev, Krassimir
Comparative research on the destructive bending
moments of some corner joints of frame structural
elements made of solid spruce wood with a cross
section of 50 X 30 mm
PART II: End corner open mortise and tenon
joints

16. Smardzewski, Jerzy — Majewski, Adam
Mechanical Properties of Auxetic Honeycomb
Core with Triangular Cells

17. Stasiak-Betlejewska, Renata— Borkowski, Stanistaw
The Machines Operation Effectiveness In The
Furniture Production In The Context Of Toyota
Production System Applying

18. Domljan, Danijela — Vlaovi¢, Zoran — Grbac, Ivica
Design concepts of multifunctional furniture for
sitting and lying related to the industry

19. Spani¢, Nikola — Jambrekovi¢, Vladimir —
Antonovié¢, Alan
Chemical and Thermal Properties of WPC Sur-
face After Exposure to Concentrated Acids

20. Antonovié, Alan — Jambrekovi¢, Vladimir —
Spanié, Nikola — Medved, Sergej — I3tvanié, Josip
— Dev¢i¢, Matej
Influence of pH value of liquefied wood as a hard-
ener of urea-formaldehyde resin with 4 % mela-
mine addition in particleboard production

21. Jakimovska Popovska, Violeta — Aziri, Basri —
Iliev, Borche
Water Impact on the Change of the Physical Char-
acteristics of Combined Water-Resistant Wood
Based Panels

22. Jevtié, Petronije
Accelerated Weathering of Wood Coatings by
QUV-A With Direct Water Spray

23. Rogozinski, Tomasz
Wood Dust Separation in a Pulse-jet Fabric Filter

24. Rademacher, Peter — Meier, Dietrich — Hofmann,
Tomas — Pafil, Petr — Baar, Jan — Sablik, Pavel —
Cermak, Petr — Paschova, Zuzanna — Rousek, Ra-
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dim — Koch, Gerald — Schmitt, Uwe — Melcher,
Eckhard — Nemeth, Robert
Property Improvement of Wood from fast grow-
ing Plantations due to Wood Modification with
renewable Modification Agents

25. Sprdlik, Vaclav — Mihailovi¢, Stefan — Brabec,
Martin— Rademacher, Peter— Klimova, Hana
Ammonia treatment of beech veneer and applica-
tion in furniture design

U veljaci 2014. godine u Republici Hrvatskoj
zapocela je provedba novoga okvirnog programa Eu-
ropske unije za istrazivanje i inovacije Obzor 2020.
(Horizon 2020.) za razdoblje 2014. — 2020., ¢ime je
zapoceo novi ciklus ulaganja u znanost, istrazivanje i
inovacije. Europski institut za inovacije i tehnologiju,
kao inicijator tog programa, pridonijet ¢e svim prior-
itetima Obzora 202(. promoviranjem istrazivanja ori-
jentiranoga na komercijalnu upotrebu, poticuci stva-
ranje malih i srednjih poduzeca te transdisciplinarne,
medusektorske i prekograni¢ne mobilnosti na koncep-
tu ,trokuta znanja“ $to ga Cine istrazivanje, obrazovan-
je 1 inovativno poduzetnistvo. Misao vodilja novoga
okvirnog programa jest ponuda rjeSenja i odgovora na
gospodarsku krizu, investiranje u buduce poslove i raz-
voj, rjeSavanje pitanja gradana EU o njihovoj materi-
jalnoj sigurnosti, opcoj sigurnosti i okoliSu, kao i
jacanje globalne uloge EU u istrazivanjima, inovacija-
ma i tehnologijama.

Zaklju¢no, glavni cilj ovog savjetovanja bio je
okupiti sve sudionike ,trokuta znanja” na jednome
mjestu kako bi u iduéem razdoblju potaknuli razvoj
novih ili pridonijeli poboljsanju postoje¢ih drvnih ma-
terijjala 1 tehnologija, sve s ciljem konkurentnosti
drvnotehnoloskog sektora na globalnome svjetskom
trzistu.

Savjetovanje je takoder bila prilika za stjecanje
novihspoznajautemeljenihnaznanstvenoistrazivackom
timskom radu znanstvenika s vise domacih i inozem-
nih fakulteta i instituta.

Zbornik radova u elektroni¢koj verziji moguce je
nabaviti s poveznice http://www.ambienta2014.com

prof. dr. sc. Ivica Grbac
doc. dr. sc. Alan Antonovic¢
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GVAJAK

UDK: 674.031.751.722

NAZIVI

Gvajak je naziv drva botanicke vrste Guaiacum
officinale L. iz porodice Zygophyllaceae.

Trgovacki je naziv te vrste pockholz (Njemacka);
lignum vitae (SAD, Velika Britanija); gaiac (Francu-
ska); guaiacum wood (Velika Britanija); pockhout (Ni-
zozemska); gwayak (Poljska); guaiac (Rumunjska) te
guayacan (Venezuela).

NALAZISTE

Stabla gvajaka mogu se pronaci u tropskim ki-
$nim Sumama Srednje Amerike, u sjevernom dijelu Ju-
zne Amerike, u zapadnoj Indiji, Hondurasu, Panami,
Kolumbiji i Venezueli.

STABLO

U svojoj domovini gvajak naraste od 10 do 13
metara, uz duzinu debla do 5 metara te prsni promjer
do 0,5 metara. Trupci gvajaka razlikuju se po kori: u
vrste Guaiacum officinale kora je tanka, glatka i ljuska-
va, a u Guaiacum sanctum kora je gruba. Zica je
redovito dvostruko usukana i nepravilna.

DRVO

Makroskopska obiljezja

Drvo gvajaka je jedri¢avo. Srz drva je razliite
boje, od maslinasto zelene do smede ili ¢ak crne, ¢esto
s malobrojnim prugama. Drvo je fine teksture i rastre-
sito je porozno. Granica goda i pore jasno su vidljivi
povecalom. U tamnoj srzi pore su jedva vidljive. Zbog
ispunjenosti pora zelenim sadrZzajem one mogu biti vi-
dljive u rano formiranoj bjeljici. Oko 30 % mase suhog
drva ¢ine gumaste tvari zbog kojih drvo izgleda
vostano. Drvni traci i aksijalni parehnim vidljivi su pod
povecalom.

Mikroskopska obiljezja

Traheje su pojedinacno rasporedene, rjede se po-
javljuju u parovima i u malim skupinama. Promjer tra-
heja iznosi 30...75...175 mikrometara, a gustoca im je
6...12...20 na 1 mm? popre¢nog presjeka. Volumni je
udio traheja od 7,0 do 13,0 %. Traheje u bjeljici cesto
su ispunjene zelenkastim tvarima.

Aksijalni je parenhim apotrahealan, paratraheal-
no aliforman, unilateralan, katnog rasporeda. Volumni
udio aksijalnog parenhima iznosi oko 3 %.
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Drvni su traci gvajakovine homogeni, visine
60...120 mikrometara, odnosno od 4 do 6 stanica, Sirine
8...10 mikrometara, odnosno jednu stanicu. Gustoca
drvnih trakova je 12...17...19 na 1 mm. Volumni udio
drvnih trakova iznosi od 11 do 13 %. U drvnim tracima
iu aksijalnom parenhimu ima kristala kalcija. Drvna su
vlakanca libriformska, odnosno vlaknaste traheide.
Dugacka su 440...590...830 mikrometara. Debljina sta-
ni¢nih stijenki vlakanaca iznosi 2,65...4,3...6,6 mikro-
metara, a promjer lumena 0,7...4,2...7,7 mikrometara.
Volumni udio vlakanaca krece se od 70 do 80 %.

FiziCka svojstva

Gustoca standardno

suhog drva, p_ 950...1200...1300 kg/m?

Gustoca prosusenog

drva, p, . 970...1230...1310 kg/m?

Gustoca sirovog drva, p 1400...1500 kg/m?

S

Poroznost
Radijalno utezanje, f,
Tangentno utezanje, f8,

Volumno utezanje, 8,

Mehanicka svojstva

Cvrstoéa na tlak
Cvrstoéa na savijanje

Tvrdoéa (prema Janki),
paralelno s vlakancima

Tvrdoéa (prema Janki),
okomito na vlakanca

Modul elasti¢nosti

12,6...18,0...36,7 %
0ko 5,6 %

0ko 9,3 %

oko 15,0 %

90...126 MPa
120...144 MPa

oko 16,1 MPa

oko 8,8 (14,8) MPa
11,0...12,3...13,5 GPa

TEHNOLOSKA SVOJSTVA

Obradivost

Drvo se vrlo tesko strojno i ru¢no obraduje, a nje-
gova obrada zahtijeva veci utroSak energije. Dobro se
blanja i tokari. Izblanjane povrsine vrlo su glatke. Poli-
tiranje je Cesto jedini izbor povrsinske obrade kojim se
moze posti¢i visoki sjaj, i to zbog velikog udjela gu-
mastih tvari u drvu. Tesko se lijepi. Cavlanje se ne
preporucuje.

Su$enje
Zbog velike gustoée drvo se tesko susi, a zbog

nepazljivog suSenja moze raspucati. Jednom prosuseno
drvo srednje je stabilnih dimenzija.
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Trajnost i zastita

U normi HRN 350-2, 2005 ne postoje podaci o
otpornosti 1 trajnosti gvajakovine.

To je drvo vrlo otporno na gljive truleznice i na
napade insekata te prirodno otporno na kiseline. Zbog
velike gustoce i velikog sadrzaja gumastih tvari gvaja-
kovina jedva upija zastitna sredstva, no ona je tako
prirodno trajna da se moze upotrebljavati nezasti¢ena.

Uporaba

Gvajakovina je jedna od najgus¢ih i najtvrdih
vrsta drva na trzi$tu. Vrlo je velike ¢vrstoce pa je drvo
gvajaka superioran materijal za izradu propelera, leza-
jeva, osovina brodskih vijaka, zupcanika, kugla i toka-
rene robe. Podaci govore da gvajakovina upotrijebljena
za navedene namjene traje tri puta dulje od Celika ili
bronce upravo zbog svojstva samopodmazivanja.

Sirovina

Drvo gvajaka na trziSte dolazi u obliku trupaca
od duljine 0,6 do 3,0 metara, a promjera od 7,0 do 50,0
centimetara.

Napomena

Smola gvajakovine jo§ se od 1508. godine upo-
trebljava u medicini, pa se stoga to drvo naziva i drvom
zivota (lignum vitae).
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Upravo zbog pretjeranog iskoristavanja gvajak se
jos od 1998. nalazi na IURDN listi ugrozenih vrsta.
Prema trenutaénim CITES regulativama, vrste Guaia-
cum svrstane su u grupu II. (apendix II.), koja obuhva-
¢a vrste drva kojima trenutacno ne prijeti iskorjenji-
vanje, no njihova se trgovina mora strogo kontrolirati.

Verawood ili marcaibo drvo zivota (Bulnesia ar-
borea Engl.) s podruc¢ja Venezuele povezuje se s pra-
vim drvom Zzivota i katkad sluzi kao zamjena za gvajak.

Sli¢ne su vrste

Guaiacum coulteri A. Gray

Guaiacum guatamalense P1.

Guaiacum sanctum L.

Bulnesia spp.

Literatura
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and Spanish. Version: 4th May 2000. http://biodiversity.
uno.edu/delta/
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3. **1964: Wood dictionary, Elsevier publishing compa-
ny, Amsterdam.

4. ***1994: Woods of the world, Tree talk, Inc., 431 Pine
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prof. dr. sc. Jelena Trajkovic¢
doc. dr. sc. Bogoslav Sefc
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Ispravak / errata corrige

U radu ,,Energy Consumption of Beech Timber Drying in Oscillation Climates* autora Gorana Mili¢a i surad-
nika, objavljenome u broju 4 /2014 casopisa Drvna industrija, pogreSkom su objavljeni neodgovarajuéi
graficki prilozi.

Graficki prilozi na slikama 2. i 3. medusobno su zamijenjeni, a naslov ordinate slike 2. treba glasiti: Energy
consumption, kWh / utrosak energije, kWh.

Urednistvo se ispri¢ava autorima zbog nenamjerne pogreske u pripremi rada za objavljivanje.

Correction / errata corrige

In the paper ,.Energy Consumption of Beech Timber Drying in Oscillation Climates® by Goran Mili¢ et al.
published in Drvna industrija No. 4 /2014, wrong graphs have been published by mistake. Graphs in Figure 2
and 3 have been mixed up, and y axis title in Figure 2 should be Energy consumption, kWh / utroSak energije,
kWh. The Editorial Board would like to apologize to the authors for unintended errors occurred during the
preparation of the paper for publishing.
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Upute autorima
Opce odredbe

Casopis Drvna industrija objavljuje znanstvene radove (izvorne
znanstvene radove, pregledne radove, prethodna priopcenja), struéne
radove, izlaganja sa savjetovanja, struéne obavijesti, bibliografske
radove, preglede te ostale priloge s podrucja biologije, kemije, fizike
i tehnologije drva, pulpe i papira te drvnih proizvoda, ukljucujuéi i
proizvodnu, upravljacku i trzisnu problematiku u drvnoj industriji.
Predaja rukopisa podrazumijeva uvjet da rad nije ve¢ predan negdje
drugdje radi objavljivanja ili da nije ve¢ objavljen (osim sazetka,
dijelova objavljenih predavanja ili magistarskih radova odnosno di-
sertacija, §to mora biti navedeno u napomeni) te da su objavljiva-
nje odobrili svi suautori (ako rad ima viSe autora) i ovlastene osobe
ustanove u kojoj je istrazivanje provedeno. Kad je rad prihvacen za
objavljivanje, autori pristaju na automatsko prenosenje izdavackih
prava na izdavaca te na zabranu da rad bude objavljen bilo gdje drug-
dje ili na drugom jeziku bez odobrenja nositelja izdavackih prava.
Znanstveni i stru¢ni radovi objavljuju se na hrvatskome, uz sazetak
na engleskome, ili se pak rad objavljuje na engleskome, sa sazetkom
na hrvatskom jeziku. Naslov, podnaslovi i svi vazni rezultati treba-
ju biti napisani dvojezi¢no. Ostali se ¢lanci uglavnom objavljuju na
hrvatskome. Urednistvo osigurava inozemnim autorima prijevod na
hrvatski. Znanstveni i stru¢ni radovi podlijezu temeljitoj recenziji
najmanje dvaju recenzenata. Izbor recenzenata i odluku o klasifika-
ciji i prihvacanju ¢lanka (prema preporukama recenzenata) donosi
Urednicki odbor.

Svi prilozi podvrgavaju se jezi¢noj obradi. Urednici ¢e od autora zah-
tijevati da tekst prilagode preporukama recenzenata i lektora, te zadr-
zavaju i pravo da predloze skracivanje ili poboljSanje teksta. Autori
su potpuno odgovorni za svoje priloge. Podrazumijeva se da je autor
pribavio dozvolu za objavljivanje dijelova teksta Sto su ve¢ negdje
objavljeni te da objavljivanje ¢lanka ne ugrozava prava pojedinca ili
pravne osobe. Radovi moraju izvjeStavati o istinitim znanstvenim ili
tehnickim postignué¢ima. Autori su odgovorni za terminolosku i me-
trolosku uskladenost svojih priloga. Radovi se $alju elektronickom
postom na adresu:

drind@sumfak.hr ili techdi@sumfak.hr

Upute

Predani radovi smiju sadrzavati najvise 15 jednostrano pisanih A4
listova s dvostrukim proredom (30 redaka na stranici), ukljucujuéi
i tablice, slike te popis literature, dodatke i ostale priloge. Dulje je
¢lanke preporucljivo podijeliti na dva ili viSe nastavaka. Tekst treba
biti u doc formatu, u potpunosti napisan fontom 7imes New Roman
(tekst, grafikoni i slike), normalnim stilom, bez dodatnog uredenja
teksta.

Prva stranica poslanog rada treba sadrzavati puni naslov, ime(na)
i prezime(na) autora, podatke o zaposlenju autora (ustanova, grad i
drzava) te sazetak s kljuénim rije¢ima (duljina sazetka priblizno 1/2
stranice A4).

Posljednja stranica treba sadrzavati titule, zanimanje, zvanje i adre-
su (svakog) autora, s naznakom osobe s kojom ¢e Urednistvo biti u
vezi.

Znanstveni i struéni radovi moraju biti sazeti i precizni. Osnovna
poglavlja trebaju biti oznacena odgovarajuéim podnaslovima. Na-
pomene se ispisuju na dnu pripadajuée stranice, a obrojcavaju se
susljedno. One koje se odnose na naslov oznacuju se zvjezdicom,
a ostale uzdignutim arapskim brojkama. Napomene koje se odnose
na tablice piSu se ispod tablica, a oznac¢avaju se uzdignutim malim
pisanim slovima, abecednim redom.

Latinska imena trebaju biti pisana kosim slovima (italicom), a ako
je cijeli tekst pisan kosim slovima, latinska imena trebaju biti pod-
crtana.

U uvodu treba definirati problem i, koliko je moguce, predociti gra-
nice postojec¢ih spoznaja, tako da se Citateljima koji se ne bave po-
dru¢jem o kojemu je rije¢ omoguéi razumijevanje ciljeva rada.
Materijal i metode trebaju biti Sto preciznije opisane da omoguce
drugim znanstvenicima ponavljanje pokusa. Glavni eksperimentalni
podaci trebaju biti dvojezi¢no navedeni.

Rezultati trebaju obuhvatiti samo materijal koji se izravno odnosi na
predmet. Obvezatna je primjena metrickog sustava. Preporucuje se
upotreba SI jedinica. Rjede rabljene fizikalne vrijednosti, simboli i
jedinice trebaju biti objasnjeni pri njihovu prvom spominjanju u tek-
stu. Za pisanje formula valja se koristiti Equation Editorom (progra-
mom za pisanje formula u MS Wordu). Jedinice se piSu normalnim
(uspravnim) slovima, a fizikalni simboli i faktori kosima (italicom).

Formule se susljedno obroj¢avaju arapskim brojkama u zagradama,
npr. (1) na kraju retka.

Broj slika mora biti ograni¢en samo na one koje su prijeko potrebne
za objasnjenje teksta. Isti podaci ne smiju biti navedeni i u tablici i
na slici. Slike i tablice trebaju biti zasebno obroj¢ane, arapskim broj-
kama, a u tekstu se na njih upucuje jasnim naznakama (“tablica 1”
ili “slika 17). Naslovi, zaglavlja, legende i sav ostali tekst u slikama i
tablicama treba biti napisan hrvatskim i engleskim jezikom.

Slike je potrebno rasporediti na odgovaraju¢a mjesta u tekstu, trebaju
biti izradene u rezoluciji 600 dpi, crno-bijele (objavljivanje slika u ko-
loru moguce je na zahtjev autora i uz posebno placanje), formata jpg ili
tiff, potpune i jasno razumljive bez pozivanja na tekst priloga.

Svi grafikoni i tablice izraduju se kao crno-bijeli prilozi (osim na
zahtjev, uz placanje). Tablice i grafikoni trebaju biti na svojim mje-
stima u tekstu te originalnog formata u kojemu su izradeni radi nak-
nadnog ubacivanja hrvatskog prijevoda. Ako ne postoji moguénost
za to, potrebno je poslati originalne dokumente u formatu u kojemu
su napravljeni (excel ili statistica format).

Naslovi slika i crteza ne piSu se velikim tiskanim slovima. Crtezi
i grafikoni trebaju odgovarati stilu ¢asopisa (fontovima i izgledu).
Slova i brojke moraju biti dovoljno veliki da budu lako ¢itljivi na-
kon smanjenja $irine slike ili tablice. Fotomikrografije moraju imati
naznaku uvecéanja, pozeljno u mikrometrima. Uvecanje moze biti do-
datno naznaceno na kraju naslova slike, npr. “uveéanje 7500 : 1”.
Diskusija i zaklju¢ak mogu, ako autori zele, biti spojeni u jedan odje-
ljak. U tom tekstu treba objasniti rezultate s obzirom na problem
postavljen u uvodu i u odnosu prema odgovarajuéim zapazanjima
autora ili drugih istrazivaca. Valja izbjegavati ponavljanje podataka
ve¢ iznesenih u odjeljku Rezultati. Mogu se razmotriti naznake za
daljnja istrazivanja ili primjenu. Ako su rezultati i diskusija spojeni u
isti odjeljak, zakljucke je nuzno napisati izdvojeno. Zahvale se navo-
de na kraju rukopisa. Odgovarajucu literaturu treba citirati u tekstu,
i to prema harvardskom sustavu (ime — godina), npr. (Badun, 1965).
Nadalje, bibliografija mora biti navedena na kraju teksta, i to abe-
cednim redom prezimena autora, s naslovima i potpunim navodima
bibliografskih referenci. Popis literature mora biti selektivan, a svaka
referenca na kraju mora imati naveden DOI broj, ako ga posjeduje
(http://www.doi.org) (provjeriti na http://www.crossref.org).

Primjeri navodenija literature

Clanci u ¢asopisima: Prezime autora, inicijal(i) osobnog imena, go-
dina: Naslov. Naziv asopisa, godiste (ev. broj): stranice (od — do).
Doi broj.

Primjer

Karki, T., 2001: Variation of wood density and shrinkage in Europe-
an aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Knjige: Prezime autora, inicijal(i) osobnog imena, godina: Naslov.
(ev. izdavac/editor): izdanje (ev. svezak). Mjesto izdanja, izdavac
(ev. stranice od — do).

Primjeri

Krpan, J., 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb,
Tehnicka knjiga.

Wilson, J. W.; Wellwood, R. W., 1965: Intra-increment chemical pro-
perties of certain western Canadian coniferous species. U: W. A.
Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse,
N.Y., Syracuse Univ. Press, pp. 551- 559.

Ostale publikacije (broSure, studije itd.)

Miiller, D., 1977: Beitrag ziir Klassifizierung asiatischer Baumarten.
Mitteilung der Bundesforschungsanstalt fiir Forstund Holzvvirt sc-
haft Hamburg, Nr. 98. Hamburg: M. Wiederbusch.

Web stranice

**%1997: “Guide to Punctuation” (online), University of Sussex,
www.informatics.sussex.ac.uk/department/docs/punctuation/node
00.html. First published 1997 (pristupljeno 27. sijenja 2010).

Autoru se prije konac¢nog tiska Salje pdf rada. Rad je potrebno pazlji-
vo proditati, ispraviti te vratiti UredniStvu s listom ispravaka te s
formularom za prijenos autorskih prava na izdavaca. Ispravci su
ograni¢eni samo na tiskarske pogreske: dodaci ili znatnije promjene
u radu naplacuju se. Autori znanstvenih i stru¢nih radova besplatno
dobivaju po jedan primjerak casopisa. Autoru svakog priloga takoder
se dostavlja besplatan primjerak ¢asopisa.

Dodatne informacije o na¢inu pisanja znanstvenih radova mogu se
naci na web adresi:
www.ease.org.uk/publications/author-guidelines



Instructions for authors

General terms

The “Drvna industrija” (“Wood Industry”) journal publishes scientific
papers (original scientific papers, review papers, previous notes),
professional papers, conference papers, professional information,
bibliographical and survey articles and other contributions related
to biology, chemistry, physics and technology of wood, pulp and
paper and wood products, including production, management and
marketing issues in the wood industry.

Submission of a paper implies that the work has not been submitted
for publication elsewhere or published before (except in the form of
an abstract or as part of a published lecture, review or thesis, in which
case it must be stated in a footnote); that the publication is approved
by all co-authors (if any) and by the authorities of the institution
where the research has been carried out. When the paper is accepted
for publication, the authors agree to the transfer of the copyright to
the publisher and that the paper will not be published elsewhere in
any language without prior consent of the copyright holders.

The scientific and professional papers shall be published either in
Croatian, with an extended summary in English, or in English with
an extended summary in Croatian. The titles, headings and all the
relevant results shall be presented bilingually. Other articles are
generally published in Croatian. The Editor’s Office shall provide
the translation into Croatian for foreign authors. The scientific and
professional papers will be subject to a thorough review by at least
two selected referees. The Editorial Board shall make the choice of
reviewers, as well as the decision about the classification of the paper
and its acceptance (based on reviewers’ recommendations).

All contributions are subject to proofreading. The editors will require
authors to modify the text in the light of the recommendations made
by reviewers and language advisers, and they reserve the right to
suggest abbreviations and text improvements. Authors are fully
responsible for the contents of their contributions. It shall be assumed
that the author has obtained the permission for the reproduction of
portions of text published elsewhere, and that the publication of the
paper in question does not infringe upon any individual or corporate
rights. Papers shall report on true scientific or technical achievement.
Authors are responsible for the terminological and metrological
consistency of their contributions. The contributions are to be
submitted by e-mail to the following address:

E-mail: drind@sumfak.hr

Details

Papers submitted shall consist of no more than 15 single-sided DIN
A-4 sheets of 30 double-spaced lines, including tables, figures and
references, appendices and other supplements. Longer papers should
be divided into two or more continuing series. The text should be
written in doc format, fully written using Times New Roman font (text,
graphs and figures), in normal style without additional text editing.
The first page of the paper submitted should contain full title, name(s)
of author(s) with professional affiliation (institution, city and state),
abstract with keywords (approx. 1/2 sheet DIN A4).

The last page should provide the full titles, posts and address(es) of
each author with indication of the contact person for the Editor’s
Office.

Scientific and professional papers shall be precise and concise. The
main chapters should be characterized by appropriate headings.
Footnotes shall be placed at the bottom of the same page and
consecutively numbered. Those relating to the title should be marked
by an asterix, others by superscript Arabic numerals. Footnotes
relating to the tables shall be printed under the table and marked by
small letters in alphabetical order.

Latin names shall be printed in italics and underlined.

Introduction should define the problem and if possible the framework
of existing knowledge, to ensure that readers not working in that
particular field are able to understand author’s intentions.

Materials and methods should be as precise as possible to enable
other scientists to repeat the experiment. The main experimental data
should be presented bilingually.

The results should involve only material pertinent to the subject. The
metric system shall be used. SI units are recommended. Rarely used
physical values, symbols and units should be explained at their first
appearance in the text. Formulas should be written by using Equation
Editor (program for writing formulas in MS Word). Units shall be
written in normal (upright) letters, physical symbols and factors
in italics. Formulas shall be consecutively numbered with Arabic
numerals in parenthesis (e.g. (1)) at the end of the line.

The number of figures shall be limited to those absolutely necessary
for clarification of the text. The same information must not be
presented in both a table and a figure. Figures and tables should be
numbered separately with Arabic numerals, and should be referred
to in the text with clear remarks (“Table 1” or “Figure 1”). Titles,
headings, legends and all the other text in figures and tables should
be written in both Croatian and English.

Figures should be inserted into the text. They should be of 600 dpi
resolution, black and white (color photographs only on request
and extra charged), in jpg or tiff format, completely clear and
understandable without reference to the text of the contribution.

All graphs and tables shall be black and white (unless requested
otherwise with additional payment). Tables and graphs should be
inserted into the text in their original format in order to insert them
subsequently into the Croatian version. If this is not possible, original
document should be sent in the format in which it was made (excel
or statistica format).

The captions to figures and drawings shall not be written in block letters.
Line drawings and graphs should conform to the style of the journal
(font size and appearance). Letters and numbers shall be sufficiently
large to be readily legible after reduction of the width of a figure or
table. Photomicrographs should have a mark indicating magnification,
preferably in micrometers. Magnification can be additionally indicated
at the end of the figure title, e.g. “Mag. 7500:1”.

Discussion and conclusion may, if desired by authors, be combined
into one chapter. This text should interpret the results relating to
the problem outlined in the introduction and to related observations
by the author(s) or other researchers. Repeating the data already
presented in the “Results” chapter should be avoided. Implications
for further studies or application may be discussed. A conclusion
shall be expressed separately if results and discussion are combined
in the same chapter. Acknowledgements are presented at the end of
the paper. Relevant literature shall be cited in the text according to
the Harvard system (“name — year”), e.g. (Badun, 1965). In addition,
the bibliography shall be listed at the end of the text in alphabetical
order of the author’s names, together with the title and full quotation
of the bibliographical reference. The list of references shall be
selective, and each reference shall have its DOI number (http://www.
doi.org) (check at http://www.crossref.org).:

Example of references

Journal articles: Author’s second name, initial(s) of the first name,
year: Title. Journal name, volume (ev. issue): pages (from - to). DOI
number.

Example:

Karki, T., 2001: Variation of wood density and shrinkage in European
aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Books:

Author’s second name, initial(s) of the first name, year: Title.
(ev. Publisher/editor): edition, (ev. volume). Place of publishing,
publisher (ev. pages from - to).

Examples:

Krpan, J. 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb:
Tehnicka knjiga.

Wilson, J.W.; Wellwood, R.W. 1965: Intra-increment chemical
properties of certain western Canadian coniferous species. U: W.

A. Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse,
N.Y., Syracuse Univ. Press, pp. 551-559.

Other publications (brochures, studies, etc.):

Miiller, D. 1977: Beitrag zur Klassifizierung asiatischer Baumarten.
Mitteilung der Bundesforschungsanslalt fiir Forst- und Holzwirtschaft
Hamburg, Nr. 98. Hamburg: M. Wiederbusch.
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**%1997: “Guide to Punctuation” (online), University of Sussex,
www.informatics.sussex.ac.uk/department/docs/punctuation/node
00.html. First published 1997 (Accessed Jan. 27, 2010).

The paper will be sent to the author in pdf format before printing.
The paper should be carefully corrected and sent back to the Editor’s
Office with the list of corrections made and the form for the transfer
of copyrights from the author to the publisher. Corrections should be
limited to printing errors; amendments to or changes in the text will
be charged. Each contributor will receive 1 copy of the journal.
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found on the following website:
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