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ABSTRACT • In this study, the effect of using foamed urea-formaldehyde (UF) adhesive in the production of 
medium-density fiberboard (MDF) on the properties of the board was investigated. A commercial foaming agent 
was used to increase the volume of UF adhesive by approximately 2.5 times. MDFs were produced using 6, 9 and 
12 % adhesive and 1 % ammonium chloride hardener relative to the dry weight of the adhesive. The thermal deg-
radation behavior of the foamed and control adhesives was determined by thermal analysis i.e., thermogravimetric 
(TGA) and derivative thermogravimetric (DTG) analyses. It was found that the foaming agent did not affect the 
thermal degradation of the adhesive. Scanning electron microscope images showed that the volume of foamed ad-
hesive and blending efficiency increased. It was determined that MDFs produced with foamed adhesive had better 
water absorption and thickness swelling properties than control boards. However, the internal bond strength (IB) 
and modulus of elasticity (MOE) were found to be 8-14 % and 3-16 % higher, respectively, compared to the control 
samples. As a result, it can be concluded that the foaming process had a positive effect on the board properties and 
had the potential to reduce the amount of adhesive used.

KEYWORDS: medium-density fiberboard; foamed urea-formaldehyde adhesive; physical and mechanical 
properties; foaming agent

SAŽETAK • U radu je istraživan utjecaj upotrebe upjenjenog urea-formaldehidnog (UF) ljepila u proizvodnji 
srednje gustih ploča vlaknatica (MDF) na njihova svojstva. Za povećanje volumena UF ljepila za otprilike 2,5 
puta iskorišten je komercijalni dodatak za pjenjenje. MDF ploče proizvedene su uporabom 6, 9 i 12 %-tnog ljepila 
te 1 %-tnog otvrđivača amonijeva klorida u odnosu prema težini suhih vlakana. Toplinska degradacija upjenje-
noga i kontrolnog ljepila utvrđena je termogravimetrijskom (TGA) i diferencijalnom toplinskom (DTG) analizom. 
Ustanovljeno je da dodatak za pjenjenje nije utjecao na toplinsku degradaciju ljepila. Pretražnim elektronskim 
mikroskopom uočeno je da se povećao volumen i mješivost upjenjenog ljepila. Rezultati su pokazali da je MDF 
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proizveden s upjenjenim ljepilom imao bolja svojstva upijanja vode i debljinskog bubrenja od kontrolnih ploča. 
Međutim, čvrstoća raslojavanja (IB) i modul elastičnosti (MOE) bili su 8 – 14 % odnosno 3 – 16 % veći od istih 
pokazatelja kontrolne ploče. Slijedom toga, može se zaključiti da pjenjenje ljepila pozitivno utječe na svojstva 
ploče i može pridonijeti smanjenju količine potrebnog ljepila.

KLJUČNE RIJEČI: srednje gusta ploča vlaknatica; upjenjeno urea-formaldehidno ljepilo; fizička i mehanička 
svojstva; dodatak za pjenjenje

mogeneity by reducing resin viscosity. Additionally, it 
allows for the use of less adhesive by increasing its 
volume, thereby reducing both cost and formaldehyde 
emission (Hu et al., 2021). Recently, bio-based foam-
ing agents have emerged as a promising alternative to 
enhance the performance of UF adhesives. These 
agents are bio-based surfactants that can improve the 
foam stability and bubble size distribution of UF adhe-
sives, enabling better penetration and distribution in 
wood structures (Bacigalupe et al., 2020). Bio-based 
foaming agents are considered environmentally and 
human-health-friendly compared to synthetic agents 
containing harmful chemicals (Benavides, 2022).

Studies have investigated the properties of low-
density particleboards produced with UF adhesive pre-
pared using chemical foaming agents, indicating that 
results obtained with the use of 2 % less adhesive were 
similar to control group boards (Boruszewski et al., 
2022). Jiang et al. (2016) reported that particleboards 
produced with foamed adhesive generally meet interna-
tional standards in terms of mechanical properties, pro-
viding a significant advantage of obtaining a product 
similar to the control with a lower solid content. Heri 
Iswanto et al. (2018), Nadhari et al. (2019), Widyorini 
et al. (2017), and Zhai et al. (2021) have conducted 
studies on the use of foam agents in adhesive foaming. 
Chemical foaming agents such as azodicarbonamide, 
sodium dodecyl sulfate, sodium laureth sulfate, com-
monly used in foam agents, have environmental and hu-
man health impacts. In the present world, moving away 
from products with such effects will likely restrict the 
use of chemical foaming agents in the near future.

In this study, a commercial foaming agent was 
used in the production of UF adhesive foamed fiber-
board, aiming to produce boards with standard proper-
ties while consuming less adhesive. The physical and 
mechanical properties of the produced boards were 
examined, along with the thermal and morphological 
properties of foamed and unfoamed adhesives.

2 MATERIALS AND METHODS
2. MATERIJALI I METODE

2.1 Materials
2.1. Materijali

In this study, fibers obtained from oriental beech 
(Fagus orientalis) and pine (Pinus brutia) wood fibers 
were used as raw materials. The wood fibers were 

1 INTRODUCTION
1. UVOD

Fiberboards have a wide range of applications, 
including furniture, cladding, doors, flooring, and wall 
and ceiling coverings (Istek et al., 2012). Urea-formal-
dehyde (UF) resin is commonly used in the production 
of fiberboards due to its economic viability, high reac-
tivity, and good adhesive properties (Moslemi et al., 
2020). It is emphasized that 1 million tons of UF adhe-
sive are used in wood-based panel production world-
wide (Gadhave et al., 2017). However, in terms of the 
current emphasis on human and environmental health, 
as well as economic considerations, efforts have been 
directed towards reducing adhesive consumption and 
promoting its healthy use. For instance, considering a 
medium-sized factory producing 1000 m3 per day, it is 
noted that the daily consumption of solid UF is around 
45-50 thousand kg, and a monthly saving of 150 tons 
of solid UF could be achieved with a 10 % reduction 
(Kelleci et al., 2022). While achieving homogeneous 
adhesive distribution in practice is challenging, it is ob-
served that the sprayed adhesive surface area is de-
pendent on particle area measurements. Despite the 
fiber surface area being approximately 260 cm2 for 1 g 
weight, the average droplet diameter of adhesive with 
7 % solids is 40 μm, covering a total area of 82 cm2 
(Watters, 1974). Istek et al. (2019) indicated that an 
increase in adhesive surface area leads to enhanced in-
ternal bond (IB) strength in the board. Achieving the 
optimum bonding surface area also relies on the sig-
nificant importance of the sprayed adhesive diameter 
(Zhan et al., 2021).

Among the disadvantages of UF resin are high 
formaldehyde emissions, low water resistance, and 
sensitivity to temperature changes (Bekhta et al., 
2022). Formaldehyde emission is responsible for ad-
verse effects on human health such as cancer, leuke-
mia, genotoxicity, skin, and respiratory tract irritation, 
nausea, nasopharyngeal and skin sensitization 
(Chrobak et al., 2022; Istek et al., 2018; Kristak et al., 
2023). Intensive research has been conducted to reduce 
formaldehyde emissions and improve the mechanical 
properties in the production of fiber and particleboards. 
Some of these studies include encapsulated urea (Liu et 
al., 2021), zeolite (Camlibel, 2020), activated carbon 
(Zamani et al., 2022; Ergün et al., 2023), and adhesive 
foaming. The foaming process enhances adhesive ho-
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sourced from the Kastamonu Integrated MDF Plant 
(Kastamonu, Turkey) and consist of a blend of 55 % 
beech and 45 % pine wood. SEM and EDS analyses of 
fiber are given in Figure 1.

The fibers determined the chemical composition, 
and they contained 60.7 % of carbon (C), 39.3 % of 
oxygen (O) and 0 % of nitrogen (N). The fibers used in 
the production were dried up to 2 % moisture content 
to be prepared for manufacturing. UF adhesive with a 
density of 1.28 g/cm3 and a solids content of 65 %, sup-
plied by a commercial wood-based board factory (Kas-
tamonu, Turkey), was employed as the adhesive. The 
commercial foam agent used has a density of 1.05 and 
a pH value of 5.5. This foam agent is herbal resin-
based and was supplied by ARTRA Construction Land-
scape Plastic Ltd. (İstanbul, Turkey).

2.2 Production of MDF
2.2. Proizvodnja MDF ploča

In this study, UF adhesive at usage ratio, 6, 9 
and 12 % based on the dry fiber weight, along with a 
commercial foam agent at a 1.5 % concentration 
based on adhesive solids, was mixed for 5 minutes at 
3000 rpm to foam the adhesive. The viscosity and pH 
of the foamed adhesive were found to be 41.15 CP 
and 7.20, respectively, at 22 °C, while the viscosity 
and pH of the unfoamed adhesive were determined to 
be 17.67 CP and 8.25 at the same temperature. MDF 
experimental boards were produced using the ob-
tained foamed adhesive solution. Three groups of 
boards were manufactured, resulting in a total of 18 
experimental boards, including control samples for 
each group. The experimental boards were produced 
with dimensions of 250 mm × 250 mm, a thickness of 
12 mm, and a target density of 0.8 g/cm3. The foamed 
adhesive solution prepared with fibers at 2 % mois-
ture content was sprayed onto the fibers using a rotat-
ing drum, internal spray, and single injector system at 
5.5 bars of compressed air pressure. The spraying 
process was completed by mixing the adhesive and 
fibers for approximately 3 minutes. The adhesive-
coated fibers were manually formed in a mat with di-
mensions of 250×250×300 to form the board layout. 
Experimental boards were then produced using a hot 

press (SSP180 Cemil Usta, Turkey) under the condi-
tions of 4.0 N/mm2 of specific pressure, 175 °C tem-
perature, and a 5-minute duration. Following the hot 
press, the boards were allowed to cool, and test sam-
ples were prepared. The MDFs were conditioned for 
one week under ambient conditions before preparing 
the test samples according to the EN 326-1 (1999) 
standard. Following one week at (20±2) °C and 
(65±5) % relative humidity, the samples were main-
tained in a controlled environment chamber.

2.3 Characterization of adhesive  
and MDF

2.3. Karakterizacija ljepila i MDF ploča

Thermogravimetric (TG) and derivative ther-
mogravimetric (DTG) tests were conducted on the 
foamed and unfoamed adhesive samples using Hi-
tachi-STA 7300 equipment (Hitachi, Ltd., Tokyo, Ja-
pan). The samples were heated at a rate of 10 °C per 
minute from room temperature to 600 °C while being 
subjected to a nitrogen environment with a gas flow 
rate of 50 mL/min. The foamed and unfoamed adhe-
sive morphologies were studied using a scanning 
electron microscope (SEM) (MAIA3 XMU model, 
TESCAN, Brno, Czech Republic). To increase the 
conductivity of the adhesive, a 5 nm thick layer of 
gold was applied to the samples. The SEM micro-
scope was operated at 20.0 kV voltages during the 
microstructure image analysis.

The EN 322 (1999) standard was used to measure 
moisture content (MC), while EN 323 (1999) was used 
to calculate densities. The EN 317 (1999) standard was 
used to evaluate thickness swelling (TS), and ASTM 
D1037-12 (2020) was followed for water absorption 
(WA). According to EN 319 (1999) and EN 310 (1999), 
respectively, the internal bond strength (IB), modulus 
of elasticity (MOE), and modulus of rupture (MOR) 
were assessed. All tests, except for the SEM and TGA 
analyses, were conducted on six samples for each 
group. The effect of foamed and unfoamed adhesives 
on the mechanical and physical properties of the MDF 
was statistically analyzed using one-way analysis of 
variance (ANOVA) within the SPSS 16 software.

Figure 1 SEM (a) and EDS (b) analyses of neat fiber
Slika 1. SEM (a) i EDS (b) analize čistih vlakana
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3  RESULTS AND DISCUSSION
3. REZULTATI I RASPRAVA

3.1 Characterization of adhesive and MDF
3.1. Karakterizacija ljepila i MDF ploča

TG and DTG graphs of foamed UF adhesive (UF-
F) and unfoamed UF adhesive are given in Figure 2.

The thermal decomposition behavior of UF and 
UF-F samples was determined through TGA measure-
ments. Figure 1 shows the weight loss (%) ratios as a 
function of temperature. The weight loss (%) by weight 
of the resins was computed. At temperatures below 200 
°C, surface evaporation and the gradual release of natu-
ral moisture and formaldehyde from UF are the main 
causes of the weight loss during the first stage (Jiang et 
al., 2010; Roumeli et al., 2012). The condensation reac-
tion of unreacted amino and hydroxymethyl groups can 
cause water to evaporate. According to Zorba et al. 
(2008) and Zhao et al. (2013), the breakdown of methyl-
ene and methylene ether bonds takes place in the second 
stage, which is between 175 and 350 °C. The final stage 
involves additional carbonization, performed over a 
wide temperature range from 350 °C to 800 °C. Lower 
rates of O, N, and H element elimination are the cause of 
this stage (Chen et al., 2021). Similar studies have also 
found that TGA analyses of UF adhesives yield similar 
results (Singha and Thakur, 2009; Chen et al., 2017).

The TG and DTG results of UF-F, foamed by 
adding a commercial foam agent at a 1.5 % ratio based 
on the dry weight of UF, were found to be quite similar 
to UF. The amount of foam agent used was observed 
not to significantly impact the thermal properties of 
the adhesive either positively or negatively. Figure 3 
displays SEM images of foamed and unfoamed (pure) 
UF adhesives.

The images reveal that, because of UF foaming, 
pores with different diameters are formed (Figure 3a), 
while unfoamed UF exhibits morphology similar to a 
flat film (Figure 3b). These pores increased the UF vol-
ume. The volumes of both foamed and unfoamed adhe-
sive, which had the same amount, were determined 
through 5 repetitions each. The volume of the un-
foamed and foamed adhesive was found to be 
(1238±25) cm3 and (3056±99) cm3, respectively. 
Chemical composition of neat UF adhesive, deter-
mined with EDS analyses, was 48 % C, 30.6 % O and 
21.5 % N. Gul and Alrobei (2021) found via EDS anal-
yses that neat UF adhesive had 27 % N content. 

The increased volume enhances blending efficien-
cy by allowing UF to come into contact with more fiber 
surfaces. As will be discussed in the mechanical experi-
ments, foaming the adhesive enables achieving the same 
mechanical properties with less adhesive. Similar SEM 
images were obtained by foaming UF adhesive in the 

 a) b) c)
Figure 3 SEM images of foamed UF (a) and unfoamed UF (b); EDS analyses of UF (c) 
Slika 3. SEM fotografije upjenjenoga (a) i neupjenjenog (b) UF ljepila; EDS analiza UF ljepila (c)

Figure 2 TG (a) and DTG (b) results of foamed (UF-F) and unfoamed (UF) adhesive
Slika 2. TG (a) i DTG (b) rezultati za upjenjeno (UF-F) i neupjenjeno (UF) ljepilo
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production of particleboards, and it was reported that the 
same or better mechanical properties could be achieved 
with less adhesive (Kelleci et al., 2022).

3.2  Chemical and morphological properties 
of MDF

3.2.  Kemijska i morfološka svojstva MDF ploča

The SEM, mapping, and EDS analyses of MDFs 
produced with adhesives containing 12 % foam and ad-
hesive without foam are given in Figure 4, aiming to 
identify the distribution of adhesive within the manu-
factured MDF.

The SEM image of MDF produced with 12 % 
foamed adhesive (Figure 4a) shows that the adhesive 
uniform distribution results in enhanced fiber binding 
(a tighter structure). In Figure 4d, MDFs manufactured 
with unfoamed adhesive exhibit distinct fibers with 
less interconnection (a looser structure). Additionally, 
the nitrogen distribution within the adhesive used in 
the manufactured MDFs was scrutinized using map-
ping images. The mapping image of MDF produced 
with foamed adhesive (Figure 4b) reveals a more ho-
mogeneous distribution, whereas MDFs produced with 
unfoamed adhesive show a more clustered nitrogen 
distribution with areas devoid of nitrogen (Figure 4e). 
Conducting EDS analyses on the SEM-imaged areas of 
the produced MDFs yielded disparate results despite 
the equal adhesive quantities used in MDF production. 
In Figure 4c, MDF manufactured with foamed adhe-
sive contains 11.4 % nitrogen, while in MDF produced 
with unfoamed adhesive (Figure 4f), the nitrogen con-
tent attributed to the adhesive is 7.6 %. Although both 
samples used 12 % adhesive, a 3.8 % difference is ob-

served in the analyzed part. The more heterogeneous 
distribution of adhesive in MDFs produced with un-
foamed adhesive is also shown in the SEM images. 
These findings from SEM, mapping, and EDS analyses 
suggest that foamed adhesive ensures a more homoge-
neous distribution within the produced MDF. The con-
centration of total nitrogen in the wood is under 0.5 % 
by dry weight (Cowling and Merrill, 1966; Khanina et 
al., 2023). So, this amount of N is negligible. In the 
study conducted by Fletes and Rodrigue (2021), the ni-
trogen content was neglected in the analysis of wood 
fiber using EDS, similar to our study (Figure 1b), due 
to its significantly low concentration. On the other 
hand, the ultimate analysis, which provides more pre-
cise information about the chemical composition of 
wood, has indicated that the nitrogen (N) content in 
various wood species ranges from 0.1 % to 0.5 % (Tel-
mo et al., 2010). On the other hand, the low signals 
observed are considered normal and expected. This 
situation is related to the addition of adhesive in pro-
portions of 6, 9 and 12 % by weight of the fiber con-
tent. The detection of 7.6 % and 11.4 % nitrogen (N) 
attributed to UF adhesive is in line with the expected 
results, considering that neat UF contains 21.5 % N as 
determined by EDS analysis. Similar studies have also 
reported low signal intensities for nitrogen (N) (Hashim 
et al., 2005). Additionally, Gul et al. (2019) found that 
the UF adhesive filled the gaps between the fibers in 
the manufactured MDF, and the presence of nitrogen 
(N) was confirmed through EDS analysis. In another 
study, the distribution and chemical composition of the 
adhesive in wood-based panels were examined, and it 

Figure 4 SEM, mapping, and EDS analyses of 12 % foamed MDF (a, b, c) and unfoamed MDF (d, e, f)
Slika 4. SEM, mapiranje i EDS analiza 12 %-tnog upjenjenog MDF-a (a, b, c) i neupjenjenog MDF-a (d, e, f)

N Ka1_2
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was emphasized that the nitrogen (N) element origi-
nated from the adhesive. The distribution of the adhe-
sive and the nitrogen (N) element were visualized us-
ing SEM-mapping (Lin et al., 2023).

3.3  Physical properties of MDF
3.3.  Fizička svojstva MDF ploča

In this study, MDF was produced by adding a 
commercial foam agent to urea-formaldehyde adhesive 
at concentrations of 6, 9 and 12 %, and by using adhe-
sive with added foam. The water absorption (WA), thick-
ness swelling (TS), moisture content (MC), and density 
values of the produced MDFs are provided in Table 1.

The highest density among the produced MDFs 
is observed in the 12 % unfoamed MDF. On the other 
hand, the MC values of the produced MDFs varied be-
tween 4.13 % and 4.58 %. Both the increased adhesive 
content and foaming of the adhesive resulted in a de-
crease in MC values. However, statistically, no signifi-
cant differences were observed in density and MC val-
ues. Due to the manual production of MDFs, some 
density fluctuations are inevitable. As shown in Table 
1, the foaming process reduced the WA and TS values 
of the MDFs. For instance, the 24-hour WA value for 6 
% unfoamed MDF was 43.61 %, whereas the 24-hour 
WA value for 6 % foamed MDF was 42.76 %. Simi-
larly, the 24-hour TS value for 6 % unfoamed MDF 
was 23.35 %, while the 24-hour TS value for 6 % 
foamed MDF was 22.71 %. This result indicates that 
the foaming process fills the voids between the fibers 
with adhesive, thereby enhancing the resistance of 
MDFs to water, influenced by the foam agent used. Ad-
ditionally, WA and TS values decreased as the adhesive 
addition ratio increased. For example, the 24-hour WA 
value for 6 % unfoamed MDF was 43.61 %, whereas 
the 24-hour WA value for 12 % unfoamed MDF was 
30.75 %. Similarly, the 24-hour TS value for 6 % un-
foamed MDF was 23.35 %, while the 24-hour TS value 
for 12 % unfoamed MDF was 18.47 %. This result in-
dicates that the commercial foam agent used strength-
ens the bonding between the fibers, allowing the foam-
ing process to penetrate the fibers more effectively and 

prevent moisture absorption. Statistically significant 
differences were found in the TS and WA values of the 
produced MDFs. In previous studies, MDFs produced 
using urea-formaldehyde adhesive at concentrations of 
10-13 % had 24-hour TS and WA values ranging from 
12-23 % and 42-92 %, respectively (Ashori et al., 
2009; Selakjani et al., 2021). On the other hand, in a 
study conducted by Kelleci et al. (2022), different ra-
tios of UF adhesives were foamed and used in the pro-
duction of particleboards. An increase in adhesive con-
tent and foaming resulted in a reduction in the 24-hour 
TS and WA values of the particleboards, creating a 
trend similar to that of the current study.

3.4  Mechanical properties of MDF
3.4.  Mehanička svojstva MDF ploča

The IB results of MDFs containing foamed and 
unfoamed UF adhesive at 6, 9 12 % ratios are present-
ed in Figure 5.

When evaluating the IB values, it was observed 
that foamed MDF samples generally had higher IB val-
ues compared to unfoamed samples. This observation 
was particularly pronounced in the foamed samples at 
9 % and 12 % concentrations. The IB values of MDF 
ranged from 0.11 N/mm² to 0.16 N/mm². Although 
there was an increase in IB values due to the foaming 
process allowing better penetration of the adhesive into 
the fibers, statistically, there was no significant differ-
ence in IB values among the groups. MDFs produced 
using UF adhesive at concentrations of 10-13 % had IB 
values ranging from 0.10 to 0.32 N/mm² (Mohebby et 
al., 2008; Ashori et al., 2009).

The MOR and MOE results of MDFs containing 
foamed and unfoamed UF adhesive at 6, 9 and 12 % 
ratios are given in Figure 6.

As seen in Figure 6, the MOR value of 6 % un-
foamed MDF was 15.62 N/mm², while the MOR value 
of 6 % foamed MDF was 18.08 N/mm². On the other 
hand, an increase in adhesive content also resulted in 
an increase in MOR values (23.33 N/mm2 for 12 % 
Foamed MDF). When examining MOR values, it was 
generally observed that foamed MDF samples had 

Table 1 Physical test results of produced MDFs
Tablica 1. Rezultati mjerenja fizičkih svojstava proizvedenih MDF ploča

Codes
Oznaka

Density, g/cm³
Gustoća, g/cm³

MC,  
%

TS,  
% (2 h)

TS,  
% (24 h)

WA,  
% (2 h)

WA,  
% (24 h)

% 6 Unfoamed 0.78±0,07a 4.58±0.01a 11.53±1.91b 23.35±1.79c 21.17±5.06bc 43.61±9.20c
% 6 Foamed 0.79±0.03a 4.45±0.01a 11.08±1.99b 22.71±0.91c 22.10±7.63c 42.76±9.12c
% 9 Unfoamed 0.79±0.05a 4.54±0.06a 9.94±2.20ab 18.79±2.39b 20.96±5.21bc 40.35±5.31bc
% 9 Foamed 0.80±0.04a 4.37±0.1a 9.83±0.74ab 18.84±1.16b 17.40±2.74abc 32.19±4.17ab
% 12 Unfoamed 0.82±0.05a 4.29±0.7a 9.71±2.41ab 18.47±3.50b 14.86±2.94ab 30.75±5.31a
% 12 Foamed 0.80±0.05a 4.13±0.02a 8.23±0.97a 15.28±1.99a 11.39±3.26a 27.20±6.91a

Means followed by the same letters (a, b, c) in the same column are not significantly (p <0.05) different; ± Standard deviation.
Srednje vrijednosti iza kojih su ista slova (a, b, c) u istom stupcu nisu značajno različite (p < 0,05); ± označuje standardnu devijaciju.
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higher bending strength than unfoamed samples. There 
was a statistically significant difference among the 
groups, with the group produced with 6 % unfoamed 
adhesive showing the lowest result. Especially, it was 
observed that bending strength of foamed samples was 
increased at concentrations of 6, 9 and 12 %.

When evaluating MOE values, it was observed 
that foamed MDF samples generally had lower MOE 
values compared to unfoamed samples. This suggests 
that foamed MDF samples have slightly lower flexibil-
ity than unfoamed samples. However, statistically, 
there was no significant difference between them. This 
result indicates that the adhesive foamed with a com-
mercial foam agent, by increasing its volume, strength-
ens the bonding between the fibers, thereby improving 
the mechanical properties of MDFs. In previous stud-
ies, MDFs produced using urea-formaldehyde adhe-
sive at concentrations of 10-13 % had MOR and MOE 
values ranging from 12-21 N/mm² and 1400-2650 N/
mm², respectively (Mohebby et al., 2008; Gul and Al-
robei, 2021; Zamani et al., 2022). Foaming UF adhe-

sives at different ratios in particleboard production led 
to an increase in MOR and MOE values, similar to the 
findings in the present study (Kelleci et al., 2022).

4  CONCLUSIONS
4.  ZAKLJUČAK

This study investigated the effects of foamed and 
unfoamed versions of urea-formaldehyde (UF) adhe-
sive at different ratios on Medium Density Fiberboard 
(MDF) production. Foamed and unfoamed MDF sam-
ples were produced by adding a commercial foam 
agent to UF adhesive at various ratios. The physical 
and mechanical properties of the produced MDF sam-
ples were examined. In terms of physical properties, 
unfoamed MDF samples exhibited higher density; 
however, the addition of the commercial foam agent 
and the foaming process reduced water absorption and 
thickness swelling. Foamed MDF samples showed in-
creased resistance to water and exhibited less swelling 
thickness. Additionally, the addition of the commercial 

Figure 5 IB values of MDFs containing varying amounts of foamed and unfoamed adhesives (means with the same letters (a) 
in columns are not significantly (p < 0.05) different; standard deviation is given with error bars)
Slika 5. IB vrijednosti MDF ploča koje sadržavaju različite količine upjenjenoga i neupjenjenog ljepila; srednje vrijednosti  
s istim slovom (a) u stupcima nisu značajno različite (p < 0,05); trake pogrešaka predočuju standardnu devijaciju

Figure 6 MOR and MOE values of MDFs containing varying amounts of foamed and unfoamed adhesives (means with the 
same letters (a, b) in columns are not significantly (p < 0.05) different; standard deviation is given with error bars)
Slika 6. MOR i MOE vrijednosti MDF ploča koje sadržavaju različite količine upjenjenoga i neupjenjenog ljepila; srednje 
vrijednosti s istim slovima (a, b) u stupcima nisu značajno različite (p < 0,05); trake pogrešaka označuju standardnu devijaciju
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foam agent contributed to enhanced water resistance in 
the produced MDFs. Regarding mechanical properties, 
foamed MDF samples generally demonstrated higher 
internal bond strength and bending strength compared to 
unfoamed samples. This suggests that the foamed adhe-
sive strengthened the bonding between fibers, improv-
ing the mechanical durability of the MDF. However, the 
modulus of elasticity (MOE) of foamed MDF samples 
was generally lower than that of unfoamed samples, in-
dicating a higher flexibility of the foamed samples.

In conclusion, the addition of a commercial foam 
agent and the use of foamed adhesive contributed to 
improvements in various physical and mechanical 
properties in MDF production. These results could fa-
cilitate the development of more efficient and environ-
mentally friendly products in the MDF manufacturing 
industry. However, further studies and optimization ef-
forts may help better understand the commercial ap-
plicability of this method.
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strength.
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ABSTRACT • For efficient production planning, it is necessary to know the power consumption of a particu-
lar woodworking operation in advance. In the past, many power measurement tests have been carried out based 
on a large number of different combinations of technological parameters. However, in this paper, the effects of 
technological parameters and wood properties on the power magnitude of peripheral milling are analysed using 
experimental design methods, where the effects of the different factors can be tested with a much smaller number of 
combinations. Therefore, a central composite experimental design was used to plan the experiments. Three differ-
ent tree species with different densities were milled with three different numbers of cutting knives and three depths 
of cut at constant feeding speed and rotational velocity. For each milling combination, the power was measured 
continuously and then the average power was calculated. Based on the measurements, a suitable model was de-
termined that allowed the magnitude of the cutting power to be determined for each combination of technological 
parameters and wood species tested. The model proved to be suitable, as the deviations between the measured and 
modelled power values are minimal.

KEYWORDS: wood cutting; milling; power consumption; response surface methodology; central composite design

SAŽETAK • Za učinkovito planiranje proizvodnje potrebno je unaprijed znati potrošnju energije za pojedine 
operacije u obradi drva. U prošlosti su mnoga istraživanja snage mehaničke obrade drva provedena na temelju 
velikog broja različitih kombinacija tehnoloških parametara. Međutim, u ovom se radu analiziraju utjecaji teh-
noloških parametara i svojstava drva na vrijednosti snage obodnoga glodanja primjenom metoda dizajniranja 
eksperimenta kojima se utjecaji različitih parametara mogu ispitati s mnogo manjim brojem kombinacija tih pa-
rametara. Stoga je za planiranje eksperimenta primijenjen centralni kompozitni dizajn eksperimenta. Tri razli-
čite vrste drva različitih gustoća obrađivane su s tri različita broja oštrica i tri dubine glodanja pri konstantnoj 
posmičnoj brzini i frekvenciji vrtnje alata. Za svaku kombinaciju parametara glodanja kontinuirano je mjerena 
snaga, a zatim je izračunan prosjek te snage. Na temelju mjerenja izrađen je odgovarajući model koji omogućuje 
određivanje snage rezanja za svaku ispitivanu kombinaciju tehnoloških parametara i vrstu drva. Model se pokazao 
prikladnim jer su odstupanja između izmjerene i modelirane snage bila minimalna.

KLJUČNE RIJEČI: rezanje drva; glodanje; potrošnja energije; metoda odzivne površine; centralni kompozitni dizajn
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1  INTRODUCTION
1.  UVOD

Nowadays, energy consumption is a very impor-
tant factor in the production process, where it is desirable 
to minimise energy consumption as much as possible. 
Reducing energy consumption has an important impact 
on greenhouse gas emissions and the economic efficien-
cy of the product. In addition to these factors, energy con-
sumption also has an impact on the capacity of the pro-
duction process. In woodworking, for example, where a 
specific machine with limited capacity is available, the 
maximum load on the machine can be calculated so as 
not to exceed the available capacity of the machine.

The average power required for milling or cut-
ting wood is influenced by a number of factors, which 
can be divided into technological factors and factors 
related to material properties (Kollmann and Côte, 
1975). Technological factors include the feeding speed, 
rotational velocity and diameter of the tool, number of 
cutting blades, rake angle of the blades, coefficient of 
friction between the blade and the chip, sharpness of 
the blade, depth of cut, cutting direction, etc. (Ettelt, 
2004; Kivimaa, 1952). Among the properties of the 
working material, the mechanical properties, such as 
the strength of the material and fracture toughness have 
the greatest influence on the cutting performance and 
vary with the type of wood or wood density, direction 
of loading and moisture content of wood (Ettelt, 2004; 
Kivimaa, 1952).

Depending on the factors described, there are 
many ways to calculate the cutting force or power. The 
first is modelling based on the mechanical properties of 
wood, where both the stress-strain conditions must be 
considered and compared with the properties of wood, 
such as wood strength and fracture toughness. In the 
author’s opinion, this method is not very suitable for an 
industrial user who wants to quickly calculate the cut-
ting power and thus predict the energy consumption for 
a specific type of wood and specific cutting conditions 
as the user would need to know all the mechanical 
properties of the wood being cut. Imagine that a com-
pany must cut hundreds of cubic metres of wood, for 
which there is little information about mechanical 
properties of wood, and the company’s technologist 
has only a limited amount of time to calculate the en-
ergy. This approach makes it impossible to acquire all 
information needed to calculate in a short time. 

This method has been studied by many authors 
who have analysed more or less complex models tak-
ing into account different parameters (Aboussafy and 
Guilbault, 2021; Hlásková et al., 2021; Kubík et al., 
2023; Liao and Axinte, 2016; Merhar and Bucar, 2012; 
Minagawa et al., 2018; Orlowski et al., 2022; Rad-
manovic et al., 2018; Yang et al., 2023), while others 
studied the influence of various woodworking tools on 
power consumption (Kopecký et al., 2022; Svoreň et 

al., 2022). However, since wood is an anisotropic ma-
terial that can be described as orthotropic under certain 
conditions, the models must consider different me-
chanical properties for each tissue orientation. In addi-
tion, the tensile strength of wood is higher than the 
compressive strength, which must also be taken into 
account as both tensile and compressive failure of the 
fabric occurs when wood is cut. Thus, despite the many 
models for cutting wood that have already been devel-
oped and contain different variables, there is still no 
universal model that can calculate the cutting forces for 
different combinations of technological parameters 
and different tree species.

In the other way of calculating the cutting force, 
the mechanistic approach, the force is calculated using 
specific coefficients that are determined by the user for 
each operation (Axelsson et al., 1993; Cristóvão et al., 
2012; Ettelt, 2004; Goli et al., 2010; Kivimaa, 1952; Li 
et al., 2022; Mandic et al., 2015; Pałubicki, 2021; Po-
rankiewicz et al., 2007; Wang et al., 2023). Thus, the 
specific coefficient should be determined as a function 
of wood density, cutting direction, angle between the 
tissue orientation and the blade velocity vector, coeffi-
cient for a given rake angle of the blade, moisture con-
tent of wood and sharpness of the blade. The value of 
these coefficients is also based on the mechanical prop-
erties of wood described above and can be determined 
based on these mechanical properties. The first way to 
calculate these coefficients can be by using the models 
described in the previous paragraph, which are com-
plex and still unsatisfactory. The second way to deter-
mine these coefficients is through experiments in 
which the coefficients are calculated from measure-
ments of the forces at different combinations of tech-
nological parameters and wood properties. Of course, 
these coefficients are only applicable within the range 
of values of the variables in which the experiment was 
carried out. For the above case, this method of calculat-
ing force or power offers the technologist in industry 
the possibility of calculating the cutting force or power 
required for a particular woodworking operation 
quickly and relatively accurately. From the technologi-
cal side, the user only needs the technological param-
eters that must be known for the specific case and only 
the wood density in terms of wood properties. 

To calculate the cutting power in the mechanistic 
model, the mean force for one chip Fm is calculated 
first (Ettelt, 2004),
  (1)
where ks is the specific cutting force in N/mm2, b is the 
cutting width in mm and hm is the mean thickness of the 
chip in mm (Figure 1), calculated as

  (2)

where a is the depth of cut in mm, d is the diameter of 
the milling head in mm and fz is the feed per tooth in 
mm calculated as
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  (3)

vf is the feeding speed in mm/min, n is the tool rota-
tional velocity in rpm in and z is the number of cutting 
edges on the circumference of the blade. The above 
equations show that the average thickness of the chip is 
influenced by the feed per tooth fz , which in turn de-
pends on the feeding speed vf, rotational velocity n and 
the number of cutting edges z on the circumference of 
the cutting head. This means that the feed per tooth fz 
and therefore the average chip thickness hm can be the 
same for different workpiece feeding speeds and tool 
rotational velocities, provided that the relationship be-
tween the parameters in equation 3 is constant.

The specific cutting force ks in Eq. 1 is therefore 
influenced by various technological parameters and the 
properties of the material to be cut (Ettelt, 2004; Kivi-
maa, 1952). In addition to the strength properties of the 
material, which are related to the density of the materi-
al, the specific cutting force ks is also influenced by the 
cutting direction or the angle between the current cut-
ting direction vc and the tissue orientation as shown in 
Figure 1. For example, the angle between the wood tis-
sue and the cutting direction vc is 0 when the blade starts 
to cut (Figure 1). As the tool rotates, the angle j increas-
es until the blade leaves the workpiece where the angle 
is jout. At this point, the specific cutting force is also the 
greatest, as for example in Figure 1, where the blade 
cuts almost perpendicular to the grain. The total force is 
therefore greatest at the angle jout, which is the conse-
quence of the maximum specific cutting force ks and the 
maximum thickness of the chip hmax. An exact calcula-
tion of the cutting force would therefore require an inte-
gral that takes into account both the changing specific 
cutting force due to the increasing angle between the 
cutting vector and the orientation of the wood tissue and 
the increasing thickness of the chip. However, as this is 
impractical for industrial applications, the calculation 
can also be simplified by taking into account the mean 
thickness of the chip hm and the specific cutting force ks 
at the mean cutting angle jm (Figure 1).

The magnitude of the specific cutting force ks is 
also influenced by the rake angle of the blade, where 
the specific cutting force increases with decreasing 
rake angle (Ettelt, 2004). Thus, for the calculation of 
the mean angle jm, the following equations can be used
  (4)

  (5)

where r is the radius of the milling head in mm. If the 
angular function (cos) is developed into a Taylor series, 
it can also be written

  (6)

where d is the diameter of the milling head in mm. The 
latter equation shows that the exit angle jout depends on 

both the depth of cut a and the diameter of the blade d. 
Thus, for smaller blade diameters, the exit angle jout is 
larger, and hence the mean angle jm as well as specific 
cutting force ks. 

Once the mean force per cut Fm has been deter-
mined (Eq. 1), it is necessary to calculate the average 
or effective number of blades cutting in the process

  (7)

where  out is the exit angle in radians. If equation 5 
is also taken into account, it can be written as

  (8)

Thus, from the mean force for one chip Fm and 
the effective number of teeth zef, the mean force of the 
operation is calculated
  (9)
and further, the cutting moment and cutting power

  (10)

  (11)
where ω is angular velocity in rad/s. Putting all togeth-
er the final theoretical equation for power calculation is

  (12)

However, with the advent of computers and De-
sign of Experiments (DOE) methods, it is possible to 
improve the power calculation using functions deter-
mined according to the DOE principle. This method 
has been used by a number of researchers to vary cer-
tain cutting parameters and measure cutting forces and 
cutting power (Mandic et al., 2015; Porankiewicz et 
al., 2021; Xu et al., 2022; Zhu et al., 2022). 

The disadvantage of these studies is that the rela-
tionships obtained are only useful for a limited range of 
cutting conditions and cannot be used in other condi-

Figure 1 Schematic of cutting principle; vc – cutting 
direction, a – depth of cut, r – cutting tool radius,  
n – rotational velocity, jout – tool exit angle, jm – mean 
cutting angle, hm – mean chip thickness
Slika 1. Shema načela rezanja; vc – smjer rezanja,  
a – dubina rezanja, r – radijus alata, n – frekvencija vrtnje 
alata, jout – izlazni kut alata, jm – srednji kut rezanja,  
hm – srednja debljina strugotine
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tions. Moreover, the models are usually obtained from 
linear cutting experiments (Axelsson et al., 1993; Cris-
tóvão et al., 2012), so in the case of a circular cut, the 
mean thickness of the chip hm must be calculated, and 
the mean angle m between the tooth velocity vector 
and the direction of the wood tissue varies, which in 
turn requires additional calculations. In other cases, the 
authors have developed very complex models that in-
clude, in addition to linear relationships, power rela-
tionships and higher degree polynomials with dozens 
of coefficients, that, although they describe the meas-
ured forces very accurately, are too complicated and 
therefore impractical for the industrial end user (Man-
dic et al., 2015; Porankiewicz et al., 2007). Further-
more, the question arises whether such precise models 
are useful at all, especially when considering the gen-
eral variability of the mechanical properties of wood 
and the resulting variability of cutting forces.

The aim of this research is therefore to develop a 
simple model that can be used to calculate the average 
cutting power required in peripheral milling of wood. 
The model will take into account the most important 
technological parameters in the case of peripheral mill-
ing, the input parameters being technological variables 
that are known to the operator. At the same time, the 
model will take into account the fact that some condi-
tions change during circular cutting, such as the spe-
cific cutting force due to the increasing angle between 
the cutting direction vector and the wood tissue, as well 
as the increasing chip thickness.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

14 samples measuring 650 mm × 45 mm × 25 
mm (Figure 2) were milled longitudinally on a table 
milling machine with a milling width of 45 mm. 4 sam-
ples of linden (Tilia platyphyllos) with the average den-
sity of 390 kg/m3 and standard deviation of 8.9 kg/m3, 
4 samples of ash (Fraxinus excelsior) with the density 
of 640 kg/m3 and standard deviation of 10.5 kg/m3 and 
6 samples of hornbeam (Carpinus betulus) with the av-

erage density of 790 kg/m3 and standard deviation of 
11.1 kg/m3 were used, where all samples had a mois-
ture content of (12±0.5) %. Samples of the same tree 
species were made from a single board. The feeding 
speed was 23 m/min, the diameter of the milling cutter 
125 mm and the rotational velocity 5900 rpm. Three 
different cutters were used, each with 4, 6 and 8 cutting 
edges (Figure 2), consisting of new and sharp carbide 
inserts with a wedge angle of 60° and rake angle of 
20°. The milling depths a (Figure 1) were 2.5, 4.5 and 
7 mm. The milling head had an inclination of the cut-
ting edge of 15° where the cutting edge was segment-
ed. The two facts have no influence on the cutting force 
and power, as shown in Appendix A and B.

To plan the experiment, an experimental design 
was developed using the Design-Expert software (V10, 
Stat-Ease, Inc., Minneapolis, USA). A conventional two-
stage factorial experimental design with three unknowns 
and 6 central points was used, as shown in Figure 3.

As already mentioned, the density of the wood r, 
the number of knives z and the depth of the cut a varied 
in the experiment. From these variables, the feed per 
tooth fz can be calculated according to Eq. 3, which is 
different for each number of knives. However, the feed 
per tooth can also change with different feeding speeds 
vf or rotational speed n, but since they were constant in 
the experiment, the feed per tooth was included as an 
input parameter in the power equation. Similarly, the 
depth of cut a influences the mean angle jm (Eq. 4) be-
tween the vector of blade speed vc and tissue orientation 
(Figure 1), which influences the specific cutting force ks. 
However, the mean angle jm can also be changed if the 
cutting depth a is constant but the tool diameter d chang-
es. Since different parameters can be influenced by dif-
ferent process factors, the material density ρ, the mean 
cutting angle jm and the feed per tooth fz were selected 
as input parameters for the cutting power model. For all 
input parameters, the values have been converted to base 
units, i.e. density in kg/m3, jm in radians and feed per 
tooth fz in metres, as shown in Table 2, using Eqs. 2-5, to 

Figure 2 Wood samples together with milling heads
Slika 2. Uzorci drva i alati za glodanje

Figure 3 Graphical representation of central composite 
design (CCD)
Slika 3. Grafički prikaz centralnoga kompozitnog dizajna 
(CCD)
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avoid confusion when obtaining the power equation. At 
the end, the units of the basic variables are converted 
back to the commonly used units.

The cutting power was measured for different 
combinations of technological parameters and material 
properties. First, the idle power of the machine was 
measured and then the total power during milling un-
der different conditions, from which the idle power 
was then subtracted. The power was calculated by 
measuring the voltage (U) and current (I) in all three 
phases of the electric motor that drives the table cutter. 
An electrical voltage transformer was used to convert 
the electrical voltage from the -400 to +400 V range to 
the -10 to +10 V range, and an electrical current trans-
former was used to generate a voltage proportional to 
the current, also in the -10 to +10 V range. All voltages 
were acquired using a National Instruments NI-USB 
6351(Austin, Teksas, USA) acquisition board with a 
sampling frequency of 2500 Hz and then converted to 
the real value of the voltage and current. National In-
struments LabVIEW (Austin, Teksas, USA) software 
was used for the acquisition and calculation. The pow-
er for each phase was calculated 10 times per second, 
where for each calculation 250 samples of U and I were 
used (2500/10) and the total power was the sum of the 
power of all three phases.

The cutting power was therefore determined as 
an average value over the entire length of the work-
piece. The cutting power was used to calculate the cut-
ting forces, which were further normalised (Fmb) to a 
cutting width of 1 m, dividing by the cutting width b of 

0.045 m. An ANOVA analysis was then carried out us-
ing the Design-Expert software and significant factors 
for the model were determined.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

Figure 4 shows the measured power when mill-
ing with 4 cutting edges with a cutting depth of 2.5 
mm, which corresponds to an average angle m of 0.19 
rad and a feed per tooth fz of 0.974 mm. The increase in 
power from an initial value of 959 W to 1726 W is due 
to the transition from idling to cutting, where a slight 
fluctuation in power can be observed due to the varia-
bility of wood properties.

Table 3 shows the parameter combinations at 
which the measurements were carried out, together 
with the measured cutting powers Pc-eksp and the nor-
malised cutting forces per 1 m chip width (Fmb) calcu-
lated from the power. The values used in the DOE 
analysis are highlighted in grey. In addition to the input 
parameters for the analysis (r, jm, fz, Fmb), the param-
eters a and z, from which the values of the input param-
eters were obtained, are also given.

Table 4 shows the results of the ANOVA analysis. 
All main factors and their correlations are significant 
for the model (p = 0.05), except for the combination 
AB, i.e. r* jm, while the combination AC has only a 
slightly increased p-value and was therefore also in-
cluded in the model. The R2 for the model is 0.9556, 
while the adjusted R2 and the predicted R2 are 0.9279 
and 0.8067, respectively, and are therefore in reasona-
ble agreement. The Adequate Precision, which meas-
ures the ratio of signal to noise as 20.8, is also well 
above the desirable value of 4.

The model in terms of coded and actual factors is 
shown in Table 5. The model in coded factors shows 
that all factors have approximately equal values and 
thus all have equal significant influence on the determi-
nation of the cutting force.

The distribution of the residuals is shown in Fig-
ure 5. The residuals are normally distributed, as there 
are no major deviations from the ideal distribution. 

Table 1 Real value parameters used in experiment
Tablica 1.  Stvarne vrijednosti parametara obuhvaćenih 

eksperimentom

Cutting depth – a 
Dubina rezanja – a, mm 2.5 4.5 7

Corresponding medium 
cutting angle – jm, rad
Odgovarajući srednji  
kut rezanja – jm, rad

0.141 0.190 0.237

Number of cutting  
edges – z
Broj oštrica – z

4 6 8

Corresponding feed per 
tooth – fz , m
Odgovarajući posmak 
po zubu – fz , m

0.000975 0.00065 0.000487

Table 2 Parameters used in DOE cutting model
Tablica 2. Parametri korišteni u DOE modelu rezanja

Encoded values  
Kodirane vrijednosti

-1 0 1
Factor A – r, kg/m3 390 640 790
Factor B – jm, rad 0.141 0.190 0.237
Factor C – fz, m 0.000487 0.00065 0.000975

P t
, W

Time / vrijeme, s

Figure 4 Variation of power during specimen milling
Slika 4. Varijacije snage tijekom glodanja uzorka
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There are also no significant deviations between the 
calculated and measured values (Figure 5). The signifi-
cance of the parameters can be clearly seen in Figure 6. 

The resulting model with actual factors must then 
be multiplied by the cutting width b to get the Fm, 

 
  (13)

In this model (Eq. 13), fz and b are the feed per tooth 
and the cutting width still in metres, respectively, is the 
mean angle in radians, and ρ is the wood density in kg/m3.

However, since fz and jm are not basic technologi-
cal parameters but, as already mentioned, depend on the 
basic technological parameters, they must be replaced 
by equations 3 to 5. Multiplying the resulting equation 
by zef (Eq. 7) gives the force of the operation Fop, which 
is further multiplied by the cutting radius to obtain the 
torque, and then by the angular velocity to obtain the 
final equation for the cutting power. Changing the units 
of the input parameters, b and a back to mm, the final 
model that takes into account the relevant technological 
parameters for the power calculation will be

 (14)

Where vf is the feeding speed in m/min, n is the 
rotational speed of the tool in rpm, z is the number of 
cutting edges on the circumference of the tool, a is the 
cutting depth in mm, d is the diameter of the tool in mm 
and ρ is the density of the material in kg/m3.

The measured and calculated cutting powers 
from Eq. 14 are shown in Table 6 together with their 
ratios. The latter show that the average deviation of the 
calculated values from the measured values is 6.6 %, 
which represents a good agreement between the meas-
ured and calculated values.

Table 4 Result of ANOVA analysis
Tablica 4. Rezultati ANOVA analize

Source
Izvor

Sum of squares
Zbroj kvadrata df Mean square 

Srednji kvadrat
F-value

F-vrijednost
p-value

p-vrijednost
Model 16400000 6 2733000 25.130 0.000
A – ρ 1056000 1 1056000 9.710 0.017
B – m 6250000 1 6250000 57.450 0.000
C – fz 6445000 1 6445000 59.250 0.000
AB 523.34 1 523.34 0.005 0.947
AC 434900 1 434900 4.000 0.086
BC 2536000 1 2536000 23.310 0.002

Table 5 Model for calculating cutting forces in terms of 
coded and actual factors
Tablica 5. Model za proračun sila rezanja u smislu 
kodiranih i stvarnih čimbenika

Coded factors
Kodirani čimbenici

Actual factors
Stvarni čimbenici

Fmb  = Fmb  =
+3530.52 +5105.04
+358.66 *A -1.69 * ρ
+928.17 *B -16866 *jm

+877.85 *C -8.42E+06 *fz

+232.85 *AC +4771.50 * ρ * jm

+591.31 *BC +4.84E+07 *jm * fz

Table 3 Combinations of analysis parameters
Tablica 3. Kombinacije analiziranih parametara

Run ρ, kg/m3 m, rad fz, m a, mm z Pc-eksp, kW Fm, N Fmb, N/m
1 390 0.237 0.000975 7 4 2.79 239.8 5328.77
2 640 0.190 0.000650 4.5 6 1.81 129.3 2874.44
3 640 0.190 0.000650 4.5 6 2.02 144.4 3207.94
4 640 0.190 0.000650 4.5 6 2.01 143.6 3192.05
5 790 0.141 0.000975 2.5 4 1.15 165.4 3675.36
6 790 0.237 0.000975 7 4 3.44 295.7 6570.24
7 390 0.141 0.000975 2.5 4 0.76 109.3 2428.93
8 640 0.190 0.000650 4.5 6 1.9 135.8 3017.36
9 390 0.141 0.000487 2.5 8 1.5 107.9 2396.97

10 390 0.237 0.000487 7 8 3.15 135.4 3008.18
11 790 0.237 0.000487 7 8 3.58 153.8 3418.82
12 640 0.190 0.000650 4.5 6 1.86 132.9 2953.84
13 640 0.190 0.000650 4.5 6 1.97 140.8 3128.53
14 790 0.141 0.000487 2.5 8 1.71 123.0 2732.55
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Figure 5 Distribution of residuals (a) and predicted vs. actual cutting forces for DOE model (b)
Slika 5. Distribucija rezidua (a) i predviđene sile rezanja u odnosu prema stvarnima za DOE model (b)

Figure 6 3D plot of cutting model with various factors
Slika 6. 3D dijagram modela rezanja pri različitim čimbenicima

Normal plot of residuals
normalni dijagram rezidua
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Table 6 Measured and calculated cutting power values (ρ – density, a – depth of cut, z – number of cutting knives, Pc-eksp 

– measured cutting power, Pc-cal – calculated cutting power)
Tablica 6. Izmjerene i izračunane vrijednosti snage rezanja (ρ – gustoća, a – dubina rezanja, z – broj oštrica, Pc-eksp – 
izmjerena snaga rezanja, Pc-cal – proračunana snaga rezanja)

Run ρ, kg/m3 a, mm z Pc-eksp, kW Pc-cal, kW Pc-eksp/Pc-cal

1 390 7 4 2.79 2.74 1.02
2 640 4.5 6 1.81 2.08 0.87
3 640 4.5 6 2.02 2.08 0.97
4 640 4.5 6 2.01 2.08 0.97
5 790 2.5 4 1.15 1.10 1.04
6 790 7 4 3.44 3.36 1.02
7 390 2.5 4 0.76 0.73 1.04
8 640 4.5 6 1.9 2.08 0.91
9 390 2.5 8 1.5 1.38 1.09
10 390 7 8 3.15 2.98 1.06
11 790 7 8 3.58 3.24 1.10
12 640 4.5 6 1.86 2.08 0.89
13 640 4.5 6 1.97 2.08 0.95
14 790 2.5 8 1.71 1.53 1.11
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4  CONCLUSIONS
4.  ZAKLJUČAK

From the results presented in this research, it can 
be concluded that:

The resulting model can be used to predict the 
average cutting power during peripheral milling of 
tested wood species in the machining conditions simi-
lar to the ones used in the experiment with an accuracy 
of 6.6 % as a function of tool diameter, tool rotational 
speed, number of cutting blades, feed rate, depth of cut 
and wood density.

With modern methods of experimental design, it 
is possible to obtain reliable and accurate models with 
a relatively small number of measurements.

The resulting model can also be used to calculate 
the cutting power for other tree species with densities 
in the range of 390 to 790 kg/m3, as it is known that the 
mechanical properties and thus the cutting power vary 
with the density of the wood.

Using the same procedure, it is possible to de-
velop a model for calculating the cutting power in oth-
er cutting directions.
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APPENDIX A
DODATAK A

Inclination of the cutting edge
Nagib oštrice

The milling head had an inclination angle of 15°, 
which can have two effects. First, the inclination in-
creases the effective rake angle and secondly, the time 
course of the forces is not the same as without inclina-
tion, as the cutting edge does not begin to cut all at 
once, but gradually.

The effect of the inclination on the effective rake 
angle is shown in Figure A1.

In the case of an inclination for an angle l, for a 
blade with a nominal rake angle geff, the following can 
be written
  (A1)

  (A2)

and also

  (A3)

Combining AC and AD from Eqs. A2 and A3 and 
inserting into Eq. A1 gives the following expression 
for the effective rake angle

  (A4)

  (A5)

If the nominal rake angle is 20° and the inclina-
tion angle is 15°, the effective rake angle is 20.6°, 
which practically corresponds to the nominal rake an-
gle and, in our case, the influence of the inclination on 
the effective rake angle can be neglected.

Another factor that influences the inclination is 
the progression of the force over time, because the cut-
ting edge does not start to cut all at once, but penetrates 
into the wood gradually. The effect of the inclination 
on the total cutting force can be analysed as follows.

If the cutting edge is divided into infinitesimal 
lengths Db, the average force for each Db to create a 
chip can be calculated as follows
  (A6)

For each Db, the DFop can then be calculated
  (A7)
and further DMc and DPc  

  (A8)

  (A9)
Since DPc for the individual Db can be added to-

gether, the total power is equal to

  
(A10)

Considering further
  (A11)

The final equation for calculating the cutting 
power of inclined cutting edge is

  (A12)

which is the same as Eq. 12, meaning that the overall 
cutting force is unaffected by the inclination in terms 
of the temporal distribution of forces.

Figure A1 Inclined cutting
Slika A1. Rezanje pod kutom
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APPENDIX B
DODATAK B

Segmented cutting edge
Segmentirana oštrica

As the cutting edge is segmented, the resulting chip 
does not have a uniform cross-section across the entire 
width of the workpiece, as the wood between the two cut-
ting edges remains in the running cut and is only removed 
by the next cutting edge. This means that the thickness of 
the chip varies across the width of the workpiece.

The milling head has a segmented cutting edge 
where the length of the insert is 15 mm and the distance 
between the inserts is 9 mm (Figure 2). If a crosscut is 
made through the workpiece at the point where the 
chip has an average thickness as shown in Figure B1, 
the cross-section can be seen in Figure B2.

The cross-section of a single cut is represented by 
the same colour and a number. If any position is taken 
and the next following cut is marked with the number 
1, blue cross-section chips with the number 1 are made. 
Then comes the next cutting edge with the number 2, 
which produces red cross-section chips with the num-
ber 2. This is followed by 3, 4... As the cutting edge is 
segmented, the thickness of the chip varies. At the 
point where the cutting inserts overlap, each cutting 
edge cuts a chip with an average chip thickness of hm1, 
and at the point where they do not overlap, every sec-
ond cutting edge cuts a chip with an average thickness 
of hm2. The force of a segmented cutting edge (Equa-
tion 1) can therefore be described as follows

  (B1)

Figure B1 Schematic of cutting principle
Slika B1. Shema načela rezanja

Figure B2 Cross section A – A from Figure B1. The numbers show the order of cutting edges (hm1 – mean thickness of the 
chip where the cutting inserts overlap, and each cutting edge cuts a chip; hm2 – mean thickness of the chip where consecutive 
cutting edges do not overlap, and every second cutting edge cuts a chip)
Slika B2. Presjek A – A na slici B1. Brojevi pokazuju redoslijed reznih rubova (hm1 – srednja debljina strugotine gdje se rezne 
pločice preklapaju i svaka oštrica reže strugotinu; hm2 – srednja debljina strugotine gdje se uzastopne oštrice ne preklapaju i 
svaki drugi rezni brid reže strugotinu).

Considering Eqs. 2 and 3, the mean thickness of 
the chip hm1 is

  (B2)

and hm2

  (B3)

Inserting Eq. B3 into B1, the following relation-
ship can be written 

   
  (B4)

Considering that hm=hm1, it follows that the mean 
force per cut with a segmented cutting edge is equal to 
the mean force per cut with a non-segmented cutting 
edge, which proves that a segmented cutting edge has 
no influence on the magnitude of the total cutting force.

Corresponding address:

ATIF HODŽIĆ
University of Bihać, Faculty of Technical Engineering, dr Irfana Ljubijankića bb, 77000 Bihać,  
Bosnia and Herzegovina, E-mail: atif.hodzic@unbi.ba



 75 (4) 405-418 (2024) 405 

Yılmaz Aydın, Aydın: Non-Destructive Evaluation of Thermal Treatment Influence on Elastic Engineering Parameters...
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ABSTRACT • Twelve elastic constants (Young’s modulus (EL, ER, and ET,), shear modulus (GLR, GLT, and GRT) 
and Poisson’s ratios (νLR, νLT, νRT, νTR, νRL, and νTL)) of Populus canadensis M. were determined by ultrasonic testing 
and evaluation, and the effect of thermal treatment on these constants was figured out. Samples were modified at 
110, 160, and 210 °C for 3 and 6 h. The 2.25 MHz pressure and 1 MHz shear waves were propagated to calculate 
ultrasonic wave velocities, which were used to dynamically predict the constants. The control values for EL, ER, ET, 
GLR, GLT, GRT, νLR, νLT, νRT, νTR, νRL, and νTL were 4361 MPa, 1438 MPa, 476 MPa, 771 MPa, 480 MPa, 107 MPa, 
0.795, 0.296, 0.863, 0.335, 0.19, and 0.027, respectively. Yet, no data for full elastic constants were reported, and 
some remarkable differences were observed for moduli and Poisson ratios when compared to other poplar species. 
Elasticity and shear moduli reached their highest at 160 °C 3h and 110 °C 3h conditions, respectively. The com-
mon point of the treatment on moduli was that intense application caused the highest adverse effect, particularly 
for ET and GRT. Contrary to moduli, apart from νRT and νTR, the lowest values for Poisson’s ratios were not obtained 
at the intense application. In general, none of the properties presented linear-like advancement or worsening by 
the increase in treatment conditions. Furthermore, not all the properties were significantly influenced by the treat-
ment. Therefore, defining an optimum thermal treatment condition for improving the wood elastic constants is not 
easy when considering that the response to thermal treatment changes not only between the species but also within 
the species. Anyhow, preventing extended duration to elevated temperatures provides considerable advances.

KEYWORDS: poplar; thermal treatment; elastic constants; ultrasound; nondestructive test

SAŽETAK • Ultrazvučnim je ispitivanjem i ocjenjivanjem utvrđeno dvanaest konstanti elastičnosti: Youngov mo-
dul (EL, ER, i ET), modul smicanja (GLR, GLT, i GRT) i Poissonovi omjeri (νLR, νLT, νRT, νTR, νRL i νTL) drva Populus cana-
densis M., a zatim je određen učinak toplinske obrade na te konstante. Uzorci su modificirani na 110, 160 i 210 °C 
tijekom tri i šest sati. Radi izračunavanja brzina ultrazvučnih valova koji su primijenjeni za dinamičko predviđanje 
konstanti, propagirani su tlačni valovi od 2,25 MHz i posmični valovi od 1 MHz. Kontrolne vrijednosti za EL, ER, 
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ET, GLR, GLT, GRT, νLR, νLT, νRT, νTR, νRL i νTL bile su 4361 MPa, 1438 MPa, 476 MPa, 771 MPa, 480 MPa, 107 MPa, 
0,795, 0,296, 0,863, 0,335, 0,19 i 0,027. Još nisu objavljeni potpuni podatci za elastične konstante, a uočene su i 
neke značajne razlike za module i Poissonove omjere u usporedbi s drvom drugih vrsta topole. Moduli elastičnosti 
i smicanja dosegnuli su najviše vrijednosti pri temperaturi modifikacije 160 °C u trajanju tri sata, odnosno pri  
110 °C tijekom tri sata. Za sve je uzorke utvrđeno da intenzivna toplinska obrada ima najveći štetni učinak na 
module, posebice za ET i GRT. Za razliku od modula, osim νRT i νTR, najniže vrijednosti za Poissonove omjere 
nisu dobivene pri intenzivnoj toplinskoj obradi. Općenito, nijedno od svojstava nije pokazalo linearno povećanje 
ili smanjenje s pojačavanjem uvjeta toplinske obrade. Nadalje, toplinska obrada nije značajno utjecala na sva 
svojstva. Stoga definiranje optimalnih uvjeta toplinske obrade za poboljšanje elastičnih konstanti drva nije jed-
nostavno ako se uzme u obzir da se reakcija na toplinsku obradu mijenja ne samo među različitim vrstama, već i 
unutar iste vrste drva. Zaključno se može reći da sprječavanje produljenog trajanja toplinske obrade pri povišenim 
temperaturama ima znatne prednosti.

KLJUČNE RIJEČI: drvo topole; toplinska obrada; elastične konstante; ultrazvuk; nedestruktivno ispitivanje

1  INTRODUCTION
1. UVOD

External factor-related alterations should be 
known to ensure proper utilization of a biodegradable 
material (Kubovský et al., 2020). Biomaterials such as 
wood do interact with environmental factors, which 
may cause significant changes in both physical and me-
chanical properties. As a result, due to the alterations 
that occurred in the structure, the life cycle of the mate-
rial can be shortened. To prevent such adverse effects 
of environmental factors on the elements, lots of modi-
fication methods are in use. One of them is thermal 
treatment (TT), commonly used to advance some prop-
erties of wood. Shrinkage and swelling of the wood 
become stabilized by TT, and resistance to the degrada-
tion caused by biological attacks is increased. The fact 
remains that mechanical properties decrease, and so 
thermally treated wood is not suited for structural uses.

Studies generally reported the EL of Populus del-
toids clones (Narasimhamurthy et al., 2017), poplar 
(Aydın et al., 2007), Populus alba and Populus nigra 
(Monteiro et al., 2019), and Populus euramericaha cv. 
I-69/58 (Guo et al., 2011). The effect of TT on EL of 
Populus usbekistanica was investigated by Sözbir et al. 
(2019). Orhan and Bal (2021) figured out the impact of 
TT on the mechanical features of Populus subsps. The 
influence of TT on the physical properties (Bytner et al., 
2022; Meija et al., 2020; Taraborelli et al., 2022; Villa-
sante et al., 2021, Yao et al., 2023), modulus of elastic-
ity (MOE) or modulus of rupture (MOR) (Bak and 
Nemeth, 2012; Bytner et al., 2022; Goli et al., 2015; 
Sözbir et al., 2019; Todaro et al., 2021), and tensile 
strength (Meija et al., 2020) for solid wood obtained 
from different poplar species was evaluated. However, 
neither the twelve elastic constants nor the influence of 
TT on them were figured out for the Populus x canaden-
sis. Advanced tool and method requirements are some 
of the obstacles that steer the researchers’ focus on 
strength evaluation rather than orthotropic elastic be-

havior investigation. However, this study aimed to de-
termine full elastic engineering parameters as a func-
tion of TT.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

Poplar (Populus x canadensis Moench.) was used 
in this study. Logs were obtained from the Atabey Dis-
trict of Isparta City of Türkiye and then sawn. Timbers 
were air dried and then defect-free samples were pre-
pared. Thermal treatment was done using FN 500 (Nüve 
Co., Ankara, Türkiye) laboratory type oven operating in 
ambient air. Before separately placing each sample 
group, the oven was heated to experimental temperature 
levels (110, 160, and 210 °C) and samples were treated 
for exactly 3 and 6 h. Considering the oven drying tem-
perature (103±2) °C, 110 °C was defined as the starting 
point of the treatment with 50 °C increments, which 
were within the range of the reported treatment tem-
peratures. The temperature of approximately 220 °C is 
required for 2-4 h for a successful treatment, and the 
duration of heating up and cooling down changes ac-
cording to wood dimension (Rapp and Sailer, 2001). 
Not only heating up but also cooling regimes cause ad-
ditional treatment of wood particularly at high tempera-
tures (Johansson, 2008). Furthermore, cooling down 
from higher temperatures extends this additional treat-
ment. To evaluate the effects of exact exposure duration 
on elastic constants, pre-heating and equipment assisted 
cooling with remoistening was not performed as in in-
dustrial practice. Heat transfer and equilibration follow-
ing the treatment took place in ambient air. The control 
samples were unmodified. Particularly for the samples 
treated at intense configurations, surfaces were con-
trolled against the defects such as cracks, etc., and de-
fected samples were not tested. Furthermore, samples 
presented with abnormal velocities were neglected due 
to assumption of inner faults.
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Following the TT and cooling down, 20 mm × 20 
mm × 20mm (through L, R, and T directions, and 
LR45°, LT45°, and RT45° off-axis planes) samples 
(Figure 1) were conditioned at 20±1°C and 65 % rela-
tive humidity using a laboratory-type chamber (Mem-
mert Gmbh+Co. KG, Schwabach, Germany). To avoid 

the influence of ambient air, samples were stored in a 
desiccator for density determination and ultrasonic 
measurements. The density of the samples was deter-
mined according to TS ISO 13061-2 (2021) standard.

The ultrasonic wave velocity (UWV), required 
for elastic constant prediction, were calculated by ob-

Table 1 Equations for determining matrix elements (Gonçalves et al., 2014; Ozyhar et al., 2013)
Tablica 1. Jednadžbe za određivanje elemenata matrice (Gonçalves et al., 2014.; Ozyhar et al., 2013.)

Propagation –  
Polarization
Propagacija –  
polarizacija

Type of wave
Vrsta vala

Equation for diagonal and off-diagonal terms
Jednadžba za dijagonalne i nedijagonalne članove

Axis
(L, R, and T)

VLL

Longitudinal
uzdužniVRR

VTT

VTR/RT Shear 
(Transverse)
posmični
(poprečni)

VLT/TL

VLR/RL

Off-axis (RT45°) VRT/RT Quasi-shear 
(Transverse)
kvaziposmični
(poprečni)

Off-axis (LT45°) VLT/LT

Off-axis (LR45°) VLR/LR

Where ρ (kg/m) is density, Vİİ is longitudinal UWV (m/s), VİJ or VJİ is transverse UWV (m/s), and Vα is quasi-transverse UWV (m/s) (Vázquez 
et al., 2015), n1 = cosα; n2 = sinα, and n3 = 0 for C23, n1 = cosα; n3 = sinα, and n2 = 0 for C13, and n2 = cosα; n3 = sinα, and n1 = 0 for C12 (Gonçalves 
et al., 2014).

Figure 1 Samples and color changes regarding thermal treatment
Slika 1. Uzorci i promjene boje nakon toplinske obrade
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tained wave propagation times in µs. Two different wave 
types, longitudinal or pressure (2.25 MHz) and trans-
verse or shear (1MHz), were propagated through the es-
sential directions (L, R, and T) and planes (LR, LT, and 
RT, and 45° off-axis-planes), respectively. The EPOCH 
650 (Olympus NDT, USA) ultrasonic flaw detector, 
contact type piezoelectric transducers (Panametrics 
A133S-RM and V153-RM for pressure and shear waves, 
respectively), and ultrasonic couplants were used for 
propagation. For longitudinal waves, only propagation 
directions (L, R, and T) were used without polarization. 
However, for transverse waves, polarization with the 
propagation directions was used, which provided trans-
mission through LR, LT, RT, RL, TL, and TR planes in-
cluding 45° off-axis. The calculated UWVs were used to 
determine the stiffness matrix [C] (Eq. 1) elements using 
the equations presented in Table 1. Then compliance 
matrix [S] (Eq. 2) was calculated by inversing [C].

 [C] =  (1)

Where Cii are the diagonal and Cij and Cji are the 
off-diagonal terms.

[S] =  (2)

Where E is Young’s modulus, G is the shear mod-
ulus, and ν is Poisson’s ratio. 

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

The averages for the density are given in Table 2. 
Reported values for unmodified Populus x canadensis 
solid wood are 334-374 kg/m³ (Casado et al., 2010), 
395 kg/m³ (Papandrea et al., 2022), 405.6 kg/m³ 
(Hodoušek et al., 2016), 464 kg/m³ (Villasante et al., 
2021), and 372-468 kg/m³ (YingJie et al., 2017), and 

averages of this study are comparable. As seen in the 
table, around 8.9 % decrease was observed for inten-
sive treatment. Taraborelli et al. (2022) reported 2.5 % 
and 10 % decreases for P. × canadensis ‘I-214’ heat-
treated at 160 °C for 3h and 200 °C for 45 min, respec-
tively. However, in this study, a 0.7 % increase was 
observed for the same treatment level, while the ad-
verse effect of intensive treatment is comparable. The 
means of the intensive treatment groups presented sta-
tistically significant differences from others.

The averages for the UWVs are presented in Ta-
ble 3. No study reported all the UWVs required for full 
elastic characterization of Populus x canadensis solid 
wood. However, Aydın and Aydın (2023) noted 2, 4 
and 6 annual rings related VRR (1607, 1782, and 1850 
m/s), VLR (1463, 1494, and 1501 m/s), VRL (1491, 1567, 
and 1588 m/s), VRT (532, 536, and 565 m/s), and VTR 
(504, 512, and 522 m/s), respectively. The differences 
between the averages of the (Aydın and Aydın, 2023) 
and control values of this study are around 18 %, 1.1 %, 
-2.2 %, 3.5 %, and 9.2 %, respectively. Such diffractions 
are normal for wood material even for the same species. 
Zahedi et al. (2022) reported 3360 m/s (VLL), 1850 m/s 
(VRR), 1380 m/s (VTT), 1370 m/s (VLR), 1250 m/s (VRL), 
1140 m/s (VLT), 1350 m/s (VTL), 670 m/s (VRT), 650 m/s 
(VTR), 1510 m/s (VLR 45°), 1210 m/s (VLT 45°), and 740 m/s 
(VRT 45°) for 390 kg/m³ populus deltoides. When com-
pared, UWVs are generally comparable but Ettelaei et 
al. (2019) reported 5433-5887 m/s for VLL of Populus 
Euroamericana and around 35.2 % to 40.2 % diffrac-
tions between the lowest velocity and lower and upper 
bounds. Furthermore, 3877 to 4761 m/s VLL for the 
I-214 clone obtained by stress wave speed was reported 
(Casado et al., 2010; Papandrea et al., 2022). Contrary 
to (Ettelaei et al., 2019), the lower bound (8.1 %) of 
stress wave velocity is comparable to this study.

In general, the UWVs oscillated instead of linear-
ly increasing or decreasing with the treatment progress. 
The same fluctuations were reported for some UWVs 
of heat-treated Taurus cedar (Yılmaz Aydın, 2021), oak 
(Aydın, 2020; Yılmaz Aydın and Aydın, 2020), red pine 
(Aydın, 2022), and beech (Yılmaz Aydın and Aydın, 
2018a). Furthermore, treatment levels caused different 
influences as seen in Table 3. Therefore, it is not pos-
sible to define a certain treatment level for optimum 
advancement through all the UWVs. However, except 
for quasi-shear wave velocities, the highest adverse ef-
fect was obviously observed for the prolonged duration 
at 210 °C. Furthermore, according to ANOVA results 
presented in Table 3, the influence of treatment is sig-
nificant (P<0.05) for VTT, VLR, VRL, VLT, VRT, and VTR. 
Particularly the means of the intensively treated groups 
presented statistically significant diffractions.

The averages for moduli are presented in Table 4. 
Full elastic constants for unmodified Populus x 
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Table 2 Statistics for density
Tablica 2. Statističke vrijednosti za gustoću

Property Groups N Mean, %** 
[CoV]***

Std.
Error

95 % CI for mean 
(Bounds) Min. Max.

Lower Upper

Density, kg/m³

s. (F 6.119,  
P 0.000)

Control 10 339 a* [3,9] 4.225 329.27 348.38 316 353
110 °C 3 h 10 346 a (2.3) [8,6] 9.434 325.13 367.81 301 403
110 °C 6 h 10 335 a (-1.2) [3.2] 3.387 327.24 342.56 321 351
160 °C 3 h 10 341 a (0.7) [4.6] 5.001 329.88 352.50 324 375
160 °C 6 h 10 333 a (-1.7) [4.7] 4.976 321.92 344.43 307 355
210 °C 3 h 10 310 b (-8.5) [5.4] 5.248 298.14 321.89 288 330
210 °C 6 h 10 309 b (-8.9) [8.2] 8.032 290.43 326.77 270 364

s – significant, *Duncan’s homogeneity groups, ** % diffraction from the average of the control group, *** coefficient of variation 
s – značajan, *Duncanove grupe homogenosti, ** postotak difrakcije od prosječne vrijednosti kontrolne skupine, *** koeficijent varijacije

Table 3 Statistics for ultrasonic wave velocities
Tablica 3. Statističke vrijednosti za brzine ultrazvučnih valova

Groups Property Mean, %** [CoV]*** Property Mean, % [CoV] Property Mean, % [CoV]
Control

VLL, m/s
n.s. (F 
0.851, P 
0.536)

3585 a* [3.2]

VRR, m/s
n.s. (F 1.211, 
P 0.313)

2060 a [3]

VTT, m/s
s. (F 5.945, P 
0.000)

1184 a [5.7]
110 °C 3 h 3565 a (-0.6) [5.1] 2062 a (0.1) [9] 1182 a (-0.2) [4.1]
110 °C 6 h 3564 a (-0.6) [3.0] 2110 a (2.4) [2.9] 1180 a (-0.4) [6.5]
160 °C 3 h 3628 a (1.2) [3.3] 2103 a (2.1) [2.3] 1203 a (1.6) [7.4]
160 °C 6 h 3632 a (1.3) [3.8] 2102 a (2.1) [2.7] 1191 a (0.6) [9.1]
210 °C 3 h 3605 a (0.6) [3.4] 2059 a (0) [2.8] 1149 a (-3) [2.2]
210 °C 6 h 3522 a (-1.8) [4.3] 2026 a (-1.6) [3.4] 1034 b (-12.6) [7.6]
Control

VLR, m/s
s. (F 2.428, 
P 0.036)

1502 bc [2]

VLT, m/s
s. (F 4.636, P 
0.001)

1210 a [1.3]

VRT, m/s
s. (F 5.107, P 
0.000) 

563 a [3.8]
110 °C 3 h 1536 ab (2.3) [3.8] 1223 a (1.1) [1.8] 583 a (3.6) [6.9]
110 °C 6 h 1554 a (3.5) [3.7] 1240 a (2.5) [2.7] 579 a (2.9) [4]
160 °C 3 h 1531 abc (1.9) [3.9] 1234 a (2) [3] 585 a (3.9) [4.8]
160 °C 6 h 1545 ab (2.8) [2.5] 1244 a (2.8) [2.5] 583 a (3.6) [4.7]
210 °C 3 h 1524 abc (1.4) [3.3] 1221 a (0.9) [4.7] 561 a (-0.5) [5.7]
210 °C 6 h 1485 c (-1.1) [2.8] 1174 b(-3) [2.8] 528 b (-6.2) [4.9]
Control

VRL, m/s
s. (F 2.969, 
P 0.013)

1515 bc [1.5]

VTL, m/s
n.s. (F 1.600, 
P 0.162)

1172 ab [3.1]

VTR, m/s
s. (F 2.749, P 
0.019)
 

560 a [5.3]
110 °C 3 h 1530 abc (1) [4.6] 1197 ab (2.2) [5.5] 572 a (2.1) [8.8]
110 °C 6 h 1555 ab (2.7) [2.6] 1188 ab (1.4) [3.9] 573 a (2.4) [7.9]
160 °C 3 h 1545 ab (2) [3.3] 1191 ab (1.6) [6.1] 585 a (4.5) [5.8]
160 °C 6 h 1562 a (3.1) [2.1] 1222 a (4.3) [4.7] 565 a (0.9) [7.9]
210 °C 3 h 1555 ab (2.7) [2.5] 1164 b (-0.6) [3.4] 548 ab (-2.2) [9.2]
210 °C 6 h 1496 c (-1.3) [3.1] 1157 b (-1.3) [5.2] 512 b (-8.6) [11.7]
Control

VLR45°, m/s
n.s. (F 
1.986, P 
0.081)

1290 ab [5.3]

VLT45°, m/s
n.s. (F 1.760, 
P 0.122)

1012 a [5.1]

VRT45°, m/s
n.s. (F 0.6989 
P 0.659)

639 a [5.9]
110 °C 3 h 1245 ab (-3.5) [6.5] 1008 a (-0.4) [5.6] 633 a (-1) [4.0]
110 °C 6 h 1232 b (-4.5) [5.9] 985 ab (-2.6) [5.1] 638 a (-0.2) [4.4]
160 °C 3 h 1303 a (1.0) [1.4] 1006 a (-0.6) [3.2] 628 a (-1.8) [3.9]
160 °C 6 h 1298 a (0.6) [5.1] 1006 a (-0.6) [4.1] 653 a (2.1) [5.9]
210 °C 3 h 1286 ab (-0.4) [3.5] 1004 a (-0.8) [2.4] 645 a (0.9) [3.9]
210 °C 6 h 1271 ab (-1.5) [4.1] 961 b (-5) [3.6] 633 a (-1) [6.3]

n.s. – not significant, s – significant, *Duncan’s homogeneity groups, ** % diffraction from the average of the control group, and *** coefficient 
of variation
n.s. – nije značajno, s – značajno, *Duncanove grupe homogenosti, ** postotak difrakcije od prosječne vrijednosti kontrolne skupine, *** 
koeficijent varijacije

canadensis solid wood are not available. However, 
Aydın and Aydın (2023) evaluated the influence of 
growth ring on ER, GLR, and GRT of Populus x canaden-
sis (345-354 kg/m³ density) and reported 899-1211 
MPa, 772-876 MPa, and 93-111 MPa, respectively. 
When compared, shear moduli are in harmony with the 
reported values. However, the control value for ER is 

around 18.8 % higher than the reported upper bound. 
Except for density, differences between the calculation 
methods of the studies may cause such diffractions as 
described in the materials and method headings. Due to 
a lack of full elastic properties for unmodified or ther-
mally treated Populus x canadensis in the literature, 
results were compared to poplar subspecies. For exam-
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ple, Zahedi et al. (2022) determined EL, ER, ET, GLR, 
GLT, and GRT of Populus deltoides by ultrasonic tests as 
follows: 4.52, 1.37, 0.74, 0.69, 0.62, and 0.17 GPa, re-
spectively. When compared to the results of this study, 
differences between the moduli are -3.5 %, 5.0 %, 
-35.7 %, 11.7 %, -22.6 %, and -37.1 %, respectively. 
Considering the internal or external factors affecting 
wood properties, such differences are comparable.

The influence of treatment on both elasticity and 
shear moduli was significant (P<0.05). However, as can 
be seen in Table 4, a linear-like influence either positive 
or negative was not observed for moduli. Indeed, the 
fluctuation was the fact. As illustrated in Appendix 1, 
the treatment at 160 °C for 3 h provided the highest 
advancements in all elasticity modulus values. The pos-
itive impact of relatively low-level TT on EL of wood 
was reported by (Aydın, 2020; Güntekin et al., 2017; 
Yılmaz Aydın, 2021; Yılmaz Aydın and Aydın, 2018a; 
Yılmaz Aydın and Aydın, 2020). The negative effect of 
TT even at a low-temperature level (110 °C) on some E 

and G of red pine was also reported (Aydın, 2022).
Considering the shear moduli, a common treat-

ment condition for the highest advancement was not 
achieved because GLR and GLT reached their maximum 
value at 110 °C 3h, while GRT presented the highest 
values at 160 °C 3h treatment levels, contradicting the 
adverse effect of moderate treatment (Aydın, 2022).

Yue et al., (2023) reported that modification at 
160-170 °C caused insignificant discrepancies in the 
mechanical properties of Chinese poplar, while 180 °C 
and further levels caused differences. As seen in Table 
4, elastic and shear moduli reached their highest values 
at different moderate temperature levels but the com-

mon point between them is that the intense treatment 
conditions caused the highest adverse effect. There-
fore, extended exposure duration at high temperatures 
following 160 °C should be avoided so as not to weak-
en the moduli of wood.

The averages for Poisson ratios are presented in 
Table 5. In the literature, there is limited data for the 
Poisson ratio for poplar species. Furthermore, neither 
untreated nor heat-treated Poisson ratios of Populus 
canadensis were reported. The reported νLR, νLT, νRT, νTR, 
νRL, and νTL ranges for hardwood species are 0.297-
0.495, 0.374-0.651, 0.560-0.912, 0.213-0.496, 0.018-
0.086, and 0.009-0.051, respectively (Kretsch mann, 
2010), and νRL and νTL are much smaller than other ra-
tios. However, as can be seen in Table 5, this is only 
valid for νTL. Furthermore, there are remarkable numeri-
cal differences between the reported LR and RL ratios 
and the results of this study. Moreover, Aydın (2022) 
reported -45 % to 109 % differences between the Pois-
son’s ratios of heat-treated red pine. However, it should 
be taken into consideration that Poisson’s ratios vary 
within and between species (Kretschmann, 2010) and 
there is no information about Poisson’s ratio in the 
standards (Obara, 2018). Therefore, such numerically 
huge discrepancies in the literature are meaningful.

As for moduli, a stable behavior of ratios against 
the treatment progress was not observed as (Aydın, 
2022) reported for red pine. Furthermore, among the 
properties, the highest adverse effect of the treatment 
was observed for ratios. In the literature, it was report-
ed that Poisson’s ratios are less sensitive (Yılmaz Aydın 
et al., 2016) and insensitive (Luis Gómez-Royuela et 
al., 2021) to TT. Furthermore, Al-musawi et al. (2023) 

Table 4 Statistics for moduli
Tablica 4. Statističke vrijednosti za module

Groups Property Mean, %** 
[CoV] *** Property Mean, %* [CoV] Property Mean, %* [CoV]

Control

EL, MPa
s. (F 3.258,  
P 0.007)

4361 ab* [8.3]

ER, MP 
Žs. (F 3.651, 
P 0.004)

1438 ab [6.4]

ET, MP
s. (F 
11.172,  
P 0.000)

476 a [10.8]
110 °C 3 h 4398 ab (0.9) [9.7] 1493 a (3.9) [21.6] 483 a (1.4) [7.5]
110 °C 6 h 4256 ab (-2.4) [6.1] 1493 a (3.9) [8.4] 467 a (-1.8) [12.7]
160 °C 3 h 4504 a (3.3) [10.2] 1508 a (4.9) [5.3] 495 a (4) [14]
160 °C 6 h 4404 ab (1) [9.5] 1473 a (2.5) [7.2] 474 a (-0.4) [15.8]
210 °C 3 h 4037 bc (-7.4) [9.9] 1313 bc (-8.6) [6.2] 409 b (-14) [6]

210 °C 6 h 3841 c (-11.9) 
[13.3]

1270 c (-11.7) 
[12.1] 331 c (-30.4) [16]

Control

GLR, MPa
s. (F 6.176,  
P 0.000)

771 ab [4.1]

GLT, MP
s. (F 11.946, 
P 0.000)

480 a [3.6]

GRT, MP
s. (F 5.447, 
P 0.000) 

107 ab [10]
110 °C 3 h 817 a (5.9) [13] 507 a (5.5) [8.4] 116 a (8.6) [18.2]
110 °C 6 h 811 a (5.2) [8.4] 494 a (2.8) [5.9] 112 a (4.4) [13.5]
160 °C 3 h 807 a (4.6) [5.4] 501 a (4.4) [5.8] 117 a (9.5) [11.9]
160 °C 6 h 804 a (4.2) [4.7] 506 a (5.4) [5.1] 110 ab (2.9) [13.6]
210 °C 3 h 734 ab (-4.8) [5.1] 441 b (-8.2) [7.3] 96 bc (-10.4) [17.1]
210 °C 6 h 687 b (-11) [10.7] 419 b (-12.7) [9.5] 85 c (-21.1) [21.8]

n.s. – not significant, s – significant, *Duncan’s homogeneity groups, ** % diffraction from the average of the control group, and *** coefficient 
of variation
n.s. – nije značajno, s – značajno, *Duncanove grupe homogenosti, ** postotak difrakcije od prosječne vrijednosti kontrolne skupine, *** 
koeficijent varijacije
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noted no obvious correlation between Poisson’s ratios 
and intensity of the TT determined by ultrasonic tests. 
As can be seen in Table 5, except for νTR, the influence 
of TT on Poisson’s ratios is not significant (P<0.05). 
Contrary to moduli and except for νRT and νTR, the low-
est values were not observed at intensive treatment 
conditions. Furthermore, Yang et al. (2021) stated that 
Poisson’s ratios of the bamboo slivers increased after 
the TT due to a decrease in the ductility in the loading 
direction and an increase in the transverse shrinkage. 
In this study, such an increase regarding the treatment 
was only observed for νTL but not linearly with the in-

crease in treatment conditions. Moreover, νTL present-
ed the highest value among the ratios at 210 °C ap-
plied for 6h. In the literature, small differences in the 
ratios between the unmodified and heat-treated sam-
ples were reported (Luis Gómez-Royuela et al., 2021; 
Wetzig et al., 2011). However, as seen in Table 5, the 
numerical differences between the control and modi-
fied means (-26.7 % to 93.3 %) are remarkably wide. 
Furthermore, variations in the ratios are high, particu-
larly for νLT and νTL but this is not unusual as Luis 
Gómez-Royuela et al. (2021) state that it is a fact for 
wood material.

Table 5 Statistics for Poisson’s ratios
Tablica 5. Statističke vrijednosti za Poissonove omjere

Groups Property Mean, %** [CoV]*** Property Mean, %* [CoV] Property Mean, %* [CoV]
Control

νLR

n.s.  
(F 1.514, 
P 0.188)

0.795 ab [13.7]

νLT

n.s.  
(F 0.884,  
P 0.512)

0.296 a [55.8]

νRT

n.s.  
(F 1.451,  
P 0.210)

0.863 ab [9.1]
110 °C 3 h 0.864 a (8.7) [17.3] 0.347 a (17.2) [50.6] 0.845 ab (-2.1) [14.5]
110 °C 6 h 0.843 ab (6.1) [14] 0.405 a (36.8) [68.8] 0.815 ab (-5.5) [13]
160 °C 3 h 0.749 ab (-5.8) [17.2] 0.431 a (45.5) [57] 0.905 a (4.9) [8.3]
160 °C 6 h 0.733 b (-7.8) [14.6] 0.499 a (68.6) [51] 0.821 ab (-4.8) [13.2]
210 °C 3 h 0.818 ab (2.9) [14.7] 0.312 a (5.5) [65] 0.83 ab (-3.7) [10.8]
210 °C 6 h 0.773 ab (-2.8) [16.8] 0.423 a (42.8) [78.9] 0.754 b (-12.6) [28.5]
Control

νRL

n.s.  
(F 1.537, 
P 0.181)

0.19 ab [21.6]

νTL

n.s.  
(F 0.690,  
P 0.659)

0.027 a [57.4]

νTR

s. (F 3.625, 
P 0.004)

0.335 a [13.2]
110 °C 3 h 0.211 ab (11.2) [25.4] 0.034 a (24.7) [48.3] 0.338 a (1.1) [15.6]
110 °C 6 h 0.225 a (18.5) [18.5] 0.042 a (54.2) [75.4] 0.310 a (-7.4) [20]
160 °C 3 h 0.178 b (-6.7) [18.1] 0.038 a (40.8) [61.6] 0.337 a (0.7) [16.5]
160 °C 6 h 0.192 ab (0.9) [24.4] 0.048 a (74.1) [55] 0.301 a (-10.2) [18.5]
210 °C 3 h 0.202 ab (6.1) [17.6] 0.028 a (3.7) [65.1] 0.307 a (-8.4) [6.8]

210 °C 6 h 0.214 ab (12.4) [17.5] 0.053 a (93.3) 
[148.7] 0.245 b (-26.7) [30.1]

n.s. – not significant, s – significant, *Duncan’s homogeneity groups, ** % diffraction from the average of the control group, and *** coefficient 
of variation
n.s. – nije značajno, s – značajno, *Duncanove grupe homogenosti, ** postotak difrakcije od prosječne vrijednosti kontrolne skupine, *** 
koeficijent varijacije

Table 6 Linear regression R² values corresponding to Figure 1
Tablica 6. Vrijednosti R² linearne regresije koje odgovaraju uzorcima prikazanima na slici 1.

Density VLL VRR VTT EL ER ET GLR GLT GRT VLR VLT VRT VLR45 VLT45 VRT45 νRL νTL νLR νTR νLT νRT

Density  - .010 .079 .011 .498 .593 .224 .575 .477 .626 .002 .004 .332 .001 .017 .002 .019 .058 .041 .028 .074 .045
VLL   - .081 .103 .598 .026 .106 .045 .032 .004 .165 .023 .005 .374 .492 .118 .240 .041 .008 .054 .012 .001
VRR - .005 .001 .679 .027 .279 .024 .048 .247 .004 .026 .011 .113 .010 .190 .017 .000 .008 .008 .167
VTT   - .085 .010 .849 .059 .205 .054 .079 .269 .088 .018 .295 .004 .280 .001 .028 .616 .007 .134
EL    - .136 .283 .101 .311 .302 .078 .004 .172 .207 .337  .076 .071 .085 .034 .072 .061 .012
ER     - .144 .661 .265 .378 .146 .004 .202 .008 .028 .002 .149 .047 .012 .001 .043 .147
ET      - .251 .445 .251 .066 .192 .223 .019 .281 .001 .182 .009 .008 .556 .000 .149
GLR      - .551 .484 .466 .066 .323 .019 .001 .015 .046 .039 .005 .046 .022 .124
GLT        - .502 .143 .462 .396 .000 .092 .000 .012 .014 .001 .122 .000 .040
GRT - .036 .029 .902 .001 .026 .000 .001 .049 .024 .079 .041 .076
VLR - .229 .059 .047 .026 .061 .025 .004 .010 .028 .003 .108
VLT - .079 .002 .082 .005 .081 .004 .020 .099 .077 .005
VRT - .001 .034 .001 .001 .036 .013 .105 .022 .076
VLR45 - .337 .079 .451 .022 .167 .009 .004 .042
VLT45 - .091 .280 .103 .023 .335 .147 .009
VRT45 - .008 .091 .011 .214 .010 .506
νRL - .017 .338 .244 .082 .074
νTL - .382 .144 .712 .301
νLR - .028 .516 .001
νTR - .097 .426
νLT - .098
νRT -
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It is not evident from any of the above papers that 
Poisson’s ratios and density or other elastic constants 
are highly correlated (Sliker and Yu, 1993). As can be 
seen in Table 6, R² values between the variables ranged 
from 0.001 (VRR vs EL) to 0.849 (VTT vs ET) for elastic-
ity modulus, 0.004 (VLL vs GRT) to 0.661 (ER vs GLR) for 
shear modulus, 0.000 (νLR vs VRR and νLT vs ET or GLT) 
to 0.712 (νLT vs νTL), and 0.001 (VLL vs density) to 
0.593 (density vs ER) for density. However, much high-
er R² values (0.64 to 0.91) for VLL vs density were re-
ported (Yılmaz Aydın and Aydın, 2018b; Yılmaz Aydın 
and Aydın, 2018; Yılmaz Aydın and Aydın, 2018c). The 
scatterplot matrix illustrates the interaction between the 
variables with histograms in terms of treatment groups. 
Also, the interactions between the density vs UWVs 

and elastic constants are illustrated in Figures 2-4 by 3D 
scatters grouped by treatment conditions.

Changes in the structure of wood by TT are com-
prehensively reported in the literature and advertency 
is avoided so as not to fall into repetition. However, it 
should be kept in mind that one of the key points for 
the reduction in the mechanical properties is the degra-
dation of hemicellulose (Yue et al., 2023).

Apart from elastic constants, Kaymakçı and Bay-
ram (2021) reported 7356 MPa (210 °C 4h) and 10231 
MPa (untreated) MOE values for Populus alba L., and 
the decrease was linear instead of oscillating. Sözbir et 
al. (2019) heat-treated Populus usbekistanica and re-
ported 5693 MPa MOE for untreated samples, while 
the MOE averages oscillated with the progress in TT 

Figure 2 Scatterplot matrix for all measured properties
Slika 2. Matrica dijagrama raspršenja za sva izmjerena svojstva
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Figure 3 Grouped 3D Scatters for velocities
Slika 3. Grupirana 3D raspršenja za brzine

Figure 4 Grouped 3D Scatters for moduli
Slika 4. Grupirana 3D raspršenja za module
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(120, 160, and 200 °C for 1 and 3h) and no statistically 
significant differences were found. For full elastic con-
stants, fluctuation is the fact of this study. Therefore, 
the results of each study are generally unique or par-
tially the same at moderate temperature levels but al-
most the same at intense conditions.

4  CONCLUSIONS
4.  ZAKLJUČAK

Due to the polar orthotropic nature of wood, it is 
not an easy task to define factor-related properties, par-
ticularly for elastic properties through essential axes or 
planes. The reason is that not only specific tools are 
required but also a complex sample preparation due to 
anatomic complexity and inhomogeneous structure 
formation by the alignment of elements. Furthermore, 
samples used for the test are not similar even when pre-
pared using the same laths.

Even though it was obvious that TT significantly 
affected the elastic characteristics of wood, a common 
expression of certain effects of TT on wood elastic 
constants should be avoided because the elastic engi-
neering parameters were non-linearly and differently 
influenced by the treatment process. Moderate treat-
ment conditions provided considerable advancements 
in the moduli of wood. However, intense treatment 
caused the highest decreases in moduli, while the same 
is not true for some Poisson’s ratios. Common treat-
ment conditions did not provide the highest improve-
ments in all elastic constants. Therefore, prioritization 
should be taken into consideration for defining the ap-
plication parameters.
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APPENDIX
DODATAK

A.1  Tendency illustration regarding treatment conditions
A.1.  Prikaz trendova s obzirom na uvjete toplinske obrade
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ABSTRACT • In this study, some physical and mechanical properties of the basalt fiber-reinforced polymer (BFRP) 
woven fabrics (WF) and plaster mesh (PSM) reinforced glued laminated oak lumber were investigated. The BFR-
PWF and PSM were used in order to increase the mechanical properties of the laminated elements. One-component 
polyurethane glue (PUR) was used in the production of lumber. The BFRPWF and PSM were tested in three different 
locations using non-reinforced laminated oak lumber (LOL), reinforced laminated oak lumber with BFRPWF (LOL- 
BFRPWF), and reinforced laminated oak lumber with PSM (LOL-PSM). Tests were performed on the LOL, LOL- 
BFRPWF, and LOL-PSM to investigate their bending strength (MOR), air-dried density (δ12), and modulus of elastic-
ity (MOE). The three-point MOR and MOE in bending tests were applied to the samples.  The results showed that 
the highest value for MOR was found in the laminated wood samples (135.20 N/mm2) that were prepared using the 
BFRPWF inter-layer. The lowest value of 112.82 N/mm2 was found in the LOL samples. The highest value of modulus 
elasticity was found in the samples prepared with the BFRPWF inter-layer (16167 N/mm2). The lowest value of 13786 
N/mm2 was found in the LOL samples. It was observed that the samples parallel to the glue line of the laminated 
material showed higher performance compared to those perpendicular to the glue line. The LOL-BFRPWF samples 
give better results than LOL-PSM and control samples. Accordingly, the LOL-BFRPWF and LOL-PSM samples have 
the potential to be used as viable options for both furniture and building materials.
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1  INTRODUCTION
1.  UVOD

The main goal in the development of laminated 
veneer lumber (LVL) is to enhance the dimensional 
stability of timber products, resulting in improved per-
formance and reliability. In order to achieve the neces-
sary strength levels, it is vital to ensure that the layer 
arrangement in the LVL is in accordance with the ori-
entation of the timber fibers. An LVL product, charac-
terized by veneers arranged perpendicularly, can be 
observed as a crossbanded material. Its elevated me-
chanical properties make it highly desirable for various 
structural applications (Rahayu et al., 2015). Typically, 
the production process of LVL involves the utilization 
of secondary-grade materials that exhibit characteris-
tics such as the presence of numerous knots, lower den-
sity, and diminished mechanical properties. The com-
position of LVL can vary significantly as it can be 
manufactured using a wide range of wood species, in-
cluding but not limited to Douglas fir, poplar, beech, 
spruce and others (Burdurlu et al., 2007).

To improve the physical and mechanical proper-
ties of LVL, FRP composites such as E-glass FRP 
(GFRP), carbon FRP (CFRP), and aramid FRP (AFRP) 
are commonly used as reinforcement materials (Johns 
and Lacroix, 2000; Lopez-Anido et al., 2003; Borri et 
al., 2005). While it is true that the manufacturing pro-
cesses used for these fibers are known to be energy-
intensive and come with high initial costs, the emer-
gence of basalt FRP (BFRP), as a mineral-based natural 
FRP, has brought about notable changes. 

BFRP, as supported by studies (Wang et al., 
2014; Elgabbas et al., 2016; Fiore et al., 2015), offers 
the advantage of lower material costs and demonstrates 
a high level of ecological compatibility throughout its 
production. Furthermore, basalt fiber has beneficial 
properties (Patnaik et al., 2004) that, when combined 
with cost-effective production process (Wu et al., 
2012; Sim et al., 2005), result in enhanced high tem-
perature resistance (Sim et al., 2005), excellent freeze-
thaw performance (Wu et al., 2010), and ease of manu-

facture (Sim et al., 2005). In addition, basalt fiber 
exhibits remarkable tensile properties, characterized 
by a high tensile strength ranging from 1.85 to 4.8 GPa 
(Zoghi, 2013).

Currently, there is growing interest in using BFRP 
as a type of FRP for reinforcing wood composites (Kufel 
and Kuciel, 2019; Kramár et al., 2020). As a newly in-
troduced composite material, BFRP represents another 
technologically advanced fiber composite material, join-
ing the ranks of carbon fibers (Subagia et al., 2014). 

BFRP offers significant cost advantages over 
CFRP, with prices ranging from only one-eighth to 
one-sixth of CFRP (Wu, 2020). Additionally, BFRP ex-
hibits superior mechanical properties, including higher 
elastic modulus and tensile strength, when compared to 
GFRP (Song et al., 2021).

Due to its lower density, with basalt weighing ap-
proximately one-third of the steel density (2.6 g/cm3 
compared to 7.68 g/cm3), BFRP is considered a lighter 
and more robust construction material compared to 
steel. It is projected that the mechanical properties of 
BFRP as a construction material will exert an influence 
on its environmental performance (Garg and Shrivas-
tava, 2019). The raw materials used in BFRP are char-
acterized by their broad variety, while its production 
process adheres to environmentally friendly practices, 
and fulfills the requisites of green sustainable develop-
ment (Gao et al., 2020). 

Extensive study has been conducted on the use of 
BFRP in conjunction with LVL in various technological 
applications, including wood and LVL elements. These 
studies have demonstrated notable enhancements in me-
chanical properties when using different reinforcement 
configurations (Wang et al., 2019; Liu et al., 2020; Res-
valvo et al., 2020; Wdowiak-Postulak and Swit, 2021; 
Cheng et al., 2022; Jian et al., 2022; Zhou et al., 2022; 
Núñez-Decap et al., 2023; Resvalvo et al., 2023). 

The behavior of prismatic test specimens made 
from wild pinewood under compressive loads was ex-
amined by de la Rosa et al. (2021). The study focused 
on the effect of fabric confinement, with the use of 
three types of fabric: two BFRP fabrics with varying 

SAŽETAK • U radu su istražena neka fizička i mehanička svojstva lamelirane građe od hrastovine ojačane poli-
mernim tkaninama s bazaltnim vlaknima (BFRPWF) i fasadnom mrežicom (PSM) kako bi se povećala mehanička 
svojstva lamelirane građe. U izradi lamelirane građe upotrijebljeno je jednokomponentno poliuretansko ljepilo 
(PUR). Tijekom ispitivanja određena je čvrstoća na savijanje (MOR), gustoća drva sušenog na zraku (δ12) i modul 
elastičnosti (MOE) neojačane lamelirane građe (LOL), lamelirane građe ojačane BFRPWF-om (LOL-BFRPWF) 
i lamelirane građe ojačane PSM-om (LOL-PSM). Za određivanje čvrstoće na savijanje i modula elastičnosti pri-
mijenjeno je savijanje u tri točke. Rezultati su pokazali da je čvrstoća na savijanje najveća na uzorcima lamelirane 
građe ojačane BFRPWF-om (135,20 N/mm2), a najmanja na uzorcima bez ojačanja (112,82 N/mm2). Najveća 
vrijednost modula elastičnosti izmjerena je na uzorcima ojačanim BFRPWF-om (16167 N/mm2), a najmanja na 
uzorcima bez ojačanja (13786 N/mm2). Uočeno je da su bolja svojstva uzoraka pri ispitivanju paralelno s lijeplje-
nim spojem nego okomito na slijepljeni spoj. LOL-BFRPWF uzorci dali su bolje rezultate od uzoraka LOL-PSM i 
kontrolnih uzoraka. Prema dobivenim rezultatima, uzorci LOL-BFRPWF i LOL-PSM mogu poslužiti kao održive 
opcije u proizvodnji namještaja i proizvoda u graditeljstvu.
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grammages and CFRP. Lohmus et al. (2021) examined 
whether the tensile strength of basalt fiber-reinforced 
plywood can be affected by prestressing and tempera-
ture variations. Cheng et al. (2022) conducted a study 
to investigate a straightforward retrofitting technique 
that involved using small bamboo pieces and a BFRP 
wrap to enhance the structural strength of locally dam-
aged laminated bamboo lumber (LBL) columns. Res-
calvo et al. (2023) investigated the LVL mechanical 
behavior of poplar reinforced with BFRP subjected to 
shear and compressive stresses. Wdowiak-Postulak et 
al. (2023) conducted an analysis to assess the effective-
ness of strengthening glued laminated timber beams 
through the use of pre-stressed BFRP.

Keskin (2004) investigated the bending properties 
of structural LVL made of Oak  (Quercus petrea Lieble). 
The modulus of rupture, modulus of elasticity, and air-
dry density of oak wood was measured to be 106 N/
mm2, 10742 N/mm2, and 611 kg/m3, respectively Kes-
kin (2009) made an experiment to determine how tim-
ber species, loading direction and chemical impregna-
tion affected the bending properties of LVL samples. 
The air-dry density for the chosen species was for beech 
(650 kg/m3), oak (639 kg/m3), Scotch pine (537 kg/m3), 
spruce (403 kg/m3) and Uludad fir (385 kg/m3).

The literature review shows that there are not 
enough studies on some physical and mechanical prop-
erties of the BFRPWF and PSM reinforced glued lami-
nated oak lumber. I believe that this study will contrib-
ute to the literature. The current study aimed to 
comparatively investigate some physical and mechani-
cal properties of the control samples (LOL), the LOL-
BFRPWF samples and LOL-PSM samples using poly-
urethane adhesive cured under room temperature.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Materials
2.1.  Materijali

For the study, the oak wood (Quercus petrea L.), 
widely used in the furniture sector, was chosen as the 

wood material. Its selection was conducted randomly 
from timber merchants located in Yenice-Karabuk, 
Turkey. As a test material, pieces of oak lumber (5 mm 
× 80 mm × 1000 mm) were used. It is a material whose 
full-dry density (δ0) is 650 kg/m3, and δl2 is 690 kg/m3. 
Also, the MOE is 12300 MPa, and the MOR is 105 
MPa (Bozkurt and Erdin, 2000).

The BFRPWF for 200 gr/m2 plain materials used 
in the study was obtained by Dost Chemical Industry 
Raw Material Industry and Trading Company (Turkey, 
Istanbul) (Figure 1a). It had the following values: den-
sity of 2.8 g/cm3, thickness of 0.140 mm, modulus of 
elasticity of 89 GPa, tensile strength of 4.8 GPa, and 
elongation to fracture of 3.2 % (Fiore et al., 2011). 

The plaster mesh (PSM) used had a weight of 
160 g/m2. It was alkali resistant and orange in color, 
with a 4 mm × 4 mm mesh pattern (Figure 1b).

The polyurethane adhesive (PUR) used in this 
the study was obtained by Apel Kimya Industrial In-
dustry and Trade Company (Turkey, Istanbul) (Figure 
1c). At a temperature of 20 °C, the density of the mate-
rial is measured to be (1.11±0.02) g/cm3, while at  
25 °C, the viscosity is determined to be (14.000±3.000) 
mPas. When exposed to a temperature of (20 ±2) °C 
and a relative humidity of (65 ±3) %, the material un-
dergoes hardening within 30 minutes.

2.2 Preparation of experimental samples
2.2.  Priprema ispitnih uzoraka

Slats with dimensions of 5 mm thickness, 80 mm 
width, and 1000 mm length (T × W × L) were obtained 
from oak timber by a circular saw using the mowing 
technique. Once stacked, the slats were stored in a tem-
perature-controlled room with a constant temperature 
of (20±2) °C and relative humidity of (65±5) %. The 
slats remained in the specified environment until they 
attained a moisture content of 12 %. The test samples 
were prepared in accordance with the guidelines out-
lined in the TS 5497 EN 408 (2006) standard. The PUR 
was used in the preparation of the samples.

As shown in Figure 2, reinforced laminated ele-
ments were produced by placing the BFRPWF or PSM 

Figure 1 Materials used in experiments: (a) BFRPWF, (b) PSM, (c) PUR adhesive
Slika 1. Materijali uključeni u istraživanju: (a) BFRPWF, (b) PSM, (c) PUR ljepilo

(a) (b) (c)
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between each layer with the aim of inreasing the resist-
ance. For interlayer samples, 3 layers of reinforced ma-
terials were used for intermediate support between 
solid layers. Approximately 200 g/m2 of adhesive was 
used for the surface. The samples, which consisted of 
four layers, were placed into a hydraulic press (Hy-
draulic Veneer SSP-80; ASMETAL Wood Working 
Machinery Industry Inc., Ikitelli, Istanbul, Turkey) at 
room temperature. The press exerted a pressure of ap-
proximately 1.5 N/mm2 on the samples for 3 hours. As 
a result, the desired laminated veneer lumbers were 
produced by cold pressure at (20 ±2) °C and (65±5) % 
relative humidity. Consequently, one wood species 
(oak), one adhesive type (PUR), two fiber reinforced 
polymers (BFRPWF, PSM, and control), two load 
types (perpendicular to the glue line and parallel to the 
glue line), and 10 samples of each material (1 × 1 × 3 × 
2 × 10 = 60) were the variables, and the air-dry density 
tests were made for a total of 20 variables. A total of 80 
specimens were prepared in this research. Prior to test-
ing, all samples were conditioned in a humidity cham-

ber controlled at (20±2) °C and (65±5) % relative hu-
midity (RH) for two weeks. The pressing of test 
samples is shown in Figure 3.

2.3  Method of testing
2.3.  Metode ispitivanja

The air-dry density was measured in accordance 
with the guidelines outlined in TS 2474 (1976). Test 
samples were prepared with dimensions of 20 mm × 20 
mm × 30 mm for the purpose of determining the den-
sity. The samples were subjected to conditioning in an 
environment with a relative humidity of (65±5) % and a 
temperature of (20±2) °C. Conditioning was continued 
until the samples reached an equilibrium moisture con-
tent of 12 %. Subsequently, the samples were weighed 
using a digital precision scale, and their dimensions 
were determined using a digital precision compass. 
Next, the equations provided were used to compute the 
density values of the samples after air drying:

  (1)

Figure 2 All experimental samples
Slika 2. Svi ispitni uzorci

Figure 3 Pressing of test samples
Slika 3. Prešanje ispitnih uzoraka

Control Samples 
(LOL)

LOL-BFRPWF 
Samples

LOL-PSM 
Samples

Onk

Glue 
Line

Onk

Glue 
Line

Onk

Glue 
Line

BFRPWF PSM
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Where,  is the sample density (g/cm3),  is 
the weight, and  is the volume (cm3).

2.3.1 Bending strength and elasticity 
modulus

2.3.1. Čvrstoća na savijanje i modul 
elastičnosti

In accordance with the TS EN 326 (1999) stand-
ard, the test samples were prepared to facilitate the 
measurement of MOR and MOE. The MOR experi-
ments were carried out in accordance with the guide-
lines outlined in the TS 2474 (1976) standard, while 
the modulus of elasticity tests adhered to the TS 2478 
(1976) standard. Each test sample was prepared with 
dimensions of 20 mm × 20 mm × 360 mm, and two 
samples were used for each test. Three-point bending 
test method was carried out (Figure 4c). The bending 
tests were performed on an electromechanical univer-
sal testing machine (UTM) with a capacity of 10 kN. 
When performing the MOR tests, the force was applied 
to the edge wise position of the test sample in a direc-
tion parallel to the glue line and a direction perpendicu-
lar to glu line. The test speed was set at 5 mm/min, and 
the span between the supports was 300 mm. The 
preload amount was 10 N, and the test ended at 70 % of 
the maximum force. The MOR and MOE have been 
determined using the following equations:

  (2)

In the given context, the variables are defined as 
follows: MOR (N/mm2), Fmax represents the maximum 
load applied during testing, measured in N. L denotes 
the distance between the two supports, measured in 
mm, b represents the width of the test sample, also 
measured in mm. Lastly, h is the thickness of the test 
sample, measured in mm.

  (3)

In the given context, the variables are defined as 
follows: 
MOE is the modulus of elasticity (N/mm2), ∆F repre-
sents the load increment, measured in N, L denotes the 
distance between the two supports, measured in mm, 
∆f represents the deflection increment, b is the width of 
the test sample, measured in mm, lastly, h is the thick-
ness of the test sample, also measured in mm.

2.3  Data analyses
2.3.  Analiza podataka

The statistical analysis of the experimental data 
involved calculating the arithmetic mean and standard 
deviation. Multiple analysis of variance (ANOVA) was 
used to assess the impact of various factors on the val-
ues obtained for all sample groups. Duncan’s test was 
used to determine the significance level of the interac-
tion between the factors, with a significance level set at 
5 % (p < 0,05). This allowed to determine the degree of 
significance if the mutual strength of the factors exhib-
ited a significant effect.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

Table 1 presents a summary of the test results for 
some physical and mechanical properties of the sam-
ples. Descriptive statistics, including the maximum, 
minimum, mean, and standard deviation, were used to 
summarize the data. These statistical values provide an 
overview of the observed variability and central tenden-
cies concerning the tested properties of the samples.

ANOVA analysis was performed to compare 
LOL, BFRPWF-LOL and LOL-PSM (Table 2). Ac-
cording to the analysis, the δ12, MOR perpendicular to 
the glue line (┴MOR),  MOR parallel to the glue line (//
MOR),  MOE perpendicular to the glue line (┴MOE), 

Figure 4 Three-point bending test set-up for laminated samples: (a) vertical crosssection, (b) static system (in mm),  
(c) testing, (d) loading directions of test specimen according to glue lines: (1) perpendicular, (2) parallel
Slika 4. Postavljanje ispitivanja na savijanje u tri točke za lamelirane uzorke: (a) vertikalni presjek, (b) statički sustav (mm), 
(c) ispitivanje, (d) smjerovi opterećenja ispitnog uzorka u odnosu prema lijepljenom spoju: (1) okomito, (2) paralelno

(a)

(b) (c) (d)

(1)

(2)

F

F
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and MOE parallel to the glue line (//MOE) were statis-
tically significant at the level of 0.05.

In cases where the observed differences between 
groups were deemed statistically significant, the Dun-
can’s test was used to determine the specific differenc-
es between means. This analysis was conducted at a 
predetermined significance level of α=0.05. The results 

of the Duncan’s test, indicating the significant differ-
ences between means, can be seen in Table 3.

This table shows that some physical and mechan-
ical properties of LOL samples showed the lowest val-
ues, and some physical and mechanical properties of 
LOL-BFRPWF the highest. Some physical and me-
chanical properties of LOL-BFRPWF samples were 

Table 1 Descriptive statistical values of some physical and mechanical properties
Tablica 1. Deskriptivne statističke vrijednosti nekih fizičkih i mehaničkih svojstava lameliranih uzoraka

Process Values δ12, kg/m3 ┴ MOR, N/mm2 // MOR, N/mm2 ┴ MOE, N/mm2 // MOE, N/mm2

LOL
(Control)

X 714 108.55 112.82 12501 13786
SD 21.18 1.93 3.82 72.3 353

COV (%) 0.45 3.71 14.61 5230 124558
Min 680 106.15 108.00 12386 13076
Max 753 112.65 122.30 12650 14199

N 10 10 10 10 10
PSM-LOL X 738 119.74 127.71 13558 15727

SD 11.26 4.29 3.01 286 528
COV (%) 0.13 18.40 9.07 81681 278257

Min 718 110.05 122.55 13005 14719
Max 755 125.29 132.30 14030 16612

N 10 10 10 10 10
LOL-BFRP-
WF 

X 788 125.57 135.20 14526 16167
SD 22.58 3.97 4.35 498 727

COV (%) 0.51 15.73 18.95 248282 528799
Min 758 120.71 129.65 13748 15245
Max 831 132.73 141.65 15204 17394

N 10 10 10 10 10
X – Mean values, SD – Standart deviation, COV (%) – Coefficient of variation, N – Number of samples, LOL – Non-reinforced laminated oak 
lumber (Control), PSM-LOL – Laminated oak lumber with reinforced PSM, LOL-BFRPWF – Laminated oak lumber with reinforced BFRPWF, 
┴ – perpendicular to glue line, // – paralell to glue line.
X – srednje vrijednosti, SD – standardna devijacija, COV (%) – koeficijent varijacije, N – broj uzoraka, LOL – neojačani lamelirani uzorci od 
hrastovine (kontrolni uzorak), PSM-LOL – lamelirani uzorci od hrastovine ojačani PSM-om, LOL-BFRPWF – lamelirani uzorci od hrastovine 
ojačani BFRPWF-om, ┴ – okomito na lijepljeni spoj, // – paralelno s lijepljenim spojem

Table 2 Result of ANOVA
Tablica 2. ANOVA rezultati

δ12, kg/m3 Source SO DF MS F Value Sig.
Between Groups 0.03205 2 0.016027 44.29 0.000
Within Groups 0.01086 30 0.000362
Total 0.04291 32

┴MOR, N/mm2 Source SO DF MS F Value Sig.
Between Groups 2452.2 2 1226.09 42.25 0.000
Within Groups 870.7 30 29.02
Total 2125.2 32

//MOR, N/mm2 Source SO DF MS F Value Sig.
Between Groups 2750.7 2 1378.87 97.05 0.000
Within Groups 426.20 30 14.21
Total 3184.00 32

┴MOE, N/mm2 Source SO DF MS F Value Sig.
Between Groups 22549729 2 11274865 100.91 0.000
Within Groups 3351935 30 111731
Total 25901664 32

//MOE, N/mm2 Source SO DF MS F Value Sig.
Between Groups 59505749 2 29752874 115.14 0.000
Within Groups 7752263 30 111731
Total 67258012 32
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Table 3 Result of Duncan’s Test
Tablica 3. Rezultati Duncanova testa

Technological properties
Tehnološka svojstva

Process / Proces
LOL PSM-LOL LOL-BFRPWF

X HG X HG X HG
δ12, g/cm3 0.714 C 0.738 B 0.788 A
┴ MOR, N/mm2 108.55 C 119.74 B 125.57 A
// MOR, N/mm2 112.82 C 127.71 B 135.20 A
┴ MOE, N/mm2 12501 C 13558 B 14526 A
// MOE, N/mm2 13786 C 15727 B 16167 A

LOL – Non-reinforced laminated oak lumber, PSM-LOL – Laminated oak lumber with reinforced PSM, LOL-BFRPWF – Laminated oak 
lumber with reinforced BFRPWF , ┴ –  perpendicular to glue line, // –  paralell to glue line.
LOL – neojačani lamelirani uzorci od hrastovine (kontrolni uzorak), PSM-LOL – lamelirani uzorci od hrastovine ojačani PSM-om, LOL-
BFRPWF – lamelirani uzorci od hrastovine ojačani BFRPWF-om, ┴ – okomito na lijepljeni spoj, // – paralelno s lijepljenim spojem

Figure 5 Descriptive statistical values for various physical and mechanical properties such as δ12, // MOR, ┴MOR, // MOE, 
and ┴MOE of laminated oak lumber samples
Slika 5. Deskriptivne statističke vrijednosti za neka fizička i mehanička svojstva kao što su δ12, // MOR, ┴MOR, // MOE i 
┴MOE uzoraka lamelirane hrastove građe

714 738

0

100

200

300

400

500

600

700

800

LOL LOL-PSM LOL-BFRPWF

Air-Dry Density, kg/m3

Gustoća drva sušenog na zraku, kg/m3

788

112.82

127.71

135.20

100

105

110

115

120

125

130

135

140

LOL LOL-PSM LOL-BFRPWF

// Bending Strength, N/mm2

// čvrstoća na savijanje, N/mm2

108.55

119.74

125.47

100

105

110

115

120

125

130

LOL LOL-PSM LOL-BFRPWF

┴ Bending Strength, N/mm2

┴ čvrstoća na savijanje, N/mm2

13786
15727 16167

0

5000

10000

15000

20000

LOL LOL-PSM LOL-BFRPWF

// Modulus of Elasticity, N/mm2

// modul elastičnosti, N/mm2

12501
13558

14526

0

5000

10000

15000

LOL LOL-PSM LOL-BFRPWF

┴ Modulus of Elasticity, N/mm2

┴ modul elastičnosti, N/mm2



Karaman, Yesil: Investigation of Some Physical and Mechanical Properties of Basalt Fiber-Reinforced Polymer (BFRP)...

426  75 (4) 419-429 (2024)

determined: δ12 788 kg/m3, //MOR 142.20 N/mm2, 
┴MOR 129.66 N/mm2, ┴ MOE 17349 N/mm2, //MOE 
14526 N/mm2,  90.44 N/mm2. Thorough analysis of the 
results showed that the LOL-BFRPWF panels exhibit-
ed the most favorable properties. However, it is worth 
noting that the LOL samples demonstrated the lowest 
value among all the samples tested. Some physical and 
mechanical properties of the LOL-BFRPWF samples 
were higher than those of LOL samples, namely δ12 
10.36 %, ┴MOR 15.68 %, //MOR 19.83 %, ┴ MOE 
16.20 %, //MOE 17.27 %.

Similarly, some physical and mechanical proper-
ties of the LOL-PSM samples were higher than those 
of the LOL samples (δ12 3.36 %, ┴ MOR 10.31 %, // 
MOR 13.19 %, ┴ MOE 8.45 %, //MOE 14.08 %). 
Based on the results, it can be concluded that laminated 
wood materials had higher values (LOL-PSM 14.08 %, 
LOL-BFRPWF 20.00 %) than the LOL samples that 
represented their species.

Borri et al. (2013) investigated some mechanical 
properties of low quality wooden beams reinforced 
with BFRP and flax. They reported that the bending 
strength of two-layer FFRP and BFRP reinforced low-
quality wood beams increased by 38.6 % and 65.8 %, 
respectively, with the maximum mid-span deflection of 
58.2 % and 40.2 %, respectively. Uzel et al. (2018) in-
vestigated flexural behavior of wooden beams rein-
forced with different bonding surface materials. The 
use of retrofitting nets resulted in 34 % increases in 
terms of load bearing capacity of test specimens.

The values of bending properties of BFRP-glu-
lam beam samples, determined in edgewise samples of 
this investigation, were also higher than those of unre-
inforced samples, (Wdowiak-Postulak, 2021). Jinghui 
Wang and Wang (2020) conducted an investigation on 
applying BFRP fiber cloth at intervals as a means of 
reinforcing square long wooden columns. In compari-
son to the unreinforced wooden columns, the ultimate 
bearing capacity of the wooden columns with external 

Figure 6 Load – deformation graphs based on bending strength test results
Slika 6. Grafovi opterećenje – deformacija na temelju rezultata ispitivanja čvrstoće na savijanje
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BFRP reinforcement exhibited an increase of 8.75 % 
and 30 %, respectively.

The δ12 increase varied between 3.36 % and 10.36 
% in the LOL-PSM (738 kg/m3) and LOL-BFRPWF 
(788 kg/m3) samples, respectively. The increase of 
┴MOR varied between 10.30 % and 15.68 % in the 
LOL-PSM (119.74 N/mm2) and LOL-BFRPWF 
(125.57 N/mm2) samples, respectively. The increase of 
// MOR varied between 13.19 % and 19.83 % in the 
LOL-PSM (127.71 N/mm2) and LOL-BFRPWF 
(135.20 N/mm2) samples, respectively. The increase of 
┴MOE varied between 8.45 % and 16.20 % in the 
LOL-PSM (13558 N/mm2) and LOL-BFRPWF (14526 
N/mm2) samples, respectively. The increase of // MOE 
varied between 14.08 % and 17.27 % in the LOL-PSM 
(15727 N/mm2) and LOL-BFRPWF (16167 N/mm2) 
samples, respectively (Figure 5).

In the bending strength test, after the maximum 
load (Fmax) of the test specimen against the applied 
force was reached, the end of the test varied with the 
toughness of the test specimen. The load–deformation 
graphs obtained during the bending strength tests are 
shown in Figure 6. With some wood materials, after 
reaching the maximum load, the test sample suddenly 
breaks, and the test is then completed. Such materials 
are referred to as brittle materials. With some materials, 
after reaching the maximum load, the test sample is bro-
ken slowly or gradually, before the test is completed.

4  CONCLUSIONS
4. ZAKLJUČAK

Some physical and mechanical properties of the 
LOL, LOL-BFRPWF and LOL-PSM samples prepared 
using PUR adhesive were investigated in this study.

Some physical and mechanical properties of LOL 
samples were determined: δ12 714 kg/m3, ┴MOR 
108.55 N/mm2, //MOR 127.71 N/mm2, ┴MOE 12501 
N/mm2, // MOE 13786 N/mm2,  71.72 N/mm2. The val-
ues for LOL-PSM samples were as follows: δ12 714 kg/
m3, ┴MOR 119.74 N/mm2, //MOR 112.82 N/mm2, 
┴MOE 13558 N/mm2, // MOE 5727 N/mm2,   80, 90 N/
mm2. The values for LOL-BFRPWF samples were as 
follows: δ12 788 kg/m3, ┴MOR 125.57 N/mm2, //MOR 
135.20 N/mm2, ┴MOE 14526 N/mm2, // MOE 16167 
N/mm2.

According to the overall results, the LOL-BFRP-
WF samples demonstrated the best properties among 
all the tested samples. It should also be emphasized 
that the LOL samples exhibited the lowest values 
among all the samples. 

Based on the empirical findings regarding the 
technical characteristics of BFRPWF and PSM as sup-
port materials, the strength of the laminated wood ma-
terial was observed to be enhanced. Given the substan-

tial enhancements in the resistance properties of the 
intermediate filling material used in laminated wood, it 
is advisable to prioritize high-strength properties in 
furniture and construction materials.
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ABSTRACT • By the present paper, an experimental investigation was proposed to compare the morphological, 
chemical and mechanical properties of the Petiole Date Palm Wood (PDPW) collected from north and south of 
Algeria. Both regions have very distinctive climatic conditions – wet conditions in the north (near the Mediterra-
nean Sea) and semi-arid conditions in the south Biskra. To achieve this aim, large quantities of waste from PDPW 
were collected, cleaned, and cut according to the normalization specific to each type of test. After that, scanning 
electron micrographs, infrared spectroscopy, dynamic mechanical thermal analysis (DMTA) and thermogravi-
metric analysis were made, and moisture content (MC) and water absorption (WA) were determined, to compare 
the effect of the different environmental conditions. From the results obtained, petiole date palm wood typical for 
the southern region had a high fiber content, attributed to its low porosity and excellent mechanical properties, 
which resulted in low water absorption. In contrast, the northern petiole wood reveals a higher glass transition 
temperature (Tg) and significant damping coefficient. At comparable relative density values, the specific properties 
were found to be comparable to those of balsa, foams and metallic honeycombs.

KEYWORDS: petiole date palm wood; mechanical properties; glass transition; porosity; damping

SAŽETAK • U radu je predstavljeno eksperimentalno istraživanje morfoloških, kemijskih i mehaničkih svojstava 
drva peteljki palme datulje (PDPW) prikupljenih na sjeveru i jugu Alžira. Te dvije regije imaju vrlo različite kli-
matske uvjete: na sjeveru su vlažni uvjeti (u blizini Sredozemnog mora), a na jugu Biskre klima je polusušna. Kako 
bi se postigao cilj istraživanja, skupljene su velike količine otpada PDPW-a, koje su očišćene i izrezane prema 
normi za svaku vrstu ispitivanja. Na pripremljenim uzorcima napravljena je pretražna elektronska mikrografija, 
infracrvena spektroskopija, dinamička mehanička toplinska analiza i termogravimetrijska analiza te je određen 
sadržaj vode (MC) i upijanje vode (WA) kako bi se odredio učinak različitih okolišnih uvjeta na svojstva PDPW-a. 
Rezultati istraživanja pokazali su da drvo peteljki palme datulje iz južne regije ima visok sadržaj vlakana, što se 
pripisuje njegovoj niskoj poroznosti i izvrsnim mehaničkim svojstvima, a rezultiralo je slabim upijanjem vode. 
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Nasuprot tome, drvo peteljke palme datulje iz sjeverne regije ima veću temperaturu staklišta (Tg) i koeficijent pri-
gušenja. U usporedbi s materijalima podjednake relativne gustoće, utvrđeno je da su specifična svojstva PDPW-a 
usporediva s onima balze, pjene i metalnog saća.

KLJUČNE RIJEČI: drvo peteljke palme datulje; mehanička svojstva; staklište; poroznost; prigušenje

1  INTRODUCTION
1.  UVOD

Wood, a material composed of cellulose, hemi-
celluloses, lignin, and other components, exhibits vis-
coelastic properties. Its use in structural applications 
dates back to ancient times (Dave et al., 2018). Due to 
its renewability, affordability, specific strength, and 
ability to be tailored for various mechanical needs, 
wood is a promising ecological substitute for synthetic 
materials like carbon, glass fiber, and foams. These 
synthetic materials are commonly used in the construc-
tion of bridges, furniture, acoustic panels, and the inte-
rior structures of vehicles and aircraft. Consequently, 
researchers have increasingly focused on exploring 
wood, either independently or as an additive, in recent 
years (Candan et al., 2016). Atas et al. (2010) have 
used the balsa wood as a core of sandwich panels, dem-
onstrating superior impact resistance compared to 
those using polyvinyl chloride (PVC) foam. Sofia et al. 
(2007) conducted a characterization study on cork oak 
wood, suggesting its potential application in solid 
wood structures due to its satisfactory physical proper-
ties. Hassanin et al. (2016) produced particleboards 
based on pine wood particles and polyester resins and 
observed significant increases of 19 % and 311.3 % in 
flexural strength and internal bending strength, respec-
tively, compared to commercial wood particleboards. 

Climate and environmental factors strongly influ-
ence the properties of biomass due to its hygroscopic 
nature (Makarona et al., 2017). Parameters such as 
density, wood species, temperature, water absorption 
(WA), and moisture content (MC) significantly impact 
wood performance (Hamdan et al., 2000). Hence, it is 
crucial to ascertain these factors to ensure the reliabil-
ity of wood applications. Several studies have explored 
the relationship between moisture content and mechan-
ical properties of wood. Oloyede et al. (2000) observed 
that drying wood in an oven at 50 °C increases tensile 
strength, while using a microwave at maximum power 
decreases tensile properties.  However, the moisture 
content and damping properties of specimens were 
proportional during dynamic loading conditions. Ben-
zidane et al. (2018) conducted experimental analyses 
on date palm wood under quasi-static and cyclic load-
ing (fatigue), revealing that cutting wood in different 
directions significantly affects mechanical stiffness 
and dissipative energy. Srivaro et al. (2015) investi-

gated the mechanical properties of oil palm wood in 
sandwich structures and observed that the longitudinal 
fiber direction exhibits greater rigidity compared to the 
perpendicular direction.

When using wood materials for industrial struc-
tures or as reinforcement for polymers, thermal stabil-
ity becomes a crucial parameter to consider. Thermo-
gravimetric analysis (TGA) stands out as the most 
employed technique for assessing the thermal decom-
position of polymeric materials. Typically, the degra-
dation of wood under the influence of temperature in-
volves four main reactions: evaporation of water 
content, decomposition of hemicelluloses followed by 
cellulose, and ultimately, a gradual decomposition of 
lignin over a broader temperature range (Merzoug et 
al., 2020; Maache et al., 2017; Kamperidou, 2021).  

The cross-linking of lignin and the orientation of 
wood grain significantly influence the viscoelastic 
properties of wood materials (Olsson et al., 1992; Plac-
et et al., 2007). The harmonic test, dynamic thermal 
mechanical analysis (DMTA), is one of the high preci-
sion techniques to evaluate the viscoelastic properties 
and the glass transition of materials. Recently, there 
has been a growing interest among researchers in 
measuring the viscoelastic properties of wood materi-
als along their longitudinal direction using DMTA 
(Backman et al., 2001; Li et al., 2021; Li et al., 2023). 
However, there remains a limited amount of research 
concerning the dynamic mechanical behavior of wood 
along different grain directions.

The date palm tree (Phoenix dactylifera), belong-
ing to the palm tree family, is primarily grown for hu-
man consumption. These trees are widespread across 
the Middle East and Northern Africa, with significant 
potential. Globally, there are over 100 million date palm 
trees (Abdal-hay et al., 2012), and each harvest season 
results in approximately 2 million tons of date palm 
wood waste. Despite its lightweight nature (with an av-
erage density of 210 kg/m³), from an economic and en-
vironmental perspective, the utilization of date palm 
wood waste is a promising project. There appears to be 
a lack of investigation into the use of petiole date palm 
wood as a core for sandwich composites (Benzidane et 
al., 2022). However, no reference is found in the litera-
ture regarding the thermophysical, chemical, and dy-
namic mechanical properties of the petiole date palm 
wood. Knowledge of these properties enables the devel-
opment of more effective industrial processes and mate-
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rials. Thus, this research aims to assess the physical, 
thermal, and dynamic mechanical properties of petiole 
date palm wood coming from two distinct environmen-
tal regions. The results found suggest that the PDPW is 
suitable as a core for sandwich composite panels.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Materials
2.1.  Materijali

Around 18 million date palm trees planted in Al-
geria cover an area of 164 695 hectares. The petiole 
wood part is considered a natural unidirectional (UD)-
composite structure. It has an Eiffel’s tower feet shape, 
with a symmetry plane (Benzidane et al., 2018). PDPW 
used in this study was harvested in two different envi-
ronmental growing regions: the first region was the oa-

sis area in the south of Algeria (Biskra), where the cli-
mate is hot and dry. The second region is a humid 
region close to the Mediterranean (Sidi- bel abbes). 
The average age of PDP wood samples ranged from 70 
to 80 years.

2.2  Methods
2.2.  Metode

2.2.1  Morphological analysis
2.2.1.  Morfološka analiza

Microscopic examinations of the PDPW speci-
mens and their interfacial (fiber/matrix) characteris-
tics were conducted using a Tescan Vega3 scanning 
electron microscope (SEM) at 10 kV and 15 kV. The 
specimens were coated with gold and mounted on 
aluminum holders using double-sided electrically 
conducting carbon adhesive tabs before analysis 
(Horiyama et al., 2023).

Figure 1 Date palm tree morphology: a) Date palm trees, b) Zoom on top parts, c) Petiole wood, d) Petiole wood collected
Slika 1. Morfologija stabla palme datulje: a) stablo palme datulje, b) povećani gornji dijelovi, c) drvo peteljke, d) skupljeno 
drvo peteljke

a)

Petiole wood
drvo peteljke drva

Fruit branches
grane s voćem

Fruits
plodovi

b)

c)

d)

Trunk
deblo
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2.2.2  Fourier transfer infrared spectroscopy 
(ATR-FTIR)

2.2.2. Infracrvena spektroskopija s Fourierovom 
transformacijom (ATR-FTIR)

The ATR-FTIR spectra of the PDPW (Northern / 
Southern) were carried out using a Thermo Scientific 
Nicolet iS10 type device with its own quantitative 
analysis software. The spectrum was obtained with a 
scanning speed of 32 acquisitions between 500 and 
4000 cm-1 with a resolution of 2 cm-1.

2.2.3  Physical characterization
2.2.3. Određivanje fizičkih svojstava

Moisture content
The European standard (EN 322) was followed. 

The volume (V) was assessed through the water dis-
placement method and the weights were measured 
both in wet and dry conditions (dried at 103 ± 2 °C). 
PDPW specimens were created with dimension 20 mm 
× 20 mm × 20 mm. The moisture content of both 
PDPW regions (Northern/ Southern) was evaluated us-
ing the following formula.

  (1)

Where, Mh (g) and Mo (g) represent the wet and 
dry masses, respectively.

Water absorption
The water uptake was carried out for PDPW 

specimens for both regions based on ASTM D1037-99 
Standard. First, the wood was dried in oven at (103±2) 
°C until the weight was constant. Next, the weight was 
measured, and it was considered as the initial weight 
when using a numerical balance. Then, the specimens 
were immersed in distilled water (20 °C) and weighed 
at a specific time (24, 48 and 72h). The gain weight 
difference was used for the estimation of water uptake 
of the specimens. The formula below represents the 
water uptake equation used.

  (2)

Where, Wt (g) represents the wet weight speci-
men and Wi (g) represents the oven-dried specimen at 
t=0 time interval.

2.2.4  Thermogravimetric analysis (TGA/
DTA)

2.2.4. Termogravimetrijska analiza (TGA/DTA)

Thermogravimetric analysis was conducted us-
ing a Mettler Toledo TGA/DSC 3+ star system (located 
at the University 8 Mai 1954, Guelma Algeria) under a 
dynamic nitrogen atmosphere heating at room temper-
ature from (20 °C) to 600 °C at a heating rate of 10 °C/
min. Specimens weighing approximately 6 mg were 
used, and their weight changes were measured through-
out the process (Ma et al., 2018).

2.2.5  Dynamic Mechanical Thermal 
Analysis (DMTA)

2.2.5. Dinamička mehanička toplinska analiza 
(DMTA)

Dynamic Mechanical Thermal Analyzer (Hi-
tachi, Japan) located in the “Thermal Analysis Labora-
tory” and “Nanotechnology Laboratory” at Istanbul 
University-Cerrahpasa was used to evaluate viscoelas-

Figure 3 DMTA specimens
Slika 3. Uzorci za DMTA analizu

Figure 2 Measurement steps of MC: a) Normalized specimens, b) Balance, c) Oven drying at 103 °C
Slika 2. Koraci pri mjerenju sadržaja vode: a) pripremljeni uzorci, b) vaganje, c) sušenje u sušioniku na 103 °C

a) b) c)
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tic performance properties of PDPW (North/South) 
specimens. Dimensions of the samples were 50 mm by 
10 mm by 2 mm in both fiber directions (Figure 3). All 
analyses were conducted in dual cantilever mode 
(3-point bending) at a frequency of 1 Hz, with tempera-
tures ranging from 30 °C to 150 °C and an increased 
heating rate of 5 °C/min. Three runs were performed 
for each group (Toubia et al., 2019).

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Morphological analysis
3.1.  Morfološka analiza

Scanning electron micrographs of petiole date 
palm wood (north and south) are shown in Figure 4. 
The transversal surface images of PDPW (northern/ 

southern) showed quasi-unidirectional natural com-
posite materials: technical and bundle fibers reinforced 
tissue parenchyma matrices. The surface of PDPW 
from the northern region exhibits a higher presence of 
holes compared to that from the southern region. How-
ever, the amount of fibers in PDPW from the southern 
region is notably higher than that in PDPW from the 
northern region, which significantly affects physical 
properties, especially density. Figure 4 (c and d) de-
picts the longitudinal surface of PDP woods, clearly 
showing the direction of fibers and their interface with 
the matrix. It is evident that PDPWs exhibits better ad-
hesion between its components compared to PDPWn 
from the northern region. Micro-cracks are observed in 
the inflated parenchyma matrix of PDPW from the 
northern region due to environmental factors, a phe-
nomenon also reported by Benzidane et al. (2018).

Figure 4 SEM images of PDPW from north and south in both grain directions: a) Ox direction PDPW North, b) Ox direction 
PDPW South, c) Oy direction PDPW North, d) Oy direction PDPW South
Slika 4. SEM fotografije PDPW-a iz sjeverne i južne regije u oba smjera vlakanaca: a) Ox smjer PDPW-a iz sjeverne regije, 
b) Ox smjer PDPW-a iz južne regije, c) Oy smjer PDPW-a iz sjeverne regije, d) Oy smjer PDPW-a iz južne regije

a) b)

c) d)
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3.2  Chemical analysis (FTIR)
3.2. Kemijska analiza (FTIR)

The infrared spectroscopy was used to define the 
chemical composition of PDPW of north and south re-
gions as shown in Figure5. Similar peaks of both spec-
tra correspond to northern and southern PDPW without 
deviation (1034, 1240, 1595, 2848, 2925 and 3351), but 
with different intensities. The band groups presented on 
the spectra are associated with hemicelluloses, 
α-cellulose and lignin. For instance, the strong peak at 
1034 cm-1 is associated with the O-H and C-O stretch-
ing mode of polysaccharides in cellulose groups (Ro-
manzini et al., 2012). The band at 1240 cm-1 is related 
to C-O ether, phenol and ester vibration groups, this be-
ing attributed to the presence of waxes, lignin and xylan 
units in the wood surface (Esteves et al., 2013). Further, 
both peaks 2925 and 2848 cm-1 “C-H2 and C-H bands” 
defined the acetyl group from hemicelluloses and cel-
lulose components. A broad and intense peak was ob-
served at 3351 cm-1 associated with hydroxyl groups 
O-H present in the cellulose, water, and lignin structure 
(Gonultas et al., 2018). The transmittance intensity of 

the southern PDPW is the lowest observed, which 
means a lower amount of hydroxyl groups and lignin in 
this wood region compared to the north region.

3.3  Physical analysis
3.3.  Analiza fizičkih svojstava

3.3.1  Water absorption
3.3.1. Upijanje vode

Figure 6 presents the water absorption patterns 
for 24, 48, and 72 hours of PDPWn and PDPWs. The 
PDPWs shows a maximum water absorption rate of  
74 %, which is 3 % higher than that of PDPWn. It 
could be explained by the filling up of capillaries, dif-
fusion phenomena, and the cellular wall of wood. The 
high-water absorption phase was observed after 24h. 
The PDPWs absorbed 69.02 % of water, which was 
higher by 13 % than PDPWn due to the high fiber ratio 
and the presence of fewer holes. The free movement of 
water due to large holes and porosities in PDPWn re-
sulted in a slow water uptake. Next, the immersion 
times of 48 hours and 72 hours showed a small amount 
of water absorption, where the PDPWs saw a slight in-
crease of 5 % and 2 %, respectively, while PDPWn in-
creased by 16 % and 4 %. The process of saturation 
occurs at a slow pace until the wood grain is complete-
ly saturated, including its fibers.

3.3.2  Moisture content
3.3.2.  Sadržaj vode

Moisture content plays a crucial role in the ther-
mal and mechanical properties of polymeric materials, 
especially biomass. Figure 7 presents the evaluation of 
PDPW moisture content of both regions Northern and 
Southern dried at 102 °C for 24 h. Similar curves are 
shown with different values. After one hour of drying, 
a high quantity of water was evaporated from both 
PDPW. In particular, the PDPWn (lost around 12 % of 
its initial weight) due the concentration of water in this 
wood region and the easier movement of water in large 

Figure 5 Fourier transform infrared spectroscopy (FTIR) 
spectrogram of PDPW (North/South)
Slika 5. Spektar PDPW-a (sjever/jug) dobiven infracrvenom 
spektroskopijom s Fourierovom transformacijom (FTIR) 

Figure 6 Water absorption evaluation of PDPW specimens
Slika 6. Rezultati upijanja vode PDPW uzoraka 

Figure 7 Moisture content evaluation of PDPWood specimens
Slika 7. Evaluacija sadržaja vode PDPW uzoraka
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holes of PDPWn. In comparison to PDPWs, the small-
er hole dimensions, good adhesion between fibers and 
matrix, and higher fiber ratio result in less water evapo-
ration. Subsequently, the moisture content gradually 
stabilizes for PDPW of both regions. The moisture 
content of PDPWs was around 17 %, which is 3 % 
higher than that of PDPWn. The morphologies and en-
vironmental factors of PDPW significantly influence 
its moisture content properties.

3.4  TGA/DTG
3.4.  TGA/DTG

In order to study the thermal stability behavior of 
PDPW (Northern/ Southern), all specimens were sub-
jected to heating in the Mettler Toledo TGA/DSC 3+ 
device. Figure 8 (a, b) displays the TGA curve and its 
DTG derivative obtained for the PDPW. Despite show-
ing a similar trend, there were variations in weight loss 
percentages, with PDPWn and PDPWs losing 89.97 % 
and 92.43 % of their initial weight, respectively. Dur-
ing the initial heating of specimens, the water evapora-
tion started at around 40 °C and was completed at 
roughly 128 °C. The same was observed in the case of 
balsa and oak wood (Tranvan et al., 2017; Ceylan et 
al., 2014). The first decomposition stage was attributed 
to water evaporation, accounting for 12.78 % and 11 % 
of weight loss for PDPW from the Northern and South-
ern regions, respectively. Subsequently, an active de-
composition stage was evident, comprising three do-
mains (Figure 8): 1) hemicellulose decomposition, 2) 
cellulose decomposition, and 3) lignin decomposition 
occurring between 405 and 500 °C (Todaro et al., 
2017). The decompositions of hemicelluloses and cel-
lulose presented the major weight loss that occurred in 
the temperature range of 175-405 °C, where PDPWn 
gradually lost 54.87 % of its weight. Regarding the 
PDPWs, a dramatic weight loss of 61.57 % was noted. 
Ceylan et al. (2014) explained that decomposition in 
the temperature range of 180-350 °C is attributed to the 
depolymerization of hemicelluloses and the random 
cleavage of glycosidic linkages of cellulose. In addi-
tion, passive decomposition stages displayed quasi-
constant values associated with lignin residues or char, 
accounting for 32.35 % PDPWn and 27.43 % of  
PDPWs. The products of cellulose degradation contain 
non-degraded fillers and carbon residues (Maache et 
al., 2017). The petiole date palm wood exhibited a sim-
ilar thermal stability compared to that of balsa wood 
(Hellmeister et al., 2021; Marwanto et al., 2021).

3.5  Dynamic Mechanical Thermal Analysis
3.5.  Dinamička mehanička toplinska analiza

Stiffness, damping and glass transition of PDP 
Wood specimens were studied using dynamic mechan-
ical thermal analysis (DMTA). The grain direction and 

Figure 8 Thermogravimetric analysis test results of PDPW 
(north/ south)
Slika 8. Rezultati termogravimetrijske analize PDPW-a 
(sjever/jug) 

Figure 9 Storage modulus of PDPW (north/south) for both 
directions (Ox and Oy)
Slika 9. Modul pohrane PDPW-a (sjever/jug) za oba smjera 
(Ox i Oy)

environment region of specimens were considered as 
relevant parameters for the investigation. The results 
are plotted as storage modulus (E’), loss modulus (E”) 
and loss factor (tan δ).
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3.5.1  Storage modulus (E’)
3.5.1.  Modul pohrane (E’)

The variation of storage modulus as the function 
of temperature for PDP wood specimens at the fre-
quency of 1 Hz is given in Figure 9. The results have 
shown similar curves with different values for the same 
groups (regions). Values of the specimens of perpen-
dicular fiber direction (Ox) were significantly higher 
than those of the corresponding parallel specimens, 
where the higher value of 120 MPa was noted for 
southern wood. Fiber rate, fiber performance and its 
length played a significant role for this property. In the 
case of perpendicular fiber direction (Oy), E’ of PDP-
Ws was considerably more important than that of PD-
PWn (higher by 40 %). This could be due to holes ef-
fect, poor interfacial adhesion (fiber/ matrix) and stat 
of parenchyma. The storage modulus of all specimens 
was unproportioned to the temperature, especially PD-
PWn wood (both directions), where its E’ decreased 
dramatically until 70 °C. This diminution is due to the 
micro-Brownian movement of polymer chains as the 
polymer approaches the glass transition (Ornaghi et 
al., 2011). Plus, due to the augmentation of fully sepa-
rated fibers, fibers are not susceptible to bonding again. 
It is known that PDPWs undergo a gradual diminution 

of E’ before glass transition due to less holes, high fiber 
rate and strong interfacial adhesion (Sreekala et al., 
2005). Below Tg, northern wood E’ was increased 
slightly due to the final evaporation of water from fib-
ers. However, the southern wood continued to diminish 
E’ because the evaporation of water was the same for 
both fiber and parenchyma matrix.

3.5.2  Loss factor (tan δ)
3.5.2.  Faktor gubitka (tan δ)

Loss factor variation of northern and southern 
PDPW for two different fiber directions as the function 
of temperature is shown in Figure 10. Tan δ is ex-
plained by the report of E”/E’ and it can be called 
damping. It was very high in the parallel direction of 
PDPWn (0.33), due to the diminution of E’ when the 
temperature increased. In addition, lower fiber rate and 
the presence of porosities led to free mobility of poly-
mer molecules. Besides, it was observed that PDPWn 
in the perpendicular fibers was damper (higher by 20 
%) than PDPWs in parallel direction even though its 
storage modulus was less than that of PDPWn (Ox). 
Furthermore, no considerable change between the fiber 
direction properties of southern PDPWood was ob-
served. The glass transition of PDPW was similar in 
the case of the same regions (Table 1). In other words, 
the Tg of PDPW was dependent on the environment 
more than on the fiber direction.

4  CONCLUSIONS
4.  ZAKLJUČAK

Due to their lightweight nature and mechanical 
performance, foams, honeycomb structures, and balsa 
wood are widely used in mechanical technology as 
core materials for sandwich structures. However, their 
prices remain one of the major disadvantages. In this 
study, an experimental investigation on the physical, 
thermal and dissipative properties of new bio-mass po-
tential, PDPW “Petiole Date Palm Wood”, from two 
different Algerian regions was conducted. The North-
ern region (Sidi Bel Abbes), located near the Mediter-
ranean Sea, is characterized by a humid and rainy cli-
mate, while the Southern region (Biskra) is a semi-arid 
area with hot and dry weather. The results of this study 
can be summarized as follows: 

SEM images revealed that the morphology of 
PDPW resembles unidirectional composite materials. 
The wood from the southern region exhibited a higher 
fiber content (technical and bundle fibers) compared to 
that from the northern region. Additionally, the pres-
ence of voids was significant in the wood from the 
northern region.

The chemical composition of both PDPW was 
similar but with varying intensity. 

Figure 10 Loss factor vs temperature of PDPW (north/
south) for both directions (Ox and Oy)
Slika 10. Faktor gubitka s obzirom na temperaturu PDPW-a 
(sjever/jug) za oba smjera (Ox i Oy)

Table 1 Glass transition temperature values at 1 Hz and 
damping of PDPW
Tablica 1. Vrijednosti temperature staklišta PDPW-a pri 1 
Hz i prigušenje PDPW-a

PDPW
Fiber 

direction
Smjer vlakana

tan δ Temperature, °C
Temperatura, °C

Northern
sjeverna regija

Ox 0.15 67.7
Oy 0.33 65.43

Southern
južna regija

Ox 0.10 81.44
Oy 0.12 79.55
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There was a small difference (3 %) in moisture 
content between PDPW from both regions, despite the 
different climate conditions. The good interfacial adhe-
sion and high fiber content of PDPW from the southern 
region led to gradual water evaporation compared to 
that from the northern region. For the latter, the pres-
ence of porosities facilitated easier water evaporation. 
Additionally, both PDPW types exhibited significant 
initial water absorption, especially in the case of PDP-
Ws, due to their hydrophilic nature. Subsequently, fiber 
water absorption occurred.

The dissipative test was carried out on PDPW 
specimens for two different fiber directions (Ox and 
Oy) using DMTA. Due to the morphology of PDPWs 
(good interfacial adhesion, less voids and high fiber 
rate) and fiber properties, the storage modulus in per-
pendicular direction (Ox) was higher than in parallel 
(Oy) direction by 41 % for PDPWs and by 65 % for 
PDPWn. From a loss factor point of view, the fiber di-
rections (perpendicular and parallel) were more affect-
ed by damping than by environmental regions.  

The results of this study suggest that PDPW has 
the potential to be used as a sandwich core material in 
automotive, furniture, and boat interior structures.
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ABSTRACT • This study will be important in reducing water pollution, especially by not using chemical agents 
in the dyeing process and using organic mordant in the paper dyeing process. The cationic starch (CS) is also used 
as a mordant. CS increases the dry strength properties of the paper as well as the dye adhesion, and it is important 
in terms of providing two functions to an additive at the same time. In this study, natural dyestuff was obtained from 
Turkish red pine (Pinus brutia Ten.) bark by boiling in water, and bleached eucalyptus pulp was dyed. CS, which 
can increase the paper dry strength, was used as a mordant in the dyeing process. CS was mixed with distilled wa-
ter in a hot water bath at (95±2) ºC and gelled. Thanks to 1.5 % CS addition, the tensile index increased by 38 %. 
With the addition of dyestuff, the papers became red and yellow. Adding CS and increasing the amount of dyestuff 
darkened the tone of these colors. However, CS addition was more effective than increasing the amount of dyestuff. 
That is to say, increasing the amount of dye alone in CS-free papers was not as effective as in CS-added papers.

KEYWORDS: Turkish red pine bark; organic dyestuff; starch; mordant; UV-∆L

SAŽETAK • Rezultati ove studije važni su za smanjenje onečišćenja vode, posebice zato što se u procesu bojenja 
papira ne rabe kemijska sredstva, kao i zato što se pritom kao organski fiksator upotrebljava kationski škrob (CS). 
On povećava svojstva čvrstoće suhog papira, kao i fiksiranje bojila, a važan je u smislu ostvarivanja dviju funkciju 
aditiva istodobno. U ovom je istraživanju prirodno bojilo dobiveno iz kore turskoga crvenog bora (Pinus brutia 
Ten.) kuhanjem u vodi, a njime je obojena izbijeljena pulpa eukaliptusa. Kationski škrob, koji može povećati čvr-
stoću suhog papira, poslužio je kao fiksator u procesu bojenja. Kationski je škrob pomiješan s destiliranom vodom 
u vrućoj vodenoj kupelji na (95 ± 2) ºC i želiran. Zahvaljujući dodatku 1,5 % kationskog škroba, vlačni indeks 
papira povećao se za 38 %. Nakon dodanog bojila papiri su postali crveni i žuti, a uz dodatak kationskog škroba i 
s povećanjem količine bojila ton boje postao je tamniji. Međutim, dodavanje kationskog škroba bilo je učinkovitije 
od povećanja količine bojila, tj. pokazalo se da povećanje količine bojila u papirima bez kationskog škroba nije 
dalo tako dobre rezultate kao u papirima s dodatkom kationskog škroba.

KLJUČNE RIJEČI: kora turskoga crvenog bora; organsko bojilo; škrob; fiksator; UV-∆L
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1  INTRODUCTION
1.  UVOD

The substances found in nature are in different 
colors because their structures refract light at different 
angles. Many materials are used for recoloring for vari-
ous reasons. The process of converting one color to an-
other is done with dye or dyestuff. Dyestuffs are grouped 
into two main groups: natural and synthetic origin. Nat-
ural dyestuffs are obtained from plants, animals, and 
minerals. Natural dyestuffs obtained from plants and 
animals are renewable and therefore sustainable. 

Dye is applied to a surface with a binder that can 
dry out, with brushes or spray guns. It can be removed 
from the applied surface by scraping. Dye is a colored 
substance that chemically bonds to the substrate to 
which it is applied (Devi, 2014). Dyestuff, on the other 
hand, is the substance used in the coloring of objects 
(fabric, fiber, etc.), and it cannot be removed by scrap-
ing (Önal, 2000). 

Cellulose is known for its low affinity for anionic 
entities and therefore cannot form strong bonds with 
most natural dyes without mordant. The fact that the 
mordant used is cationic improves the aforementioned 
negative properties (Bechtold and Mussak, 2009). 

The use of mordant in dyeing textile products 
with natural dyestuffs is common, with aluminum and 
iron salts, acids, and various minerals being preferred. 
By obtaining dyestuff from onion skin (Allium cepa L.) 
and using various metal salts as a mordant, high-fast-
ness dyeing of hairy leather and cotton fabric has been 
carried out (Eser and Önal, 2010). Wool fabric was 
dyed with the dyestuff obtained from red pine bark. It 
has been stated that light, washing, and rubbing fast-
ness are at the desired level and in usable condition 
(Akpınarlı and Yalçın, 2012). It has been emphasized 
that cotton fabrics are dyed in the presence of metal 
salts as a mordant with the dyestuff obtained by etha-
nol extraction from the pomegranate peel, and the 
colorfastness, washing fastness, and friction fastness of 
these fabrics are satisfactory. They also stated that this 
dyestuff can be used instead of banned arylamine dyes 
(Kulkarni et al., 2011). Metal salts, aloe vera, and lem-
on juice were used as mordants in dyeing the cotton 
with dyestuff obtained from onion skin extract. It was 
stated that the best color yield was obtained with lemon 
juice mordant (Zubairu and Mshelia, 2015). Organic 
cotton fabrics were dyed with dyestuff from madder 
root, walnut shell, henna, horse chestnut, pomegranate 
peel, berberis vulgaris root, thyme, and sage tea. The 
color and fastness properties obtained from the dyed 
organic cotton fabrics were between good to excellent 
(Tutak and Korkmaz, 2012). In a study, the effect of 
different amounts of metals on the coloring scale of the 
pigments was investigated. For this purpose, the reac-

tion of the dyestuffs present in buckthorn with 
aluminum(III), iron(II), and tin(II) was used to prepare 
natural pigments (Deveoglu et al., 2009). Natural yel-
low pigments from the hemp (D. cannabina L.) dye 
plant were prepared by using KAl (SO4)2·12H2O 
(alum), FeSO4·7H2O and SnCl2·2H2O mordants (De-
veoglu et al., 2012). It has been reported that alum mor-
dant is more suitable to accompany Turkish red pine 
bark extract in natural extract dyeing with one excep-
tion (flax); however, the use of oak ash natural mordant 
is beneficial when completely eco-friendly dyeing is 
desired (Avinc et al., 2013). The enzymatic dyeing of 
Ferrulic Acid provides fabrics with multifunctional 
properties of antioxidant activity, UV protection, and 
deodorization (Sun et al., 2015). A study used Pistacia 
vera hulls by-product extract as a dyestuff. Dyed sam-
ples exhibited good fastness to washing, rubbing, and 
light (Syrine et al., 2020).

Onion peel, henna, pomegranate, pomegranate 
peel, and rose petals were extracted to produce natural 
dyestuffs. Alum was used as a mordant in dyeing the 
paper by dipping the paper into the dyestuff. Henna-
dyed samples showed the highest color stability after 
aging in dyed papers, while pomegranate-dyed sam-
ples showed the least color stability (Çakar, 2012). A 
study extracted the dyestuff from eucalyptus bark with 
distilled water at different temperatures and stated that 
the dyestuff they obtained at the boiling temperature 
provided the best relative color strength in cotton dye-
ing (Ali et al., 2006).  

In a study, dyestuff obtained from elderberry 
(Sambucus nigra) plants seeds used paper pulp dyeing 
by using alum as a mordant. It has been reported that 
dyestuff adhesion in papers obtained from pulps with-
out mordant additions is weaker than in those with 
mordant additions (Gençer and Can, 2016). Wild cher-
ry (Cerasus avium L.) tree bark extract is used as a 
dyestuff in paper production (Gençer et al., 2019a). It 
has been stated that the UV resistance of the papers us-
ing alum as a mordant is high. The dyestuff obtained 
from the bark of wild cranberry (Cornus australis L.) 
was used to dye the pulp obtained from the mixture of 
waste papers of various origins. It has been reported 
that color homogeneity is achieved in the papers ob-
tained from the mixture (Gençer et al., 2019b). In a 
study to determine the dyestuffs used in manuscripts of 
the 15th century, non-destructive analyses were carried 
out with µXRF, Raman, and FTIR spectroscopy. Sam-
ples were taken from the fragments of these artifacts, 
and chromatographic analyses were performed. It was 
concluded that these papers were colored with Isgin 
(Rheum ribes L.) based on the compounds detected 
(Çakar, 2019). 

Cellulose and hemicelluloses contain hydroxyl 
and carboxyl groups. They carry a negative charge due 



Gençer, Keşmer, Kılıç Pekgözlü, Bebekli, Can, Ceylan: Using Dyestuff Obtained from Turkish Red Pine Bark Combined...

 75 (4) 441-448 (2024) 443 

to the carbonyl and carboxyl groups formed by the 
bleaching process (Eroğlu, 1989). Cationic groups in 
cationic starches have a positive charge effect on 
starch; showing interest in hydroxyl groups in cellu-
lose, fiber-starch-fiber bonds are formed, and these 
bonds may be stronger than fiber-fiber bonds. In addi-
tion, very thin fibers remain on the paper surface like 
fluff due to the effect of static electricity charges, caus-
ing fluff. These papers run the risk of scattering the ink 
and losing dyeing homogeneity. Using starch, fine fib-
ers are also drawn to the surface, making the paper sur-
face smoother. Starch thermal properties and morpho-
logical structure vary according to the source from 
which it is obtained. It was stated that the granular 
structure of potato starch is larger than that of corn and 
cassava starch, and it is easier to gel with temperature 
(Abdullah et al., 2018). In paper production, cooking 
gelatinization of starch is more effective, and it has 
been stated that potato starch is more effective than corn 
starch. Starch mixed in the Hollander tends to separate 
from the fibers with a mechanical effect. The starch is 
fixed to the paper by making a strong bond only after 
drying. This is because starch is not a wet-strength 
agent. In a study, 1.5 % CS obtained from potato was 
added to the pulp to produce paper from softwood. It 
was stated that there was a 64 % increase in the tensile 
index in the obtained CS-added papers compared to the 
control samples, and there was no significant difference 
when increasing the starch ratio (Gülsoy, 2014).

In a study regarding the morphologic properties 
of Eucalyptus pulp fibers, length (0.70–0.84 mm) and 
width (18.0–19.1 µm) were specified, and it was stated 
that papers with good mechanical properties could be 
obtained (Flávia Morais et al., 2019). Unbleached pulps 
are difficult to dye because they contain lignin and other 
impurities. Because of these impurities and lignin, UV–
Vis measurements of paper may include systematic er-
rors (Małachowska et al., 2020). On the other hand, 
bleached and high white pulps are easier to dye than 
other pulps. The bleached pulp was chosen to accurate-
ly determine the effect of dyestuff and mordant. 

For a substance to be considered a dyestuff, it 
must be colored and tightly coupled to the fiber. Red 
pine bark contains Oligomeric Proantho Cyanidin 
(OPC). It has been reported that the ratio of OPC is 
high in the dyestuff that can be separated from the bark 
of red pine (Demir and Demir, 2012).

In Türkiye, 8,433,852 m3 debarked Turkish red 
pine logs were produced in 2019 (OGM, 2020). The 
red pine bark remaining from this production is left to 
rot in the forests. Turkish red pine bark is burned after 
peeling to obtain energy. Although incineration is seen 
as a solution to energy production and removal of 
waste bark, emissions released into the atmosphere and 
some substances that pass into the ash can be problem-

atic in terms of gas and solid waste disposal. For this 
reason, waste should be converted into useful products 
instead of incinerated. This will help reduce environ-
mental pollution and positively affect the ecological 
balance.

Dyes are used traditionally or industrially to 
manufacture textiles, wood, and paper. In studies made 
from plant-derived dyestuffs, parts of plants containing 
chromophores such as bark, leaves, and flowers are 
used. Due to the low affinity of cellulose towards ani-
onic substances, it must be cationic loaded in case of 
dyeing with natural dyestuffs. For this purpose, mor-
dant is used. Most natural yellow colors are hydroxy 
and methoxy derivatives of flavones and isoflavones. 
Yellow dye mordants were noted to be tin, alum, and 
chrome (Vankar, 2000). Wastewater treatment from the 
metal mordants used is very costly. In addition, metal 
in products dyed for human use adversely affects hu-
man health. Instead of metal salts used as mordant in 
the literature, the dual advantage of using cationic 
starch, an organic substance, has been considered in 
this study. This paper aims to improve the paper dry 
strength properties, while increasing the dyestuff adhe-
sion in the papers to be obtained in this way.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Materials
2.1.  Materijali

In this study, the pulp was dyed with natural dye-
stuff obtained from Turkish red pine (Pinus brutia 
Ten.) bark. In Turkey, the bark cut from coniferous 
trees is left in the forest after being debarked. For this 
reason, in our study, no trees were cut for bark produc-
tion, and the waste bark remaining from log production 
was used. The Turkish red pine bark was taken from 
Türkiye’s 35.33 longitude and 36.97 latitude region 
right after the tree was cut. The bark was ground and 
dried at room temperature, sieved, and the remaining 
part of the 60 mesh sieve was used. The high lignin 
concentration in the paper can even suppress some 
degradation pathways In unbleached pulps, the color of 
the pulp turns brown depending on the lignin ratio. 
Therefore, bleached Kraft pulp (21ºSR) obtained from 
eucalyptus (Eucalyptus grandis) wood was used.

2.2  Methods
2.2.  Metode

In our study, the 25 g bark sample was mixed with 
500 ml of distilled water in a 1000 ml beaker and heated 
in a thermostated hot water bath with a sensitivity of  
±2 ºC for 4 hours at 82 ºC and mixed with a glass ba-
guette every 15 minutes. At the end of the process, the 
mixture was cooled at room temperature, filtered, and 
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made ready for use as dyestuff. The adhesive properties 
of CS adequately modified are better than those of natu-
ral starch. Modifying starch with different methods can 
even help adapt it, by considering its properties, for ap-
plications in areas such as food and papermaking. (Bis-
mark et al., 2018). Potato was the source of CS used as 
a mordant in the study. However, writing and printing 
processes have low ink and chemical costs (Hassaan 
and Nemr, 2017). The starch ratio was taken as 1.5 % 
by weight of the oven dry pulp. To prepare the starch 
solution, 500 ml of distilled water was poured into a 
1-liter beaker, 3.6 g of CS was added and mixed in a hot 
water bath at (95±2) ºC and gelled. To obtain ten hand-
sheets, 50 ml of gelled starch suspension was added and 
mixed in the mixer. In this case, 0.036 g of completely 
dry starch is added to 2.4 g of paper. Then, using a lab-
oratory-type Rapid Köthen paper machine, paper 
groups with (75±2) g/m2 were obtained according to 
ISO 5269-2 standard (ISO 5269-2, 2013).

The papers obtained were conditioned according 
to TAPPI T 402 sp-03 (2003) standard. The tensile 
properties of the paper are measured according to the 
TAPPI T 494 om-01 (2001) standard. 

The morphological features of the papers and 
how the starch forms a bridge between the fibers were 
visualized in SEM. By measuring the ∆L, ∆a, ∆b, and, 
∆E values of the obtained paper groups after UV, the 
dyestuff ratio and the effect of cationic starch were de-
termined. Test sample color measurements before and 
after accelerated aging were made with Konica Minol-
ta CD-600 colorimeter in accordance with ISO 7724 
standard (ISO 7724-1, 2, 3, 1984). Accelerated weath-
ering (50 ºC, 0.75 W/m2) test was carried out on Q-
Panel Lab Products instrument according to Eser and 
Önal, 2015. The dyed paper aging (UV) treatment was 
applied at four time intervals: 24, 48, 96, and 120 
hours. The tests were carried out at 50 ºC while UV 
treatment was applied; no other conditioning process 
was applied.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Morphological analysis
3.1.  Morfološka analiza

A low L* value means a high dye yield. Compared 
to the reference sample, a higher L* value indicates a 
brighter appearance and lighter color, while a lower L* 
value indicates a duller and darker color. Paper groups 
and their L*a*b* values are given in Table 2.

In the samples without starch and dyestuff, yel-
low was at low values, and red was not observed. The 
red color was also observed with the addition of dye-
stuff, and the red and yellow color tone became darker 
with the increase in the amount of dyestuff. These 
colors are even darker in the samples with the same 
amount of dyestuff with starch added. The low L value, 
proof of dye adhesion, showed a rapid decrease with 
adding 50 ml of dyestuff. The lower L value of the 
same amount of dyestuff-added papers with starch add-
ed is proof that starch increases dye adhesion. As the 
amount of dyestuff was increased by more than 50 ml, 
the decrease in L value was not much. Therefore, the 
optimum value of the amount of dyestuff can be ac-
cepted as 50 ml. This is also seen in the red color 
change. There is an increase in yellow-colored CS-
added papers samples at high dyestuff usage. This is 
because starch increases adhesion. This is also con-
firmed by the fact that the yellow color of C2 is more 
dominant than the green. After the UV treatments, the 
color measurements of the dyed papers were made by 
spectroscopy. The results obtained from the color 
measurements are shown in Table 3.

Table 3 shows that the yellow color (+∆b*) 
turned into blue color (-∆b*) after 24 hours of UV ap-
plication on papers dyed with mordant-free dyestuff. In 
papers using cationic starch, the color transformation 
occurred after 96 hours. This shows that starch is effec-
tive as a mordant and that its UV resistance is greater 

Table 1 Paper groups; suspension was mixed by mixer at low speed
Tablica 1. Skupine papira (suspenzija je malom brzinom izmiješana u mikseru) 

Groups / Skupine Abbreviation
Kratica Explanation / Objašnjenje

Control 1 / kontrolna skupina 1. C1 Test papers were made without starch and dye 
ispitni papiri bez škroba i bojila

Control 2 / kontrolna skupina 2. C2 Starchy papers were obtained by adding only gelled CS
papiri s dodatkom samo želiranoga kationskog škroba

Only dyed papers
samo obojeni papiri

D50 50 ml of dyestuff was added
s dodatkom 50 ml bojila

D100 100 ml of dyestuff was added
s dodatkom 100 ml bojila

Dyed CS-added papers
obojeni papiri s dodatkom  
kationskog škroba

D50+CS 50 ml of dyestuff and 1.5 % of CS were added
s dodatkom 50 ml bojila i 1,5 % kationskog škroba

D100+CS 100 ml of dyestuff and 1.5 % of CS were added
s dodatkom 100 ml bojila i 1,5 % kationskog škroba
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for 72 hours. When ∆a values were examined, it was 
observed that the results were negative (-). It has been 
determined that the values of paper groups using starch 
are higher, especially when adding the same amount of 
dyestuff. The increase in ∆a values to minus (-) indi-
cates that the colors of post-UV dyed papers move to-
wards darker shades of green. In a study conducted on 
onion skin dyestuff, after 12 days of aging, the a* value 
increased and shifted from green to red (Akyol and Ça-
kar Sevim, 2023).

A decrease in the ΔE value means that the com-
pared colors are getting closer, and an increase in its 
value means that the colors are moving away from 
each other. It was determined that the lowest/highest 
∆E* values of 50 ml dyed and starch-free papers were 
1.24/4.74, respectively. It was observed that ∆E values 
increased as UV duration increased. Therefore, as the 
aging time increased, the colors diverged from each 
other. It was determined that D50+CS paper groups 
had a score of 4.17, and D100+CS had a score of 4.66.  

Table 2 Paper groups and their L*a*b* values
Tablica 2. Skupine papira i njihove L*a*b* vrijednosti

Paper groups
Skupine papira

Dyestuff, ml
Bojilo, ml

Cationic starch, %
Kationski škrob, % L* a* b*

Control 1 (C1)
kontrolna skupina 1. (C1) 0.0 0.0 91.58 -0.14 2.16

Control 2 (C2)
kontrolna skupina 2. (C2) 0.0 1.5 89.31 -0.38 3.34

Only dyed papers (D50)
obojeni papiri (D50) 50 0.0 76.45 8.46 14.49

Starchy dyed (D50+CS)
obojeni papiri uz dodatak 
škroba (D50+CS)

50 1.5 70.96 9.56 16.55

Only dyed papers (D100)
obojeni papiri (D100) 100 0.0 75.73 9.00 15.50

Starchy dyed (D100+CS)
obojeni papiri uz dodatak 
škroba (D100+CS)

100 1.5 70.20 9.77 20.18

Table 3 ΔL*Δa*Δb* values after UV treatment
Tablica 3. Vrijednosti ΔL*Δa*Δb* nakon UV tretmana

Paper groups
Skupine papira

UV, hours
UV, sati ∆I* ∆a* ∆b* ∆E*

Control 1 (C1)
kontrolna skupina 1.

24 -0.33 -0.14 0.61 0.99
48 0.38 -0.18 -0. 10 0.77
96 0.90 -0.17 -0.23 0.87

120 1.40 -0.15 -0.40 1.20

Control 2 (C2)
kotrolna skupina 2. (C2)

24 0.98 -0.75 1.51 0.90
48 1.20 -0.83 1.00 0.86
96 2.34 -0.88 -1.60 1.34

120 2.61 -0.90 -2.78 1.54

Only dyed papers (D50)
obojeni papiri (D50)

24 2.69 -2.44 -0.11 1.24
48 5.29 -3.73 -1.62 2.21
96 8.49 -5.46 -3.15 4.02

120 9.45 -5.60 -3.87 4.74

Starchy dyed (D50+CS)
obojeni papiri uz dodatak 
škroba (D50+CS)

24 3.00 -2.70 2.04 4.17
48 5.53 -3.10 0.30 6.48
96 8.60 -5.27 -3.16 10.58

120 9.55 -5.63 -3.89 11.50

Only dyed papers (D100)
obojeni papiri (D100)

24 4.24 -3.18 -1.02 2.55
48 5.63 -3.43 -1.51 3.10
96 7.68 -5.50 -2.33 9.25

120 9.61 -6.10 -3.00 11.40

Starchy dyed (D100+CS)
obojeni papiri uz dodatak 
škroba (D100+CS)

24 4.24 -3.25 2.51 4.66
48 5.63 -3.43 1.02 5.85
96 7.68 -5.50 -2.33 10.42

120 9.61 -6.10 -3.00 11.61
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Figure 1 shows the FTIR results of the obtained 
papers.

Figure 1 shows that there is no difference be-
tween the papers along the x-axis. It can be seen that 
there are differences in the y-axis due to the difference 
in color tones. In the figure, the formation of a higher 
peak in the same wavelength range as the amount of 
dyestuff increases is due to intensity. This is because 
there are darker shades of the same color.

It is seen that the addition of dyestuff does not 
affect the tensile effect of the paper. The reason for this 
can be explained by the fact that dyestuffs do not have 
a positive effect because they are not dry-strength sub-
stances, they are not the size of a filler, and they do not 
harm the connection between fibers.

Figure 2 shows the surface SEM image of the 
gelled cationic starch (GCN) added paper obtained at 
27 ºSR from bleached pulp obtained from eucalyptus 
wood by the Kraft method.

The polar hydroxyl groups present in starch in-
crease the strength of the paper by forming ‘fiber-
starch-fiber’ bonds with the hydroxyl groups in cellu-
lose fibers (Casey, 1960). Figure 2 shows that starch 
settles in the space of the paper and forms an interfiber 
bridge there. In our study, there was a 38 % increase in 
tensile index with the addition of 1.5 % cationic starch, 
thanks to the bonds made by cationic starch in contact 
with at least four (1-2-3-4) fibers at the same time on 
the visible surface. Additionally, it is noteworthy that it 
fills the space between fibers. This will also have a 
positive effect on increasing surface smoothness. In 
addition, the roughness of the starch surface due to ge-
lation increases the contact area. In the literature, it is 
stated that the average tensile index of papers produced 
at 27 0SR from bleached eucalyptus pulp without a dry 
strength agent is 41.3 Nm/g (Gonzàlez et al., 2012). 
This study determined the tensile index as 44 (N∙m/g) 
in starchless paper groups at 21 0SR. The difference 
occurs with the increase in the amount of beating.

4  CONCLUSIONS
4.  ZAKLJUČAK

When starting this study, the aim was to provide 
an alternative dyeing to synthetic dyes and inorganic 
mordants in paper dyeing. For this purpose, Turkish 
red pine bark extract was chosen as the natural dyestuff 
in paper dyeing. Cationic starch was used as a mordant. 
It aimed to increase the dry strength properties of the 
paper with the same mordant while increasing the dye 
adhesion by taking advantage of its adhesive properties.

The degree of paint adhesion is the ∆L* value. 
The fact that this value is higher than the control sam-
ples means that adhesion increases. ∆L* values in pa-
per groups obtained using Turkish red pine bark extract 
and cationic starch together are significantly higher 
than in paper groups without cationic starch. This is 
because starch works well as an organic mordant. 
There was no significant increase in ∆L* values by in-
creasing the amount of dyestuff from 50 ml to 100ml in 
mordant samples. Therefore, the optimum amount of 
dyestuff can be considered to be 50 ml. When ∆b val-
ues are examined, it has been observed that it gives 
different results than ∆a* values. At ∆E* values, it was 
determined that the average of starch paper groups was 
248.70 % higher than the average of non-starch paper 
groups. It has been observed that cationic starch, to-
gether with the natural dyestuff of Turkish red pine 
bark, adheres well to the paper pulp. The use of cati-
onic starch has made a significant difference in the ad-
hesion of the natural dyestuff of Turkish red pine bark 
to papers produced from wood pulp before UV and 
after UV and in increasing the durability of the paper. 
These findings will contribute to the literature and be 
useful to future studies.
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Figure 1 FTIR results of samples
Slika 1. Rezultati FTIR-a

Figure 2 SEM images of samples (GCS – Gelled cationic 
starch, 1, 2, 3, 4 – Gelled cationic starch bridges with fibers)
Slika 2. SEM slike uzoraka (GCS – želirani kationski škrob, 
1, 2, 3, 4 – želirani kationski škrobni mostovi s vlaknima)
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In this study, it was seen that natural wastes such 
as Turkish red pine bark can be converted into benefits 
and, if used, become an important biomass. We believe 
that Turkish red pine bark can be used in the board in-
dustry or agricultural applications since it does not lose 
significant mass after obtaining natural dyestuff.
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ABSTRACT • The wood mechanical properties of Cola pachycarpa K Schum. were investigated within one of 
the tropical rainforest ecosystems of Rivers State. Three mature wood stands of Cola pachycarpa were harvested 
and used for the study. Samples of wood were collected from each of the different sections of the tree: the base  
(10 % height), middle (50 % height), and top (90 % height) along the axial plane. These samples were then divided 
into innerwood, corewood, and outerwood based on their radial position. Afterwards, the samples underwent oven 
drying until they reached a moisture content (MC) level of 12 %. The study was conducted using a 3 × 3 nested 
design in a completely randomized design (CRD). In cases where there were significant differences, the Duncan 
multiple range test (DMRT) was employed to separate the means. The results revealed that the MOR mean value 
was 5.89 N/mm2 with an increase from top to base along the axial plane and with an increase from outer to in-
ner wood across the bole of the tree radially. The MOE mean value was 810.87 N/mm2 and it showed an increase 
from the base to the top axially, with an increase from the outer to inner wood radially. The mean value of CS//G 
recorded 34.62 N/mm2. It showed that there was an increase from base to top across the grain radially, and an 
increase from outer to inner wood. The findings of this study offer quantitative data on the potential use of Cola 
pachycarpa wood, which could be competitive with other well-known wood species and serve as a good replace-
ment for commercially overexploited wood species.

KEYWORDS: Cola pachycarpa; mechanical properties; axial plane; radial plane

SAŽETAK • U radu su istražena mehanička svojstva drva Cola pachycarpa K Schum., uzetoga iz jednog od 
ekosustava tropske prašume u saveznoj državi Rivers. Tri zrela stabla drva Cola pachycarpa posječena su i 
iskorištena za istraživanje. Uzorci drva pripremljeni su iz različitih dijelova stabla: iz baze (na 10 % visine), sa 
sredine (na 50 % visine) i s vrha (na 90 % visine) duž aksijalne osi. Ti su uzorci na temelju njihova radijalnog 
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položaja zatim podijeljeni na uzorke iz unutarnje, srednje i vanjske zone. Uzorci su sušeni u sušioniku do sadr-
žaja vode (MC) od 12 %. 
Istraživanje je provedeno uz pomoć 3 × 3 potpuno randomiziranog dizajna (CRD) studije. Ako su postojale znat-
nije razlike, za razdvajanje srednjih vrijednosti primjenjivan je Duncanov test višestrukih raspona (DMRT). Re-
zultati su pokazali da je srednja vrijednost MOR-a iznosila 5,89 N/mm2, s porastom od vrha prema dnu debla u 
uzdužnom smjeru i s porastom od vanjske prema unutarnjoj zoni u radijalnom smjeru debla. Srednja vrijednost 
MOE-a bila je 810,87 N/mm2 i povećavala se od dna prema vrhu u uzdužnom smjeru te od vanjske prema unutar-
njoj zoni u radijalnom smjeru debla. Srednja vrijednost CS//G iznosila je 34,62 N/mm2, s porastom od dna prema 
vrhu u uzdužnom smjeru i od vanjske prema unutarnjoj zoni u radijalnom smjeru debla. Rezultati ove studije nude 
kvantitativne podatke o potencijalnoj uporabi drva Cola pachycarpa, koje bi moglo konkurirati drugim poznatim 
vrstama drva i poslužiti kao dobra zamjena za komercijalno prekomjerno iskorištavane vrste drva.

KLJUČNE RIJEČI: Cola pachycarpa; mehanička svojstva; aksijalna ravnina; radijalna ravnina

1  INTRODUCTION
1.  UVOD

Wood is a biological structure whose complexity 
is based on several cell kinds and chemistries working 
together to meet the demands of living plants (Wieden-
hoeft, 2010). Wood has been used for centuries and 
decades for so many things ranging from furniture, 
structural, construction, acoustics, biofuel, etc. It is an 
indispensable material for people, and as such it is used 
for many utility and industrial purposes. Wood has a 
variety of qualities/properties originating from differ-
ent wood species and within the same wood species 
due to varying factors and/or characteristics of wood. 
This is why wood species are classified based on their 
mechanical/strength properties thus providing timely 
information to science, wood-based industries, etc. 
Kretschmann (2010) opined that due to the dissimilar-
ity of structural traits in wood, it helps to ascertain the 
mechanical attributes which in turn affect its potential 
for use. The modulus of rupture (MOR), which is also 
known and called the flexural strength of wood, is the 
load-carrying capacity (LCC) of a member. It measures 
the wood ability to resist deformation under bending. 
This property is essential in determining the structural 
integrity and suitability of wood for various applica-
tions. In contrast, the modulus of elasticity (MOE) 
quantifies the stiffness and stress-resiliency of wood. 
This property is crucial for figuring out how wood be-
haves under load, and whether it is appropriate for a 
given structural application. The resistance of wood to 
deformation when force is applied along the direction 
of the wood fibres is known as wood compressive 
strength parallel to the grain.

The African tropical sub-regions are home to 
many important edible tree species that have vast utili-
tarian potential and are rarely tapped. Cola pachycarpa 
happens to be one of them. Cola pachycarpa belongs 
to the Cola genus in the Malvaceae family and is a 
lesser-known plant species. In Nigeria, its fruits are 
recognized as edible, although it should be noted that 

the seeds within the fruit are not suitable for consump-
tion like the commonly known “Kolanut” from the 
Cola genus (Jonny and Bassey, 2020). It is a forest tree 
which is over 30 feet high, little-branched with pale red 
flowers and white within. It is also, known as and com-
monly called Monkey or Bush Kola. Ogbu and 
Umeokechukwu (2014) asserted that Monkey Kola, 
also known as Cola pachycarpa, Cola lepidota, and 
Cola lateritia, are native tree species in the tropics 
originating from West Africa. 

Despite their abundance, these edible wild rela-
tives are underutilized. This underutilized indigenous 
tropical edible tree species is commonly consumed and 
relished by Nigerians and the Cameroons. It was re-
ported by Anya (1982) that the south-eastern part of 
Nigeria has a wide array and diversity of Cola pachy-
carpa and other Cola spps. They are regarded as one of 
the epicentres for the early domestication of these for-
est tree species. 

The aim of this work is to fill the knowledge gap 
regarding the mechanical properties of wood in most 
fruit tree species, with a focus on Cola pachycarpa. The 
goal is to better understand this fruit and food tree char-
acteristics, as well as the possibilities of its utilization in 
construction works and plantation establishment.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Study area
2.1.  Područje istraživanja

The research was carried out in Rivers State, lo-
cated in the South-South region of Nigeria (Figure 1). 
The state is primarily focused on agricultural activities 
and has a land area of approximately 11,077 km2 (4,277 
sq mi), which places it as the 26th largest state in Nige-
ria. It is situated along the coastal plain of the eastern 
Niger Delta, extending towards the ocean from the 
Benue Trough. Rivers State is primarily known for the 
many rivers that run through it, such as the Bonny Riv-
er. It lies between 4°45′N 6°50′E North of the Equator. 
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Its surface geology consists of predominantly fluvial 
sediments. Rivers State experiences heavy, erratic, and 
seasonal rainfall. The average yearly temperature in the 
State stands at 26 °C.The hottest period is from February 
to May. For the majority of the year, relative humidity 
ranges from 90 % to 100 %, seldom falling below 60 % 
(Niger Delta Budget Monitoring Group, 2022). Specifi-
cally, wood species samples of Bush Kola (Cola pachy-
carpa) were obtained from Kpite, Bunu Tai in Tai LGA 
in Rivers State, Nigeria bordering between latitude:  
4° 42’ 59.99”N, longitude: 7° 17’ 60.00” E.

2.2  Sample preparation
2.2.  Priprema uzoraka

Three trees of Cola pachycarpa were selected 
due to their good quality. Measurements were taken for 
both the length and diameter of the chosen trees. Three 
samples of bolts (logs) were taken from the base (10 % 
height), middle (50 % height), and top (90 % height) of 
the trees along the axial plane or merchantable height 
(Figure 2). Bolts were taken to the sawmill workshop 
for conversion and divided into six equal zones: la-
belled 1 to 6 from bark to bark. Sections 1 and 6 formed 
the outerwood portion, section 2 and 5 formed the 
corewood, and 3 and 4 formed the innerwood portion 

in-line with the recommendations of Aguda et al., 
(2020). The sawn wood samples were further cut and 
trimmed to the specified dimensions of 20 mm × 20 
mm × 60 mm and 20 mm × 20 mm × 300 mm for test-
ing the mechanical properties. The blocks were pre-
pared for testing by undergoing a process of drying and 
sterilization in an oven until reaching a constant weight 
at (103±2) °C for a duration of 24 hours. The weight of 
each wood sample was first measured, both when wet 
and dry in an oven, before being placed in a sealed ny-
lon bag to avoid moisture absorption. 45 test samples 
were taken from each tree, with dimensions of 20 mm 
× 20 mm × 60 mm, totalling 135 samples. An addi-
tional 45 test samples were collected with dimensions 
of 20 mm × 20 mm × 300 mm, also totalling 135 sam-
ples, resulting in a grand total of 270 test samples 
(ASTM, 2014 and BS, 2012).

2.3  Determination of some mechanical test 
properties

2.3.  Određivanje nekih mehaničkih svojstava

2.3.1  Modulus of rupture (MOR)
2.3.1. Modul loma (MOR)

The static bending tests were conducted using 
British standard BS: EN 408 (2012) and ASTM (2014) 
standard for small clear specimens of wood. The ex-
periment was carried out at the Structural Unit of the 
Civil Engineering Laboratory, Rivers State University, 
Port Harcourt, using an improvised wood bending 
strength frame with a digital dial gauge (Improvised 
Universal Testing Machine) as shown in Figure 3. The 
dimensions of the test specimens are shown in Figure 4. 
The test specimens were loaded on a radial face, and the 
force applied to the sample at the point of failure was 
noted. The load carrying capacity (LCC) or bending 
strength was determined. This is typically expressed as 
the MOR, which is equivalent to the fibre stress in ex-
treme fibres of the specimen at the point of failure.

  (1)

Figure 1 Map showing study area
Slika 1. Karta koja prikazuje područje istraživanja

Figure 2 Selected parts of tree samples
Slika 2. Odabrani dijelovi uzoraka stabala
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d – depth (mm)
Δ –  deflection at the beam centre at a proportional 

limit (mm)

2.3.3  Compressive strength parallel to 
grain (CS//G)

2.3.3.  Čvrstoća na tlak paralelno s vlakancima 
(CS//G)

The maximum compressive strength parallel to 
the grain was ascertained in line with the guidelines of 
BS: EN 408 (2012) method of testing small clear spec-
imens of timber with test samples measuring 20 mm × 
20 mm × 60 mm (Figure 5). At a rate of 0.01 mm/sec, 
wood samples were loaded, and the corresponding 
force was measured directly at the point of failure. The 
maximum compressive strength parallel to the grain 
was calculated by dividing this by the test specimen 
cross-sectional area. The CRB machine was used for 
this task (Figure 6).
  (3)
Where:

CS//G – compressive strength parallel to grain
F – force at failure (N)
L – length of specimen (mm)
b – width in (mm)
Note: L·b – Cross-sectional area of specimen (mm2)

2.4  Experimental design and data analysis
2.4.  Dizajn eksperimenta i analiza podataka

The experiment was laid out in a Completely Ran-
domized Design (CRD), and the samples were replicat-
ed three (3) times and data was analyzed using Minitab 

Figure 3 MOR test sample setup
Slika 3. Oprema i postavljanje uzorka pri ispitivanju modula 
loma

Figure 4 Wood sample geometry for MOR and MOE test
Slika 4. Geometrija uzorka drva za ispitivanje MOR-a i MOE-a

Figure 5 Wood sample geometry for compressive strength test
Slika 5. Geometrija uzorka drva za ispitivanje čvrstoće na tlak

Figure 6 Compression stress parallel to grain test setup
Slika 6. Oprema za ispitivanje čvrstoće na tlak paralelno s 
vlakancima

Where: 
MOR – Modulus of Rupture 
P – load (N) 
L – length of the sample (mm)
b – width of the sample (mm) 
d – thickness of the sample (mm)

2.3.2  Modulus of elasticity (MOE)
2.3.2.  Modul elastičnosti (MOE)

The values obtained at the point of failure and 
recorded during the MOR test were used to calculate 
the MOE. This made it possible to compute the deflec-
tion, which was then used to estimate the MOE by the 
following formula:

  (2)

Where: 
P – load (N)
L – span (mm)
b – width (mm)
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statistical software version 16. One-way analysis of 
variance (ANOVA) was carried out to determine the 
level of significance among the various treatment means 
at a 0.05 % probability level. Duncan Multiple Range 
Test (DMRT) was used to separate the means.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Modulus of rupture (MOR)
3.1.  Modul loma (MOR)

MOR is the load-carrying capacity (LCC) of a 
member. As shown in Table 1, the MOR mean values 
range from 5.81 N/mm2 to 6.03 N/mm2 with an increase 
from top to base along the axial length and with an in-
crease from outer to inner wood across the bole of the 
tree radially with mean values ranging from 5.43 N/
mm2 to 6.64 N/mm2, respectively. The findings align 
with the studies conducted by Aleru and David-Saro-
goro (2016) on Mangifera indica, Izekor (2010) on 
Tectona grandis, Aguda et al. (2014) on Funtumia 
elastica, Oriowo et al. (2015) on Terminalia superba, 
Kiaei and Farsi (2016) on Albizia julibrissin (Persian 
silk wood), and Ojo (2016) on Borassus aethiopum, as 
well as the recent research by Aguda et al. (2020) on 
Ficus vallis-choudae wood. However, the mean values 
are far less than those of the above authors but agree 
with the mean MOR range values (1.6067±0.62 to 
5.5133±2.33 N/mm2) of the work conducted by David-
Sarogoro, and Emerhi (2021) on Ficus exasperata. The 
addition of more mature wood, an increase in annual 
growth rings, and the ageing of the cambium as the tree 
grows in girth could all be contributing factors to the 
axial increase of MOR from top to base (Izekor and 
Fuwape, 2010). The radial increase from the outer-
wood to the innerwood of the tree bole could be a result 
of the formation of annual growth rings, wherein the 
innerwood seems older than the core and outerwood. 
Accumulation of wood extractives at the heartwood 
area tends to boost the wood weight-bearing ability, 
and this may also have contributed to the increase from 
the outerwood to the innerwood (Aguda et al., 2020). 
In accordance with BS 5268-2 (2002) wood strength 
grading as reported in the BVRIO Guide by Blackham 
et al. (2020), the mean MOR (5.89 N/mm2) falls under 

the deciduous class (D40), making it a very weak wood 
in terms of bending. This is also corroborated accord-
ing to MS 544 Part 2 (2001), which falls under the 
strength group (SG-7).

3.2  Modulus of elasticity (MOE)
3.2.  Modul elastičnosti (MOE)

MOE is the ability of a material, in this case 
wood, to exhibit its level of retention to its original size 
and shape before deformation. As such, the evaluation 
of the wood elastic modulus has great significance in 
determining its suitability for specific end uses. The 
mean data of the MOE is presented in Table 2. The 
mean values range from 756.72 N/mm2 to 878.41 N/
mm2 with an increase from base to top (axially). Radi-
ally, there was an increase from outer to inner wood 
with mean values ranging from 761.96 N/mm2 to 
869.32 N/mm2, respectively. The results at the axial 
position agree with the results of Fasiku and Ogunsan-
wo (2020) in the work carried out on Anogeissus leio-
carpus (DC.) Guill & Perr and with the work of Aguda. 
et al. (2020.) on Ficus vallis-choudaea wood in their 
radial position. The increase in MOE at the top of the 
tree could be attributed to the dynamic nature of the 
tree canopy area. Wood from the canopy zone is often 
prone to wood defects because the area is gnarled (i.e., 
filled with knots). This zone is where photosynthetic 
activity is predominantly carried out and it is impacted 
more when compared to the base region of the wood.  
This report corresponds with the work carried out by 
Sanwo (1983) in the study of the plantation-grown Tec-
tona grandis and Aguma, and by Ogunsanwo (2019) 
on Khaya grandifoliola. Given that age in the cambium 
and the accumulation of extractives in the heartwood 
when compared to the outerwood are major determi-
nants of wood mechanical properties, the increase in 
MOE from the outer to the innerwood may have re-
sulted from the annual formation of growth rings. This 
report contradicts the study(ies) on Tectona grandis by 
Izekor (2010) and Aguda et al. (2020), Ojo (2016) on 
Borassus aethiopum and (2012, 2014, and 2015) on 
Staudtia stipitata, Funtumia elastica, and Chrysophyl-
lum albidum. Consequently, a combination of juvenile 
wood properties, growth stresses, nutrient distribution, 
cell structure variation, environmental influences and 

Table 1 Mean MOR (N/mm2) values of Cola (Cola pachycarpa)
Tablica 1. Srednje vrijednosti modula loma (N/mm2) drva Cola pachycarpa

Axial position / Pozicija u uzdužnom smjeru
Radial position
Pozicija u radijalnom smjeru Top (90 %) Middle (50 %) Base (10 %) Mean COV, %

Inner / unutarnja zona 6.19a±0.97 7.16a±0.60 6.56a±1.36 6.64±0.99 14.91
Core / srednja zona 5.44b±0.65 5.49b±0.97 5.91b±0.74 5.61±0.99 17.64
Outer / vanjska zona 5.81ab±1.29 4.86b±0.14 5.61b±0.73 5.43±0.55 10.13
Mean 5.81±0.86 5.84±0.19 6.03±0.85 5.89±0.12 2.04

The means in the same column that have the same superscript are not statistically significant (p < 0.05).
Srednje vrijednosti u istom stupcu koje imaju jednak indeks nisu statistički značajne (p < 0,05).
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genetic factors can cause the wood at the top of the tree 
to grow harder and exhibit a higher MOE compared to 
the wood in the middle and base of the tree. In the same 
vein, the mean MOE (10.87 N/mm2) also falls under 
the D30 and SG-7 category, making it a very weak 
wood in elasticity in line with BS 5268-2(2002) and 
MS 544 Part 2 (2001), respectively.

3.3  Compressive strength parallel to grain 
(CS//G)

3.3.  Čvrstoća na tlak paralelno s vlakancima 
(CS//G)

The mean compressive strength parallel to the 
grain of wood species is presented in Table 3. The val-
ues at their axial length range from 33.20 N/mm2 to 
37.43 N/mm2 with an increase from base to top across 
the grain radially, and from 33.05 N/mm2 to 35.87 N/
mm2 with an increase from outer to inner wood. The 
result agrees with the works carried out by Aguda et al. 
(2020) on Ficus vallis-choudae (Delile) wood and 
Fasiku and Ogunsanwo (2020) on Anogeissus leiocar-
pus (DC.) Guill & Perr wood. Conversely, the orienta-
tion trend goes contrary to the works of Izekor and Fu-
wape (2010) on Tectona grandis and Aguma and 
Ogunsanwo (2019) in both their axial and radial plan. 
This variation could also be a result of the top tree be-
ing close to photosynthetic activities as against the 
base of the tree, as seen in the MOE of the tree. Since 
age is one of the factors that determine wood strength 
properties, the radial variation that is highest in the in-
nerwood may be the result of the annual growth ring 
formation, as the growth ring of the innerwood is older 
than that of the core and outerwood. Furthermore, 
these variations could be attributed to the fact that ju-
venile wood has a high density at the top due to rapid 

growth and high lignin content, which contributes to 
increased compressive strength (Larson et al., 2001). 
The genetic composition and/or hormonal factors of 
the tree could also have resulted in this variation. Some 
tree species adapt to environmental conditions that fa-
vour stronger wood formation at the top for enhanced 
stability and resistance to mechanical forces (Wimmer 
and Downes,2003). The hormonal regulation of 
growth, particularly the influence of auxins produced 
at the apical meristem (top of the tree), can also cause 
this variation. These hormones can regulate cell divi-
sion and differentiation, potentially leading to varia-
tions in wood strength along the tree height (Hoad et 
al., 1981). Conversely, the wood in CS//G (34.62 N/
mm2) falls under SG-1 and D70 in line with MS 544 
Part 2 (2001) and BS 5268 – 2 (2002) grading stand-
ards, respectively. This shows that the wood is stronger 
in CS//G and very weak in MOR and MOE.

4  CONCLUSIONS
4.  ZAKLJUČAK

In conclusion, the research has provided baseline 
data on the suitability of Cola pachycarpa K Schum 
and its utilization potentials.  Through meticulous anal-
ysis, the investigation results indicate that the MOR 
and MOE are low in line with the British and Malay-
sian Standard while CS//G wood is comparatively 
high. As such, having a relatively high compressive 
strength parallel to the grain, the wood will be suitable 
for applications where wood will be subjected to axial 
loads, such as columns, post, beams and joists (where 
the load is applied parallel to the grain), rafters and 
trusses and it could be competitive with other well-

Table 2 Mean MOE (N/mm2) values of Cola (Cola pachycarpa)
Tablica 2. Srednje vrijednosti modula elastičnosti (N/mm2) drva Cola pachycarpa

Axial position / Pozicija u uzdužnom smjeru
Radial position
Pozicija u radijalnom smjeru Top (90 %) Middle (50 %) Base (10 %) Mean COV, %

Inner / unutarnja zona 977.16a±168.17 871.12a ±185.72 759.68a±97.70 869.32 ±164.17 18.88
Core / srednja zona 880.55b±91.06 766.54b±127.65 754.80c±38.89 801.34±99.64 12.43
Outer / vanjska zona 777.52c±10.04 754.80c±38.89 753.55a±310.50 761.96 ±157.03 20.61
Mean 878.41±61.32 797.49 ±65.04 756.72±117.21 810.87±61.94 7.64

The means in the same column that have the same superscript are not statistically significant (p < 0.05).
Srednje vrijednosti u istom stupcu koje imaju jednak indeks nisu statistički značajne (p < 0,05).

Table 3 Mean CS//G (N/mm2) values of Cola (Cola pachycarpa)
Tablica 3. Srednje vrijednosti CS//G-a (N/mm2) drva Cola pachycarpa

Axial position / Pozicija u uzdužnom smjeru
Radial position
Pozicija u radijalnom smjeru Top (90 %) Middle (50 %) Base (10 %) Mean COV, %

Inner / unutarnja zona 38.98a±3.60 33.37a±3.54 35.26a±4.23 35.87±2.86 7.97
Core / srednja zona 38.30a±6.10 33.18a±0.95 33.32a±3.08 34.93±2.92 8.36
Outer / vanjska zona 35.02b±6.81 33.11a±7.67 31.02b±2.11 33.05±2.00 6.05
Mean 37.43±4.55 33.22±2.33 33.20±0.77 34.62±2.44 7.04

The means in the same column that have the same superscript are not statistically significant (p < 0.05).
Srednje vrijednosti u istom stupcu koje imaju jednak indeks nisu statistički značajne (p < 0,05).
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known wood species and be used as a good replace-
ment for commercially overexploited wood species. 
Moving forward, further research is recommended to 
explore additional properties and applications of Cola 
pachycarpa, ensuring the conservation and responsible 
utilization of this valuable resource in the context of 
the rich biodiversity of the tropical rainforests of Riv-
ers State, Nigeria.
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ABSTRACT • The main objective of the study is to present a chromatographic method that allows rapid and 
accurate quality control of extractives in liquid and headspace samples of wood and bark of European silver fir 
(Abies alba Mill.). The chemical identity of silver fir extractives in liquid and headspace samples was investigated. 
Mature silver firs were harvested and samples of sapwood, heartwood, knotwood and bark were prepared. Liquid 
samples were obtained by solvent extraction at higher temperature and pressure, while the volatile extractives 
of silver fir tissues were collected by headspace sampling. The extractives in the liquid silver fir samples were 
silylated prior to chromatographic analysis. The samples were then measured using gas chromatography (GC) 
coupled with a mass selective detector (MSD). The samples were introduced into the GC-MSD system using the 
Automatic Liquid Sampler (ALS) and the Headspace Sampler (HS). A total of 55 compounds were detected in the 
silver fir wood and bark samples. The liquid samples consisted of a variety of carboxylic/dicarboxylic acids, sug-
ars with sugar alcohols (inositols) and sugar acids, with citric acid, quininic acid and sucrose being the most fre-
quently represented. The liquid bark samples contained mainly sugar-like compounds, while the knotwood extracts 
contained large amounts of phenolic compounds and lignans. D-pitinol was confirmed as the most characteristic 
GC-MSD peak of the silver fir extracts. Analysis of the headspace of silver fir revealed α-pinene, camphene, D-
limonene, β-myrcene, ocimene, 2-bornanone or D-camphor and α-terpineol as the characteristic monoterpenes. 
It was shown that the presented GC-MSD method is a suitable analytical tool for the chemical screening of low 
molecular weight compounds in both liquid and headspace samples of wood and bark. However, the analysis of 
higher molecular weight extractives requires a different analytical approach supported by other analytical meth-
ods such as LC/MS.
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SAŽETAK • Glavni cilj rada jest predstavljanje kromatografske metode koja omogućuje brzu i preciznu kontrolu 
kvalitete tekuće i parne faze ekstraktivnih tvari drva i kore jelovine (Abies alba Mill.). Ispitivan je kemijski sastav 
tekuće i parne faze ekstraktivnih tvari jelovine. Posječena su stabla zrele jele i pripremljeni su uzorci bjeljike, 
srži, kvrge i kore. Tekući uzorci ekstraktivnih tvari dobiveni su ekstrakcijom otapalom pri povišenoj temperaturi i 
tlaku, dok su hlapljive ekstraktivne tvari tkiva jelovine prikupljene injektiranjem parne faze. Ekstraktivne su tvari 
u tekućim uzorcima jelovine sililirane prije kromatografske analize. Uzorci su zatim izmjereni primjenom plinske 
kromatografije sa spektrometrom masa (GC-MSD) te su uneseni u GC-MSD sustav uz pomoć automatskog uzorki-
vača tekućina (ALS) i uzorkivača za hlapljive spojeve (HS). U uzorcima drva i kore jelovine detektirano je ukupno 
55 spojeva. Tekući uzorci sastojali su se od različitih karboksilnih/dikarboksilnih kiselina, šećera sa šećernim 
alkoholima (inozitolima) i šećernih kiselina, a najčešće su bile zastupljene limunska kiselina, kininska kiselina 
i saharoza. Tekući uzorci kore sadržavali su uglavnom spojeve slične šećeru, dok su ekstrakti kvrga sadržavali 
velike količine fenolnih spojeva i lignana. D-pitinol je potvrđen kao najkarakterističniji GC-MSD vrh ekstrakata 
jelovine. Analiza parne faze ekstraktivnih tvari jelovine otkrila je α-pinen, kamfen, D-limonen, β-mircen, ocimen, 
2-bornanon ili D-kamfor i α-terpineol kao karakteristične monoterpene. Pokazalo se da je predstavljena GC-
MSD metoda prikladan analitički alat za kemijski pregled spojeva male molekularne mase u tekućoj i parnoj fazi 
ekstraktivnih tvari u uzorcima drva i kore. Međutim, analiza ekstraktivnih tvari veće molekularne težine zahtijeva 
drukčiji analitički pristup podržan drugim analitičkim metodama kao što je LC/MS.

KLJUČNE RIJEČI: Abies alba Mill.; drvo; kora; ekstraktivne tvari; parna faza; fenoli; plinska kromatografija 
sa spektrometrom masa (GC-MSD)

1  INTRODUCTION
1.  UVOD

Silver fir (Abies alba Mill.) is a tree species that 
plays an important role in the main processing streams 
of the timber industry in Europe. In addition, silver fir 
could even gain industrial importance with regard to 
the model prediction of future wood stock in European 
forests as a result of climate change (Dyderski et al., 
2018). The side streams of forestry and wood process-
ing industry hold great underutilized potential 
(Verkasalo et al., 2019). The idea of biorefining bio-
mass products from wood industry side streams has 
been around for some time, and there are already value 
chains involving the extraction of valuable phytochem-
icals from low-value biomass of trees, such as knot-
wood or bark (Holmbom, 2011; Domazet et al., 2023). 
The bioactive extractives are usually obtained from 
wood and bark tissues using various extraction methods 
and different more or less polar organic solvents (Holm-
bom, 1999). The choice of extraction method and ana-
lytical instruments depends on the objectives of the in-
vestigation and the type of extracts to be analyzed. 

The literature review shows different analytical 
approaches for the analysis of extractives in the tissues 
of silver fir. The silver fir bark was extracted in differ-
ent studies using various solvents and different extrac-
tion methods. These methods are based on the use of 
cold and/or hot water (Tavčar Benković et al., 2014; 
Bianchi et al., 2015), mixtures of water and ethanol 
(50:50, v/v) (Brennan et al., 2020) or water and metha-
nol (65:35, v/v) (Hamad et al., 2019). The bark was 
also extracted sequentially, e.g. with hexane, then with 
acetone and finally with a mixture of toluene and etha-
nol (50:50, v/v), as shown by Brennan et al. (2020). 
Silver fir barks were extracted conventionally (Sox-

hlet, maceration, shaker) and with more advanced 
techniques such as sonication and accelerated solvent 
extraction (ASE). The bark extracts are analyzed with 
gas (GC-MS) and liquid chromatography (UPLC-
PDA, HPLC-MS), with mass spectrometry (MALDI-
TOF MS) and with NMR (13C) spectroscopy (Bianchi 
et al., 2015; Hamad et al., 2019; Brennan et al., 2020; 
Schoss et al., 2022).

The silver fir wood, especially the knotwood, 
was most frequently extracted sequentially with less 
polar solvents, followed by extraction with polar sol-
vents. This approach allows efficient removal of both 
lipophilic and hydrophilic extractives from silver fir 
wood and knots. For the extraction of knotwood, hex-
ane and mixtures of water and acetone were used in the 
Soxhlet apparatus (Kebbi-Benkeder et al., 2017) or in 
the ASE system (Willför et al., 2004). Stemwood with 
sapwood and heartwood of silver fir was effectively 
extracted with a mixture of toluene and ethanol (2:1, 
v/v) and ethanol as reported by Hamada et al. (2018). 
An example of using only hot water as a solvent was 
shown by Schoss et al. (2022), who extracted sawdust 
consisting of both bark and wood tissue from branches 
using ultrasound. Silver fir branchwood samples were 
also extracted with aqueous methanol under reflux or/
and successively with hexane and methanol under son-
ication as suggested by Patyra et al. (2022). It can be 
summarized from the literature that GC-MS and LC-
MS are frequently used methods for the chemical 
screening of extractives in silver fir wood and bark. 
Thus, GC-MSD is a well-known analytical tool for the 
identification of low molecular weight compounds in 
wood samples.

In addition to the lipophilic and hydrophilic ex-
tractives of the liquid samples, the volatile terpenes of 
silver fir were analyzed both in the liquid and volatile 
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emission samples. As suggested by Salem et al. (2015), 
silver fir terpenes can be obtained by extracting wood 
and bark by soaking the ground samples in hexane for 
14 days. Terpenes can also be extracted from wood by 
shaking the ground samples in hexane, as presented by 
Kačík et al. (2012). The volatile terpenes of silver fir 
are then separated and analyzed using various GC 
methods. An interesting sampling technique was dem-
onstrated by Moukhtar et al. (2006), who measured 
volatile organic compound (VOC) emissions from sil-
ver fir branches using a large cuvette in which a se-
lected branch was enclosed. The captured monoterpe-
nes were then thermodesorbed and analyzed by 
GC-FID analysis (Moukhtar et al., 2006).

However, due to the recent policy of the EU 
Commission Green Deal with green transition strate-
gies, more attention is being paid to the use of so-called 
greener solvents with less hazardous effects on the en-
vironment and human health. Ethanol or water are sug-
gested as such (Tekin et al., 2018; Brennan et al., 
2021). However, extraction with such polar solvents 
usually results in complex extracts consisting of a vari-
ety of different compounds, e.g. from simple acids to 
sugar-like compounds to low and high molecular 
weight polyphenols. In this context, the choice of a 
suitable analytical approach for rapid and accurate 
chemical screening of the compounds in the wood and 
bark extracts is a difficult decision. The aim of the pre-
sent study was to improve to some extent our published 
data on silver fir extractives by analyzing the wood and 
bark samples with GC-MSD for characteristic extrac-
tives that may have been overlooked or not detected in 
our previous TLC and HPLC analyses. The extractives 
in the liquid sample, i.e. the extracts of silver fir wood 
and bark, and the presence of volatile extractives in the 
headspace over the solid silver fir samples were ana-
lyzed by a gas chromatograph (GC) with a mass selec-
tive detector (MSD). Our aim is also to present a meth-
od for the chemical screening of extractives in liquid 
and headspace samples of wood and bark using a GC-
MSD instrument in combination with simple and fast 
sample preparation.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Chemicals
2.1.  Kemikalije

The chemicals used for the silylation of silver fir 
extracts, i.e. pyridine, chlorotrimethylsilane (TMCS), 
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), 
heneicosanoic acid (C21:0) and betulinol, were pur-
chased from Merck (Sigma-Aldrich Chemie, 
Taufkirchen, Germany). Water, methanol and absolute 
ethanol were purchased from J.T. Baker (Phillipsburg, 

NJ, USA). All chemicals used are commercially avail-
able, all were of pure/analytical grade and used without 
further purification.

2.2  Material
2.2.  Materijal

The material for this analysis was taken from ma-
ture silver firs (Abies alba Mill.) with a height of 30 to 
35 meters and an age of up to 189 years. The silver firs 
were felled in the forests of Kočevska Reka, Slovenia 
(45°34’31.5” N, 14°46’27.8” E) (45°34’31.5” N, 
14°46’27.8” E) (Vek et al. 2021, 2023). Silver fir wood 
and bark were randomly sampled from the 15 cm thick 
stem discs and homogenized into sapwood (SW), 
heartwood (HW), knotwood (KW) and bark (B) (Fig-
ure 1). Sapwood and heartwood on the stem discs were 
differentiated using an iodine-starch test by applying 
iodine solution to the surface of the discs with a brush. 
In the case of knotwood, only a dark-colored middle 
section was sampled, leaving out the adjacent light-
colored tissue of knots. The bark samples were pre-
pared as a mixture of inner (living) tissues, including 
phloem and periderm, and dead/outer bark with all tis-
sues outside the youngest/deepest phellogen (rhyti-
dome) (Figure 1). The samples were then dried over-
night in an oven at 50 °C and ground using a Retsch 
SM 2000 cutting mill. For the GC-MSD analysis, the 
four samples were prepared by mixing the mass ali-
quots of each sample for the analysis of wood and bark 
tissue. The material for headspace analysis was taken 
directly from the stem discs using a drill, and the fresh 
samples were then stored in airtight vials until the start 
of chromatographic analysis. The samples of sapwood, 
heartwood, sapwood and bark prepared for solvent ex-
traction were stored in PP bottles and kept in a cool and 
dark place until extraction. PP bottles were used for 
storage and to facilitate handling of the material prior 
to solvent extraction, and only glassware was used for 
later processing of the extracts.

2.3  Extraction
2.3.  Ekstrakcija

The method for extracting wood and bark sam-
ples was similar to that already described (Vek et al. 
2021, 2023). Prior to extraction, all wood and bark 
ground samples were freeze-dried overnight in a Tel-
star LyoQuest CC1930 lyophilizator at 0.045 mbar and 
- 85 °C. The silver fir samples were extracted in an 
automated extraction system at a temperature above 
the boiling point of the solvent and at higher pressure. 
The obtained extracts were filtered and the sample to 
solvent ratio of the final extracts was 1:100 (w/v). After 
extraction, all extracts were filtered into dark (amber) 
20 mL bottles, which were hermetically sealed with 
screw caps with silicone/PTFE septum. Prior to the 
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analysis, all bottles containing the extracts were stored 
in a refrigerator at 4 °C.

2.4  Chromatographic analysis of silver fir 
wood and bark extractives

2.4.  Kromatografska analiza ekstraktivnih 
tvari drva i kore jelovine

2.4.1  Preparation of silver fir samples for 
GC-MSD analysis

2.4.1.  Priprema uzoraka jelovine za GC-MSD 
analizu

Prior to analysis by gas chromatography coupled 
with mass selective detector (GC-MSD), liquid sam-
ples of silver fir wood and bark were chemically modi-

fied by silylation as described by Willför et al. (2004). 
The extracts of SH, HW, KW and B were pipetted into 
a boro- glass tube. Heneicosanoic acid (C21) and betu-
linol were used as internal standards (ISTD). The ex-
tracts were dried to constant weight in a vacuum cham-
ber at 0.050 bar and RT. The silver fir extracts were 
then silylated by adding 20 µL pyridine, 20 µL TMCS 
and 80 µL BSTFA. The reaction mixture was kept at 75 
°C for 45 minutes. Silylation was used to chemically 
modify the extractives of the liquid silver fir samples 
into silyl derivatives, making the modified compounds 
more volatile and thermally stable and thus easier to 
analyze qualitatively and quantitatively (Sigma-Al-

Figure 1 A scheme of analysis: Trees of silver fir (Abies alba Mill.) were felled in the forests of Kočevska Reka, Ravne 
district. Sapwood (SW), heartwood (HW), knotwood (KW) and bark (B) of silver fir were prepared for extraction, the 
extracts were analyzed with a GC-MSD system equipped with automatic samplers for liquid samples and headspace samples.
Slika 1. Shema analize: stabla jelovine (Abies alba Mill.) posječena su u šumama Kočevske Reke, kotar Ravne. Bjelika 
(SW), srž (HW), kvrga (KW) i kora (B) jelovine pripremljeni su za ekstrakciju, a ekstrakti su analizirani sustavom GC-MSD 
opremljenim automatskim uzorkivačima za tekuću i hlapljivu fazu ekstraktivnih tvari.
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drich©, 1997). The silylated samples were then trans-
ferred to 1.5 mL glass vials with 100 µL inserts using 
glass Pasteur pipettes.

For headspace analysis with GC-MSD, 1 gram of 
ground fresh sample was placed in a 20 mL glass vial, 
which was sealed airtight with an aluminum cap and a 
20 mm PTFE/silicone septum. Headspace is the gas 
space in a valet above the fresh sample. Headspace 
analysis is therefore the analysis of the components 
present in this gas (Anthias Consulting, 2018).

2.4.2  Gas chromatography of headspace 
and liquid samples of silver fir

2.4.2.  Plinska kromatografija parne i tekuće 
faze ekstraktivnih tvari jelovine

Injection of 1 µL of derivatized silver fir extracts 
containing internal standards (ISTD, C21:0 and betu-
linol) was performed in a split mode of 1:20. The sam-
ple was introduced into the column via an ultra-inert 
inlet liner for split injection with glass wool measuring 
4 mm (ID) × 78.5 mm (length) and a volume of 870 
µL. The inlet heater temperature was set to 250 °C.

The headspace of 1.00 g of a silver fir sample in 
20 mL vials was sampled using the Agilent 7697A 
Headspace Sampler (HS). The HS oven temperature 
was set to 80 °C, the HS loop temperature to 90 °C, and 
the HS transfer line temperature to 100 °C. The sam-
ples were extracted from the vials for 1.00 minute. The 
headspace extractives were then transferred to the GC 
system at a temperature of 115 °C. Due to this increase 
in temperature from the HS oven to the transfer line 
unwanted condensation was avoided. The silver fir 
headspace samples were introduced into the column 
through an ultra-inert inlet liner for splitless injection 
without glass wool; this splitless liner had the same di-
mensions as the split liner mentioned above. The inlet 
temperature was 250 °C.

The silver fir extractives of the liquid and head-
space samples were analyzed with an Agilent 8890 gas 
chromatograph (GC) coupled with an Agilent 5997B 
mass selective detector (MSD). The GC-MSD system 
is supported by the 7693A Automatic Liquid Sampler 
(ALS), which is a 16-vial injector tower complemented 
by the Agilent 7693A Autosampler with a 150-vial 
tray, and the Agilent 7697A Headspace Sampler with a 
12-vial tray. The chromatography of the silver fir ex-
tractives, both the derivatized extractives and the head-
space extractives, was carried out on an Agilent 
19091S-433 Ultra Inert (5 % phenyl)-Methylpolysi-
loxane Fused Silica Capillary Column (HP-5ms) with 
a film thickness of 0.25 µm, an inner diameter (ID) of 
0.25 mm and a length of 30 m. Helium was used as 
carrier gas at flow of 1.2 mL/min. The separation of the 
extractives from the liquid samples was achieved by 
the following temperature program: 100 °C (1 min)→ 
4 °C min-1 to 220 °C →20 °C min-1 to 320 °C (8 min). 

The headspace samples of silver fir were separated in a 
similar temperature range as mentioned above using 
the temperature program: 40 °C (2 min) → 15 °C min-1 
to 200 °C →10 °C min-1 to 280 °C (5 min) →10 °C 
min-1 to 300 °C (5 min). The separated extractives were 
detected with the following MSD parameters: MS 
source and transfer line temperatures were 230 and  
250 °C, respectively, MS quadrupole temperature was 
150 °C, ionization was performed in electron impact 
(EI) mode at an ionization energy of 70 eV, and the 
scan time segments were set for the mass range of  
20 m/z to 800 m/z. The solvent delay was set to 3 min. 
GC/MS chromatograms were analyzed using Agilent 
MassHunter Workstation 10.0 software, and peak as-
signment and peak identification were performed by 
comparison with spectra from the NIST 2017 Mass 
Spectral Library. The results of the qualitative analysis 
of the extractives present in the liquid and headspace 
samples of silver fir were confirmed with a high prob-
ability value (Prob. %). The chromatograms obtained 
were also compared with the GC/MS analysis data for 
silver fir samples from the literature.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Chemical identities of extractives in 
liquid silver fir samples

3.1.  Kemijski sastav ekstraktivnih tvari u 
tekućim uzorcima jelovine

GC-MSD analysis revealed the presence of 33 
compounds (excluding the two ISTDs) in the liquid 
samples. The extractives identified in the liquid silver 
fir samples are listed in Table 1. GC-MSD of the si-
lylated compounds revealed the presence of various 
simple and carboxylic acids, monosaccharides, disac-
charides and polyphenols, including simple phenols, 
flavonoids and lignans (Table 1). Figure 2 and Figure 3 
show clear differences in the GC-MSD chromatograms 
of stemwood, knotwood and bark extracts of silver fir. 
With GC-MSD, significantly more compounds were 
separated and detected from the samples of silver fir 
KW and B (Figure 2), whereby the chromatograms of 
KW and B were richer than those of SW and HW (Fig-
ure 3). The extended peaks 26 and 35 with retention 
times of 18.480 minutes and 26.240 minutes are as-
signed to the internal standards (ISTD), i.e. heneicosa-
noic acid (linear/unbranched C21:0 fatty acid) and 
betulin or betilinol (triterpene/sterol) (Figure 2 and 
Figure 3). The ISTDs are used to quantitatively evalu-
ate the separated compounds of the chemically ana-
lyzed samples, but quantitative analysis was not the 
aim of the present preliminary investigation. Detailed 
information on the amounts of the identified com-
pounds in the silver fir wood and bark extracts will be 
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presented in our future reports. In the present study, the 
characteristic and abundant peaks of ISTD are mostly 
used for easier orientation and reading of the chroma-
tograms. As can be seen from Figure 2, the obvious 
difference between the extracts of KW (DK in the up-
per chromatogram) and B is in the MSD responses for 
the extractives/peaks eluted before the retention time 
of 18.480 minutes, i.e. before the ISTD C21:0 fatty 
acid, and the detector responses for the extractives/
peaks eluted between two ISTDs (C21:0 and betu-
linol), between 18.480 and 26.240 minutes (Figure 2).

The B extracts of silver fir were found to be char-
acterized by a large number of carboxylic/dicarboxylic 
acids, sugar acids, sugar alcohols and monosaccha-

rides, with inositols/sugar alcohols (peaks #20 and 
#23), citric acid (peak #19), quininic acid (peak #21) 
and sucrose (peak #17) being among the most abun-
dant peaks (Figure 2) (Table 1). The GC-MSD analysis 
also showed the presence of flavonoids (peak #29 and 
#31) and lignans (peak #33), which were found in rath-
er low amounts (Figure 2) (Table 1). However, it has 
already been proven that silver fir bark contains poly-
phenols with a simple chemical structure, such as gal-
lic acid, homovanillic acid, protocatechuic acid, vanil-
lic acid, ferulic acid, p-coumaric acid, catechin, 
epicatechin, taxifolin, isorhamnetin (or 3-methylquer-
cetin), gallocatechin, epigallocatechin, taxiresinol, la-
riciresinol, secolariciresinol, but also more complex 

Table 1 Chemical composition of hydrophilic extractives of silver fir (Abies alba Mill.)
Tablica 1. Kemijski sastav hidrofilnih ekstrakata jelovine (Abies alba Mill.)

Peak
Vrh
#

Retention time, min
Retencijsko vrijeme, min

Group of extractives
Skupine ekstraktivnih tvari

Identified compound
Identificirani spoj

1 3.190 Polysiloxane Tetrasiloxane
2 3.381 Carboxylic acid Lactic Acid
3 3.505 Carboxylic acid Glycolic acid
4 4.055 Dicarboxylic acid Oxalic acid
5 4.570 Polysiloxane Pentasiloxane
6 5.762 Sugar alcohol Glycerol
7 6.193 Carboxylic acid Butanedioic acid
8 6.474 Dicarboxylic acid Glyceric acid
9 8.415 Dicarboxylic acid Malic acid
10 8.713 Carboxylic acid 2,3,4-Trihydroxybutyric acid
11 8.795 Monosaccharide Ribofuranose-type 1
12 9.346 Carboxylic acid 2,3,4-Trihydroxybutyric acid
13 9.441 Monosaccharide 3-O-Methyl-β-D-Glucopyranose
14 10.013 Monosaccharide Ribofuranose-type 2
15 10.765 Monosaccharide Xylose
16 11.496 Dihydroxybenzoic acid Vanillic Acid
17 11.894 Sugar acid Ribonic acid
18 12.066 Cyclohexanecarboxylic acid Shikimic acid
19 12.227 Carboxylic acid Citric acid
20 12.456 Sugar alcohol D-Pinitol
21 12.733 Cyclohexanecarboxylic acid Quininic acid
22 13.317 Sugar alcohol Acrylic acid
23 13.780 Sugar alcohol Inositol 1
24 14.185 Sugar acid D-Gluconic acid
25 14.988 Sugar alcohol Inositol 2
26 18.480 Internal standard ISTD C21:0 Heneicosanoic acid
27 19.670 Disaccharide Sucrose
28 19.916 Fatty acid Tricosanoic acid
29 21.184 Flavonoid Catechin
30 21.263 Disaccharide Melibiose
31 21.476 Flavonoid Gallocatechin-type 1
32 21.588 Flavonoid Gallocatechin-type 2
33 21.748 Lignan Isolariciresinol
34 25.193 Disaccharide Disaccharide-type
35 26.240 Internal standard ISTD Betulinol

ISTD, internal standard. The identified compounds with their peaks are shown in the GC-MSD chromatograms at Figure 2 and Figure 3, with 
the peak numbers given in the table.
ISTD – interni standard. Identificirani spojevi sa svojim vrhovima prikazani su u GC-MSD kromatogramima na slici 2. i 3., s brojevima vrhova 
navedenima u tablici.
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compounds such as gallocatechin gallate, various fla-
vonoid glycosides (e.g. quercetin glycoside, isorham-
netin glucoside, astringin), gallocatechin dimers and 
various prodelphinidins. It has also been confirmed 
that dimeric and trimeric procyanidins are part of the 
hydrophilic extractable fraction of silver fir samples 
(Patyra et al., 2022). The compounds mentioned are 
characterized by a higher molecular mass, therefore 
LC-MS methods are the usual choice of analytical ap-
proach for the analysis of polyphenols from silver fir 
bark (Tavčar Benković et al., 2014; Bianchi et al., 
2015; Brennan et al., 2020; Patyra et al., 2022; Vek et 
al., 2023). 

On the other hand, the KW extracts were richer in 
phenolic compounds that eluted at retention times in-

termediate to those of the two ISTDs (Figure 2). Of the 
compounds that eluted at retention times between 
18.80 and 26.40 minutes (Figure 2), the presence of 
gallocatechins and isolariciresinol could be confirmed 
using the NIST spectral database. Silver fir knots have 
previously been described as a rich source of lignans, 
of which secoisolariciresinol, lariciresinol, nortra-
chelogenin, liovil, hydroxymatairesinol, matairesinol, 
cyclolariciresinol, and pinoresinol were qualitatively 
assessed by GC-MS analysis (Willför et al., 2004). 
Analysis on a short GC column also revealed the pres-
ence of sesquilignans, dilignans and higher oligolig-
nans in silver fir knotwood (Willför et al., 2004). Simi-
lar results were reported by Brennan et al. (2021), who 
used GC-MS analysis and their spectral database to 

Figure 2 GC-MSD chromatograms (TIC) of silylated extracts of silver fir (Abies alba Mill.) (DK – knotwood, B – bark, TIC 
– total ion chromatogram, #1 – #35, for peak assignment see Table 1)
Slika 2. GC-MSD kromatogrami (TIC) siliranih ekstraktivnih tvari jelovine (Abies alba Mill.) (DK – kvrga, B – kora, TIC – 
ukupni ionski kromatogram za pikove #1 – #35 prikazane u tablici 1.)
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detect silylated secoisolariciresinol, lariciresinol, hy-
droxymatairesinol and isolariciresinol in silver fir 
knotwood extracts. In addition, the extraction of silver 
fir KW also produces sugars with mono- and disaccha-
rides as well as sugar alcohols (Table 1, Figure 2). D-
pitinol (peak #20) was confirmed as a characteristic 
GC-MSD peak for both the KW and B samples, which 
agrees well with the literature data (Brennan et al., 
2021) (Figure 2).

Our recent investigations using other chromato-
graphic methods (TLC, HPLC) on the silver fir sam-
ples from Kočevska also showed the presence of sim-
ple phenolic acids (homovanillic acid, coumaric acid, 
ferulic acid), flavonoids (epicatechin, taxifolin, querce-
tin) and, of course, lignans, as already mentioned in the 

literature review. With regard to the GC-MSD results 
(Table 1, Figure 2), our HPLC-PDA analysis of lignans 
in KW proved to be a convenient and rapid method for 
the separation and detection of not only isolariciresin-
ol, but also lariciresinol, secoisolariciresinol, pinores-
inol and matairesinol, with secoisolariciresinol being 
confirmed as the most abundant (Vek et al., 2021). 
Therefore, the peaks between the retention times of 
21.00 and 23.00 minutes could represent the presence 
of these lignans, with secoisolariciresinol being the 
predominant peak of the KW extracts presumably at 
22,064 minutes (Figure 2) (Willför et al., 2004).

Furthermore, our results confirmed that the ex-
traction of silver fir stemwood samples, i.e. SW and 
HW samples, yielded a significantly lower amount of 

Figure 3 GC-MSD chromatograms (TIC) of silylated extracts of silver fir (Abies alba Mill.) (SW – sapwood, HW – 
heartwood, TIC – total ion chromatogram, #1 – #35, for peak assignment see Table 1)
Slika 3. GC-MSD kromatogrami (TIC) siliranih ekstraktivnih tvari jelovine (Abies alba Mill.) (SW – bjeljika, HW – srž, TIC 
– ukupni ionski kromatogram za pikove #1 – #35 prikazane u tablici 1.)
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cosanoic acid (peak #28), a C23:0 fatty acid (Figure 2 
and Figure 3). Other research groups have also report-
ed the presence of compounds with lower polarity, i.e. 
epimanool, neoabietic acid and abietic acid, extracted 
from silver fir wood with more polar solvents such as 
ethanol or aqueous methanol (Brennan et al., 2021; 
Patyra et al., 2022).

3.1  Chemical identities of silver fir 
extractives in headspace samples

3.1.  Kemijski sastav parne faze ekstraktivnih 
tvari uzoraka jelovine

The GC-MSD analysis of volatile extractives in 
silver fir samples confirmed the presence of 22 com-
pounds. The extractives identified in the silver fir head-
space (HS) samples are listed in Table 2. Compared to 
the analysis of the liquid silver fir sample (Figure 2 and 
Figure 3), the headspace analysis could be performed 
in a much shorter time – the chromatographic run took 
12.5 minutes as can be seen in the figure. As mentioned 
above, the samples analyzed in this preliminary head-
space analysis were selected for their good sensory 
properties and pleasant characteristic odor. The head-
space GC-MSD analysis revealed the presence of vola-
tile monoterpenes, sesquiterpenes as well as volatile 
esters of low molecular weight carboxylic acids (Table 
2, Figure 4).

extractives than the extracts from B and KW (Figure 
2), as shown by the low detector responses for the sep-
arate extractives of SW and HW extracts (Figure 3). 
Similar results have been reported by other research 
groups (Willför et al., 2004; Ul’yanovskii et al., 2022). 
The hydrophilic extracts of silver fir SW and HW con-
sisted mainly of various carboxylic acids (lactic acid 
#2, glycolic acid #3, butanedioic acid #7, malic acid 
#9, shikimic acid #18, citric acid #19, quininic acid 
#21), various sugar compounds (sugar alcohols, sugar 
acids, monosaccharides and disaccharides), of which 
D-pinitol was the most abundant peak (Figure 3, Table 
1). Phenolic compounds (#29 and #33) were only pre-
sent in trace amounts in the liquid SW and HW sam-
ples (Figure 3). It is evident that the peaks for the inter-
nal standard (peak 26 and peak 35) were high compared 
to the peaks of the other compounds present in both the 
SW and HW extracts (Figure 3). However, due to the 
same preparation of the liquid samples for chromato-
graphic analysis, the differences in the chemical com-
position and the amount of extractives between the 
SW, HW, KW and B samples are very clear (Figure 2 
and Figure 3).

Finally, regarding our liquid silver fir samples, all 
hydrophilic extracts (SW, HE, KW and B) were also 
characterized by the presence of small amounts of tri-

Table 2 Chemical composition of volatile extractives in headspace samples of silver fir (Abies alba Mill.)
Tablica 2. Kemijski sastav parne faze ekstraktivnih tvari uzoraka jelovine (Abies alba Mill.)

Peak
Vrh
#

Retention time, min
Retencijsko vrijeme, min

Group of extractives
Skupine ekstraktivnih tvari

Identified compound
Identificirani spoj

1 2.757 Polysiloxane Disiloxane, hexamethyl-
2 4.671 Monoterpene, bicyclic α-Pinene
3 4.806 Monoterpene, bicyclic α-Pinene
4 4.881 Monoterpene, bicyclic Camphene
5 4.901 Monoterpene, bicyclic Dehydrosabinene
6 5.136 Monoterpene, acyclic β-Myrcene
7 5.442 Monoterpene, cyclic D-Limonene
8 5.479 Monoterpene, cyclic D-Limonene
9 5.702 Monoterpene, bicyclic γ-Terpinene

10 5.968 Monoterpene, bicyclic L-Fenchone
11 6.163 Monoterpene, bicyclic Fenchol, exo-
12 6.217 Monoterpene Ocimene
13 6.249 Monoterpene α-Campholenal
14 6.427 Monoterpene 2-Bornanone/D-Camphor
15 6.578 Monoterpene, bicyclic endo-Borneol
16 6.647 Monoterpene Terpinen-4-ol
17 6.738 Monoterpene α-Terpineol
18 6.790 Monoterpene Myrtenol
19 8.070 Sesquiterpene Ylangene
20 8.099 Sesquiterpene Copaene
21 8.421 Sesquiterpene Caryophyllene
22 9.421 LMW carboxylic acid Valeric acid, volatile esters

LMW, low-molecular weight compound. The identified compounds with their peaks are shown in the GC-MSD chromatogram in Figure 4, 
with the peak numbers given in the table.
LMW – spoj niske molekularne mase. Identificirani spojevi sa svojim vrhovima prikazani su u GC-MSD kromatogramu na slici 4., s brojevima 
vrhova navedenima u tablici.
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As shown in Figure 4, the characteristic volatile 
compounds of the silver fir headspace samples were 
monoterpenes, which eluted from the column between 
4.20 and 7.00 minutes. The peaks in the GC-MSD 
chromatogram (Figure 4) were assigned to the monoter-
penes α-pinene (peak #2 and #3), camphene (peak #4), 
D-limonene (#7 and #8), β-myrcene (#6), ocimene 
(#12), (+)-2-bornanone or D-(+)-camphor (#14), and 
α-terpineol (#17) (Table 2). It is obvious that the con-
centration of α-pinene and D-limonene in the extracted 
headspace sample was very high, so the interactions of 
the compounds with the stationary phase led to the for-
mation of the split peaks, which means that the mole-
cules of both α-pinene and D-limonene came out of the 
column and eluted at two retention times (Figure 4). 
Therefore, improving the existing headspace sampling 
method and determining the exact timing for sampling 
the headspace of wood and bark from the HS vials will 
be one of the important goals of our future research 
activities. 

Monoterpenes from various tree tissues are ex-
tracted by simple steam distillation, supercritical CO2 
distillation, solid phase extraction (SPE), purge and 
trap (P&T), thermal desorption (TD) and solid phase 
microextraction (SPME) as well as by solvent extrac-
tion (Fengel and Wegener, 1989; Moukhtar et al., 2006; 
Holmbom, 2011; Kačík et al., 2012; Salem et al., 2015; 
Turner, 2018). As described by Kačík et al. (2012) 
α-pinene, camphene, β-pinene, α-phellandrene, cy-
mene, limonene, fenchol, borneol, thymol, myrtenal 
and verbenone are extracted from silver fir wood using 
hexane as a solvent. Using the present GC-MSD meth-

od, we were also able to detect sesquiterpene struc-
tures, i.e. terpenes consisting of three isoprene units, in 
the silver fir headspace samples; these volatile extrac-
tives were eluted after 8 minutes, as shown in Figure 4. 
Ylangene (peak #19), copaene (#20) and caryophyl-
lene (#21) were described as sesquiterpenes with the 
spectral database used (Table 2). Brennan et al. (2021) 
report the detection of juvabiones, i.e. dehydrojuvabi-
one and juvabione, among the eluted sesquiterpenes in 
the liquid sample of silylated KW silver fir extracts by 
GC-MSD analysis. However, the first detailed report 
on the presence of juvabiones (4’-dehydrojuvabione, 
todomatuic acid and 4’-dehydrotodomatuic acid) in ex-
tracts from silver fir stemwood and knotwood was pre-
sented two decades ago (Willför et al., 2004). Interest-
ingly, dehydrojuvabione was also detected in 
methanolic extracts of silver fir wood using the LC-
DAD-ESI-MS/MS method, demonstrating that liquid 
chromatography/mass spectrometry is also an effective 
analytical approach for the analysis of terpenes in liq-
uid samples (Patyra et al., 2022).

However, the collection of volatile extractives 
from wood and bark using the headspace sampling 
method described is a rapid and accurate technique that 
requires no additional pretreatment of the sample prior 
to analysis. When taking headspace samples, it is im-
portant that the sample is fresh and has not been sub-
jected to any thermal treatment that could negatively 
influence the results of the subsequent chromatograph-
ic analysis. Our results are in good agreement with ex-
isting literature data, and small differences in the com-
position of the volatile extracts of silver fir samples 

Figure 4 GC-MSD chromatograms (TIC) of headspace extractives of silver fir (Abies alba Mill.) (B – bark, TIC – total ion 
chromatogram, #1 – #22, for peak assignment see Table 2)
Slika 4. GC-MSD kromatogrami (TIC) parne faze ekstraktivnih tvari jelovine (Abies alba Mill.) (B – kora, TIC – ukupni 
ionski kromatogram za pikove #1 – #22 prikazane u tablici 2.)
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could be due to the fact that the terpenoid profiles of 
conifers are geographically, taxa, genotype, tempera-
ture and light dependent (Manninen et al., 2002; 
Moukhtar et al., 2006; Kačík et al., 2012).

4  CONCLUSIONS
4.  ZAKLJUČAK

This research report presents a rapid and accurate 
method for analyzing the solvent-soluble and volatile 
extractives of silver fir tissues. The demonstrated gas 
chromatograph-mass selective detector (GC-MSD) 
method allows both the analysis of liquid wood and 
bark samples, where the extracts have been previously 
silylated, and the analysis of the headspace (HS) of 
freshly prepared silver samples. A total of 55 extrac-
tives in silver fir wood and bark samples were qualita-
tively evaluated using the HS-GC-MSD method. Gas 
chromatography of silylated compounds confirmed 
that silver fir bark extracts are characterized by a large 
number of carboxylic/dicarboxylic acids, sugar acids, 
sugar alcohols and monosaccharides, with inositols/
sugar alcohols, citric acid, quininic acid and sucrose 
reaching the most abundant peaks. Larger amounts of 
phenolic extractives in the bark were not found, which 
does not mean that the bark does not contain phenolic 
extractives, but that the GC results should also be sup-
ported by other analytical methods. The liquid samples 
of knotwood extracts were rich in phenolic compounds 
and lignans. These compounds include gallocatechins 
and isolariciresinol. D-pitinol was confirmed as the 
most characteristic chromatographic peak in the GC 
traces of both the silver fir wood and bark samples. On 
the other hand, headspace analysis revealed the 
monoterpenes α-pinene, camphene, D-limonene, 
β-myrcene, ocimene, 2-bornanone or D-camphor and 
α-terpineol as the characteristic volatile extractives of 
silver fir. Headspace sampling has proven to be a fast 
and convenient method for analyzing volatile extrac-
tives, but still needs some fine-tuning. Finally, gas 
chromatography in combination with a mass selective 
detector and automatic samplers for liquid and head-
space samples is an excellent analytical tool for the 
chemical screening of low molecular weight com-
pounds in wood and tree bark. However, the analysis of 
higher molecular weight extractives requires a differ-
ent analytical approach.
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ABSTRACT • In general, vegetable oils are chosen for oil heat treatment. Oil heat treatment with waste engine 
oil, which is quite limited in the literature, was used in this study. After the wood material was subjected to oil 
heat treatment with waste motor oil, several physical parameters such as oven-dry and air-dry density, water ab-
sorption (WA) levels, and mechanical properties such as compression strength parallel to the grain (CSPG) were 
examined. The color changes of waste engine oil heat treated (WEOHT) specimens were examined after three 
months of weathering. 
The results showed that when oven-dry and air-dry density of WEOHT specimens increased, WA levels decreased. 
The WEOHT specimens had greater CSPG values than the control group. WEOHT specimens and control group 
revealed negative ΔL*, Δa*, and Δb* values following weathering. The WEOHT specimens had smaller total color 
changes (ΔE*) than the control group after weathering. Our results showed that higher temperature and durations 
resulted in lower WA, and higher air-dry density and total color changes of WEOHT specimens.

KEYWORDS: oil heat treatment; oriental beech; physical properties; mechanical properties; color; waste 
engine oil; weathering

SAŽETAK • Za toplinski tretman drva uljem najčešće se biraju biljna ulja. U ovom je radu za toplinski tretman 
drva upotrijebljeno otpadno motorno ulje, o čemu postoji malo podataka u literaturi. Nakon što je drvo toplinski 
tretirano otpadnim motornim uljem, ispitano je nekoliko njegovih fizičkih svojstava kao što su gustoća apsolutno 
suhog drva i drva sušenog na zraku, upijanje vode (WA) te mehanička svojstva poput čvrstoće na tlak paralelno 
s vlakancima (CSPG). Osim toga, promatrana je promjena boje uzoraka toplinski tretiranih otpadnim motornim 
uljem (WEOHT) nakon tri mjeseca izlaganja vremenskim utjecajima. Rezultati su pokazali da se pri povećanju 
gustoće toplinski tretiranih uzoraka apsolutno suhog drva i drva sušenog na zraku smanjilo upijanje vode. To-
plinski tretirani uzorci imali su veće vrijednosti čvrstoće na tlak paralelno s vlakancima nego kontrolni. Nakon 
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izlaganja vremenskim utjecajima toplinski tretirani i kontrolni uzorci pokazali su negativne vrijednosti ΔL*, Δa* 
i Δb*. Nakon izlaganja vremenskim utjecajima toplinski tretirani uzorci imali su manje promjene boje (ΔE*) od 
kontrolnih uzoraka. Rezultati istraživanja pokazali su da su viša temperatura i dulje trajanje toplinskog tretmana 
rezultirali nižim upijanjem vode, većom gustoćom uzoraka drva sušenog na zraku i ukupnim promjenama boje 
toplinski tretiranih uzoraka.

KLJUČNE RIJEČI: toplinski tretman uljem; drvo kavkaske bukve; fizička svojstva; mehanička svojstva; boja; 
otpadno motorno ulje; izlaganje vremenskim utjecajima

1  INTRODUCTION
1.  UVOD

Compared to other materials, wood has a number 
of advantages, such as a high strength-to-weight ratio, 
high impact resistance, the ability to be used in a vari-
ety of technical processes, etc (Popescu and Popescu, 
2013). Wood chemical structure contains a lot of hy-
droxyl groups, which makes it vulnerable to atmos-
pheric influences. These influences can cause wood to 
change in size and perform differently, as well as sig-
nificantly shorten product service lives and cause bio-
logical decomposition (Korkut and Hızıroğlu, 2014; 
Okon et al., 2017; Li et al., 2015; Kasemsiri et al., 
2012). Enhancing these characteristics makes thermal-
ly treated wood suitable for outdoor use (Németh et al., 
2016). One of the best methods for reducing the hygro-
scopicity of wood is thermal treatment in an inert at-
mosphere, which involves treating the wood at tem-
peratures between 160 °C and 260 °C (Esteves and 
Pereira, 2008; Candelier et al., 2016). Making long-
lasting wood products without the use of biocides is 
crucial (La Mantia and Morreale, 2011). Oil heat treat-
ment (OHT), which uses oil as the heating medium, is 
thought to be a slightly different approach to wood 
modification and a more cost-effective, sustainable, 
and ecologically friendly way to treat wood. OHT, 
which combines heat treatment and oil impregnation, 
has proven to be the most effective method for enhanc-
ing wood qualities (Sailer et al., 2000). Linseed, rape-
seed, palm, soy, and coconut oils are among the indus-
trial vegetable oils that are used for thermal treatments. 
(Welzbacher and Rapp, 2005; Wang and Cooper, 
2005). OHT is commonly conducted at temperatures 
ranging from 180 to 260 °C using rapeseed, linseed, or 
sunflower oil as the heat transfer medium. These oils 
have exceptional heat transmission properties and ef-
fectively exclude oxygen from the wood during treat-
ment (Militz, 2002). Typically, OHT process is con-
ducted in a closed vessel with hot oil circulating around 
the wood. According to recent studies, heating wood 
with oil is a perfect substitute for it. Because of their 
non-toxicity and environmentally benign composition, 
plant oils have long been used to preserve wood against 
fungal and mold deterioration as well as to minimize 
the accessibility of moisture to the wood (Yingprasert 

et al., 2015). According to Tomak et al. (2011), oil ab-
sorption during treatment produces a protective layer 
on the wood surface that improves the treated wood 
dimensional stability. According to Tang et al. (2019), 
tung oil improved the structural stability and hydro-
phobicity of bamboo after oil heat treatment by being 
evenly distributed across the cell walls and lumens. 
Wood can also be improved for outdoor use and have 
its surface uniformly colored with oil heat treatment 
(Sailer et al., 2000). Bak and Németh (2012) heated 
sunflower, rapeseed, and linseed oils to 160 °C and 200 
°C for two hours, four hours, and six hours, respec-
tively, to cure Poplar (Populus × euramericana Pan-
nónia) and Robinia (Robinia pseudoacacia L.) woods. 
It is noteworthy to observe that poplar wood treated 
with oil heat treatment has a 15 % – 25 % improvement 
in compression strength. Additionally, black locust 
wood compression strength rose by 5 % to 15 % at 160 
°C; however, it began to decrease by 5 % to 10 % at 
200 °C. Mastouri et al. (2021) investigated the water 
absorption rates of eastern cotton (Populus deltoides) 
wood for four hours at 190 °C using silicone and rape-
seed oil. The results show that heat treatment using 
silicon has a higher potential to improve the water-re-
lated qualities of wood than heat treatment using rape-
seed oil. Özkan (2013) heated Turkish fir (Abies nord-
manniana subsp. bornmulleriana Mattf.) wood to 150 
°C, 180 °C, and 200 °C for two, four, and six hours, 
allowing the wood to naturally weather. Consequently, 
it was shown that an oil heat treatment given for two 
hours at 150 °C increased water absorption by 76 % 
and weathering color stability by 35 %. While coal oils 
and creosote are classified as highly hazardous materi-
als, waste engine oil is classified as a moderately haz-
ardous waste under the Russian Federation current cri-
teria (Belchinskaya et al., 2021). Research on the 
application of waste engine oil as preservative, anticor-
rosive and stabilizing agents to produce the hydropho-
bizing composition required for impregnation of rail-
way sleepers is limited (Belchinskaya et al., 2020).

Waste engine oil may pose some problems if it 
leaches. The Regulation on the Control of Waste Oils 
intends to record waste engine oils that are hazardous 
to the environment and human health, collect them un-
der proper conditions, and dispose of them in accord-
ance with European Union standards. If waste oils are 
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not handled properly, they can damage the environ-
ment, injure living animals, and cause harm when 
tossed into soil or water. Furthermore, heavy metal and 
chlorine compounds in waste oils are discharged into 
the atmosphere, contaminating the air and endangering 
human health (CSB, 2024).

This study used waste engine oil, which is not 
often used in the literature instead of vegetable oils, for 
oil heat treatment of Oriental beech wood. The main 
aim of this study is to examine certain physical and 
mechanical properties of Oriental beech wood, ther-
mally modified with waste engine oil, and color chang-
es of this material after weathering.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Materials
2.1.  Materijali

Wood specimens were prepared from Oriental 
beech (Fagus orientalis L.) wood. The oven-dry and 
air-dry density of Oriental beech wood is 0.645 g/cm3 
and 0.669 g/cm3, respectively. In this study, waste en-
gine oil was used for the oil heat treatment. Engine oils 
that have exceeded their useful life and can no longer 
be reused are called waste engine oil. Waste engine oil 
was supplied from the oils drained after the engine 
maintenance of the vehicles of different auto mechan-
ics in the auto industry site in Muğla city of Turkey. 

Compared to unused oils, waste engine oils can 
become contaminated by mixing with dirt, metal fric-
tion, water or chemicals during use. Furthermore, the 
20W-50 engine oil used in the study is in viscosity 
class and is a high-performance engine oil that pro-
vides proven protection for diesel engines operating in 
harsh road and off-road applications (Mobil, 2024). 
The density of the original engine oil (20W/50) is 0.87 
g/cm3 at 15 degrees, its viscosity is 91.0 at 40 degrees 
(Vural, 2020). In our study, the viscosity of waste en-
gine oil at 15 degrees was found to be 108.24 and its 
density was 0.9387 g/cm3 at 40 degrees

2.2  Methods
2.2.  Metode

2.2.1  Preparation of wood specimens
2.2.1.  Priprema uzoraka drva

Oriental beech (Fagus orientalis L.) was cut to the 
measurements found in the tests and subjected to oven-
dry density, air-dry density, WA, CSPG, and color tests.

2.2.2  Treatment process
2.2.2.  Postupak modifikacije

To be prepared for waste engine oil heat treat-
ment (WEOHT), specimens were dried in an oven at 
(103±2) °C until they reached a constant weight. Be-
fore the oil heat treatment, the test specimens were im-

mersed in an oil bath and weighted to keep them from 
floating in the oil. The specimens were then poured 
with waste engine oil at room temperature and heated 
for 3 and 6 hours at 160 and 220 °C, respectively. 
Follow ing their removal from the oil bath, the speci-
mens were wrapped in aluminum foil and left to cool. 
Following the therapy, weight percent gain (WPG) of 
specimens was determined using Equation 1:

  (1)

Weights before and after oil heat treatment by m1 
and m2, respectively.

Then, wood specimens were conditioned at 20 °C 
and 65 % relative humidity for two weeks before phys-
ical, mechanical and weathering tests.

2.2.3  Oven-dry density test
2.2.3.  Ispitivanje gustoće uzoraka drva u 

apsolutno suhom stanju

The TS ISO 13061-2 2472 (TS ISO, 2021) stand-
ard was used to ascertain the oven-dry density of the 
specimens. In this test, specimen were prepared with the 
dimensions of 20 mm × 20 mm × 20 mm. A total of 50 
specimens were prepared, 10 from each specimen group. 
The test specimens needed to be dried at (103±2) °C in 
order to reach a consistent weight. The specimens were 
allowed to cool before measuring their diameters with a 
0.01 mm fine calliper, estimating their volumes with the 
stereo metric method, and recording their weights with 
an analytical balance to the accuracy of 0.01 g. 

The oven-dry density (δ0), oven-dry weight (M0), 
and oven-dry volume (V0) were then determined using 
Formula 2:

  (2)

2.2.4  Air-dry density test
2.2.4.  Ispitivanje gustoće uzoraka drva 

sušenih na zraku

The air-dry density values of specimens were 
computed using TS ISO 13061-2 (2021). In this test, 
specimens were prepared in dimensions of 20 mm × 20 
mm × 20 mm. A total of 50 specimens were prepared, 
10 from each specimen group. Until they reached a 
constant weight, specimens were maintained in the 
cabinet at 20 °C and 65 % relative humidity. Following 
that, an analytical balance with a sensitivity of 0.01 g 
was used to weigh the air-dry density, which was then 
determined using the stereometric method and the di-
mensions measured with a calliper with a sensitivity of 
0.01 mm. Next, using the air-dry weight (M12) and vol-
ume (V12) data, the air-dry density (δ12) was calculated 
from Equation 3. 

  (3)
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2.2.7  Color test
2.2.7.  Ispitivanje boje

In this test, specimen were prepared in dimen-
sions of 10 mm × 100 mm × 150 mm. A total of 50 
specimens were prepared, 10 from each specimen 
group. The L*, a*, and b* color characteristics of the 
specimens were ascertained for the color test using the 
CIEL*a*b* method. The a* and b* axes in this dia-
gram stand for the chromaticity coordinates, and the L* 
axis for darkness (black-white axis). In addition, the 
hues red and green are represented by the symbols +a* 
and -a*, respectively. Furthermore, the variables +b* 
and -b* stand in for yellow and blue, respectively. 
Zhang (2003) states that the L* value ranges from 0 
(black) to 100 (white). The overall color difference 
(ΔE*) was determined using equations 6 through 9 in 
accordance with ASTM D1536-58T (ASTM 1964) 
standards. Color analysis was performed in the radial 
direction of wood.
  (6)

  (7)

   (8)

  (9)
Where:
The discrepancies between the values of the first 

and last intervals are represented by the symbols Δa*, 
Δb*, and ΔL*, respectively.

2.2.8  Weathering test
2.2.8.  Izlaganje vremenskim utjecajima

The ASTM D 358-55 (ASTM, 1970) standard 
states that wood panels should expose specimens to 
weathering. The specimens were then weathered for 
three months (10 November 2023–10 February 2024) 
in panels located in the province of Muğla in the South 
Aegean Region of Turkey (Table 1). The specimens 

2.2.5  Water absorption test
2.2.5.  Ispitivanje upijanja vode

In this test, specimen were prepared in dimensions 
of 20 mm × 20 mm × 20 mm. A total of 50 specimens 
were prepared, 10 from each specimen group. Speci-
mens were stored in distilled water for 5, 10, 20, 40, 60, 
80, 100, and 120 hours in a room setting. Specimens 
were taken out of the water, wiped dry with paper, and 
weighed following each soaking time. The WA of each 
specimen was therefore determined using Formula 4.

  (4)

In this section; 
WA – water absorption (%),
Mf  –  specimen’s weight following absorption of 

water (g),
Moi –  the specimen’s oven-dry weight following 

impregnation (g).

2.2.6  Compression strength parallel to the 
grain (CSPG)

2.2.6.  Čvrstoća na tlak paralelno s vlakancima 
(CSPG)

A universal test machine with a 4000 N capacity 
and a 6-mm/min loading period was used to execute 
the CSPG test in compliance with TS 2595 (TS, 1977) 
standard. All specimens were conditioned at 20 °C and 
65 % relative humidity for 2 weeks before CSPG test. 
In this test, specimens dimensions were prepared as 20 
mm × 20 mm × 30 mm. A total of 50 specimens were 
prepared, 10 from each specimen group. CSPG was 
calculated using Formula 5.

  (5)

In this section: 
σB – CSPG (N/mm2),
P – load at break (N),
a, b – specimen cross-section dimensions (mm)

Table 1 Meteorological data of Muğla
Tablica 1. Meteorološki podatci za Muğlu

Muğla

10 November-
10 December

2023
10. studenog-

10. prosinca 2023.

11 December-
10 January

2024
11. prosinca-

10. siječnja 2023.

11 January-
10 February

2024
11. siječnja-

10. veljače 2023.
Average temperature per month, °C
prosječna mjesečna temperatura, °C 10.51 8.61 6.21

Average humidity per month, %
prosječna mjesečna vlažnost zraka, % 90.00 92.00 78.00

Average wind speed per month, m/s
prosječna mjesečna brzina vjetra, m/s 1.00 1.20 0.97

Average sun exposure time per month, hours
prosječno mjesečno vrijeme izloženosti suncu, h 0.42 0.15 0.87

Total rainfall per month, mm = kg/m-2

ukupna mjesečna količina padalina, mm = kg/m-2 10.46 4.88 7.19
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beech and Scots pine linseed oil heated to three differ-
ent temperatures (170 °C, 190 °C, and 210 °C). They 
discovered that European beech and Scots pine speci-
mens heat-treated with linseed oil increased their air 
dry density values by 29 % and 31 %, respectively.

During our examination, the oven dry and air 
dry density values of WEOHT Oriental beech in-
creased by 16.66 % to 39.39 % and 22.05 % to  
44.11 %, respectively. Overall, our findings are con-
sistent with past research.

3.3  Water absorption
3.3.  Upijanje vode

The water absorption (WA) values of WEOHT 
specimens and decreases of WA values of WEOHT 
specimens compared to the control group (%) are given 
in Table 4 and Table 5, respectively.

The results confirmed previous finding (Yalınkılıç 
et al., 1995) and demonstrated that throughout the ear-
ly stages of WA, particularly within 5, 10 and 20 hours, 
WA levels of the control group were significantly high-
er. This may be a result of water being absorbed by 
wood during the initial soaking period and gradually 
decreasing wood gaps (Richardson, 1987). The WA 
levels of the control group were higher during the first 
and subsequent WA periods when compared to WEOHT 
specimens. The application of waste engine oil pro-
vides a thickening and water-repellent quality that 
greatly lowers WA. The results of the WA test indicate 
that as the temperature and length of the oil heat treat-
ment increase, the WA of all wood decreases. This is 
consistent with the claim made in (Hidayat et al., 2015; 
Jamsa and Viitaniemi, 2001) that wood loses water ab-
sorption as treatment duration and temperature in-
crease because the cell walls become more hydropho-
bic due to a decrease in hydroxyl groups as a result of 
chemical reactions during heat treatment. Wood di-
mensional stability will rise as a result of its decreased 
capacity to absorb water (Ma’ruf et al., 2021). The 
wood external and partially inner surfaces retain waste 
engine oil, which fills the cell lumen and increases the 
surface hydrophobicity. Water enters wood pores 

faced south at a 45° angle and were set up on panels 
about 50 cm above the ground.

2.2.9 Statistical evaluation
2.2.9. Statistička obrada rezultata

The Duncan test, at a 95 % confidence level, and 
variance analysis were evaluated by the SPSS com-
puter once the test results were obtained. Statistical 
studies were performed on homogeneity groups (HG), 
with various letters indicating statistical significance.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Weight percent gain of treated oriental 
beech wood

3.1.  Postotno povećanje mase toplinski 
modificiranog drva kavkaske bukve

Weight percent gain (WPG) values of WEOHT 
specimens are given in Table 2. WPG values of 
WEOHT specimens were ranged from 23 % to 44 %. 
Higher duration and temperatures resulted in higher 
WPG of WEOHT specimens.

3.2  Oven-dry density
3.2.  Gustoća apsolutno suhog drva

The oven-dry density and and air-dry density val-
ues of the WEOHT specimens are given in Table 3.

Compared to the control group, the oven-dry den-
sity values of the WEOHT specimens are higher. While 
the volume of wood either stays the same or only slight-
ly changes, the density may rise as a result of the 
WEOHT specimens increased mass and oil filling in the 
wood cells (Azis et al., 2020). A longer heating period 
will result in a greater amount of oil filling the wood 
cells, raising the wood density (Daud and Coto, 2009). 
In contrast to the control group, which had the lowest 
oven-dry density, the specimens heat treated at 220 °C 
for six hours had the highest oven-dry density, according 
to the study. The specimens heat treated at 160 °C and 
220 °C for 6 hours showed statistically significant differ-
ences in oven dry density values when compared to the 
control group.

The WEOHT specimens had a higher air-dry 
density than the control group. The study discovered 
that specimens heated for six hours at 220 °C had the 
highest air-dry density, whereas the control group had 
the lowest. The air dry density values of the specimens 
that were heat treated at 220 °C for 3 and 6 hours dif-
fered statistically significantly from the control group. 
Azis et al., (2020) investigated the density variations of 
bulk oil-heated candlenut wood (Aleurites moluccanus 
(L.) Willd.). The average density of the control group 
was 0.38 g/cm³. The density of the oil-heated wood in-
creased dramatically from 18.85 % to 25.13 % when 
compared to the control. Bayraktar and Pelit (2022) 
investigated the air dry density values of European 

Table 2 WPG of WEOHT specimens
Tablica 2. WPG za WEOHT uzorke

Treatment 
type
Vrsta 

tretmana

Temperature, ºC
Temperatura, °C

Duration, 
h

Trajanje, 
h

WPG, 
%

Std. 
dev.

Control - - - -
WEOHT 160 3 23 5.1
WEOHT 160 6 26 4.2
WEOHT 220 3 37 4.8
WEOHT 220 6 44 6.3

WEOHT – Waste engine oil heat treatment; WPG – Weight percent 
gain; Std. dev. – Standard deviations
WEOHT – toplinski tretman otpadnim motornim uljem; WPG – 
postotno povećanje mase; Std. dev. – standardna devijacija
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through capillary action, which lowers the amount of 
water absorption (Koski, 2008). Our results proved that 
WA of control group maintained a stronger trend than 
WEOHT specimens for total durations ranging from 5 
hours to 120 hours. Every phase showed a statistically 
significant difference between the WEOHT specimens 
and the control group. Dubey et al. (2012) stated that 
higher temperatures led to various chemical alterations 
that affected dimensional stability, and hydrophobic 
oils in the lumens stopped water from penetrating the 
walls. According to studies conducted in Hyvonen et al. 
(2005) and Hofland and Tjeerdsma (2005), heating 
wood with tall oil or rapeseed oil, respectively, reduced 
the water absorption properties of wood. Our findings 
and those of the previously cited researcher are fairly 
consistent. According to our research, after 120 hours of 
WA, the WA levels of the control group increased to 
64.33 %, while WEOHT specimens showed a shift 
from 29.83 to 36.06 %. Therefore, after 120 hours WA 
period, WEOHT specimens took up 43.9 to 53.6 % less 
water than the control group (Table 5)

3.4  Compression strength parallel to grain 
(CSPG)

3.4.  Čvrstoća na tlak paralelno s vlakancima 
(CSPG)

The CSPG values of WEOHT specimens are giv-
en in Table 6.

The highest CSPG values in our study were 46.04 
N/mm2 for WEOHT specimens at 220 °C for three 
hours, compared to 39.57 N/mm2 for the control group; 
the values for WEOHT specimens were changed from 
43.56 to 46.04 N/mm2. After oil heat treatment, the 
wood strength properties are impacted because heat 
causes the chemical structure of the wood cell wall 
components to change. The strength quality of wood is 
influenced by the contributions of hemicellulose, cel-
lulose, and lignin, the three primary components of the 
cell wall, in distinct ways (Lee et al., 2018). Our results 
proved that WEOHT specimens had higher CSPG val-
ues than the control group, ranging from 10.08 % to 
16.35 %. However, there were no statistically signifi-
cant differences between the WEOHT specimens and 
the control group at the 95 % confidence level. Cheng 
et al. (2014) found that following oil heat treatment, 

poplar wood CSPG rose. The high oil uptake thickened 
the fibers and increased their longitudinal strength, 
which was primarily responsible for this. The results 
were ascribed by Windeisen et al. (2009) to the rise in 
lignin condensation caused by heat treatment. The in-
crease in compression strength may be explained by a 
number of factors, including reduced bound water con-
tent in heat-treated wood, an increase in crystalline cel-
lulose, and restricted movement perpendicular to the 
grain as a result of increased lignin polymer network 
cross-linking (Boonstra et al., 2007). Our findings are 
consistent with the previously cited research. However, 
it has been reported in the literature that the compres-
sion strength decreases in oil heat treated wood, espe-
cially at temperatures of 200 °C (Bak and Németh 
2012). In our study, CSPG values were higher in a 3 h 
heat time at 160 °C compared to a 6 h heat time; For 
220 °C, 6 h of heat time gave lower CSPG values than 
3 hours of heat time.

3.5  Color changes
3.5.  Promjene boje

The color and total color change values of the 
WEOHT specimens are shown in Table 7 both before 
and after weathering. The specimens̕ total color change 
values upon weathering are also shown in Figure 1.

Consideration should be given to the hardwood 
color in addition to its durability, as it plays a signifi-
cant role in defining both its aesthetic appeal and mar-
ket value (Baar and Gryc, 2012). The chemical compo-
nents of wood material, such as extractives, interact 
with light to determine its hue. The surface color of the 
wood material varies depending on the abundance, 
scarcity, or modification of the extractives effects (Hon 
and Minemura, 2001). The L* value for the control 
group was found to be 65.85 before weathering. The 
L* values of the WEOHT specimens̕ ranged from 
28.14 to 32.24. Because of this, WEOHT specimens̕  
L* values were lower than those of the control group. 
Furthermore, WEOHT specimens L* values declined 
with increasing duration. As a result of the oil heat 
treatment process, the Oriental beech specimens dark-
ened. It is more likely that the darkening effect in the 
oxygen-excluded treatment medium, such as oil, is 

Table 6 CSPG values of WEOHT specimens
Tablica 6. CSPG vrijednosti WEOHT uzoraka

Treatment 
type
Vrsta 

tretmana

Temperature, ºC
Temperatura, °C

Duration, h
Trajanje, h

CSPG,
N/mm2

Standard 
deviation

Standardna 
devijacija

Homogeneity 
group
Grupe 

homogenosti

Increase compared to 
control, %

Povećanje u odnosu prema 
kontrolnim uzorcima, %

Control - - 39.57 6.81 A -
WEOHT 160 3 45.67 7.31 A 15.41
WEOHT 160 6 44.20 5.44 A 11.70
WEOHT 220 3 46.04 5.79 A 16.35
WEOHT 220 6 43.56 6.92 A 10.08

WEOHT – Waste engine oil heat treatment / toplinski tretman otpadnim motornim uljem
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caused by the caramelization of soluble sugars and heat 
treatment, which forms an oil coating on the wood sur-
face (Lee et al., 2018). According to Németh et al. 
(2016), the level of darkening is strongly influenced by 
the extractive content of wood. The effect of further 
darkening generated by the oxidation process is more 
noticeable in wood with a higher extractive content. 
According to our research, WEOHT specimens had 
lower a* and b* values than the control group before 
weathering. The WEOHT and control groups experi-
enced negative ΔL* values due to weathering. The best 
parameter to describe the color evolution of a wood 
surface is ΔL*. Consequently, the wood surface be-
came rougher and darker with age. In Oriental beech, 
photodegradation and leaching of lignin and other non-
cellulosic polysaccharides result in weathering-related 
darkening (Sönmez et al., 2011; Petric et al., 2004; 
Hon and Chang, 1985). Both the WEOHT and control 
groups saw negative Δa* and Δb* values due to weath-
ering. The surfaces of oriental beech have negative val-
ues for Δa* and Δb*, corresponding to greenish and 
blueish tones. Our study found that WEOHT speci-
mens thermally treated at 160 °C for 3 hours had the 
lowest total color change value (2.82), while the con-
trol group had the highest total color change value 
(ΔE*). Our findings indicated that there were substan-
tial differences in overall color changes between 
WEOHT specimens and the control group. Németh et 
al., (2016) studied the photostability of sunflower oil 
heat-treated locust and poplar wood when subjected to 

short-term UV radiation. They discovered that oil heat 
treated wood specimens had better photostability than 
the control group. Our findings are consistent with data 
from Németh et al. (2016). Given that a low total color 
change value is sought, WEOHT specimens heated at 
160 °C for 3 hours demonstrated the best color stability.

In our investigation, the control group had the 
highest total color change value (ΔE*) while the 
WEOHT specimens, which were thermally treated for 
three hours at 160 °C, had the lowest (1.82). Based on 
our research, the control group and WEOHT speci-
mens had significantly different overall color altera-
tions. Short-term UV radiation treatment of locust and 
poplar wood treated with sunflower oil was investigat-
ed by Németh et al. (2016) for photostability. Com-
pared to the control group, the wood specimens that 
had undergone oil heat treatment demonstrated superi-
or photostability. The data from Németh et al. (2016) 
agrees with our conclusions. The maximum color sta-
bility was achieved by WEOHT specimens heat treated 
at 160 °C for three hours; this is because a low total 
color change value is required.WEOHT specimens 
higher color stability could be explained by the in-
creased lignin stability caused by oil heat treatment 
(Ayadi et al., 2003; Deka et al., 2008). In our study, the 
total color changes of WEOHT specimens increased as 
the temperatures and durations increased.

4  CONCLUSIONS
4.  ZAKLJUČAK

This study was designed to recycle engine oils, 
which are widely used in the automotive industry, and 
use them in the wood preservation industry. In the 
study, some physical, mechanical and color changes of 
Oriental beech wood specimens heat treated with waste 
engine oils were evaluated.

According to the results obtained, oven-dry and 
air-dry density values of WEOHT specimens increased 
compared to the control group. After all WA periods, all 
WEOHT specimens absorbed less water than the con-
trol group. Additionally, a statistically significant dif-

Table 7 Color and total color differences of WEOHT specimens as a result of weathering
Tablica 7. Boja i ukupne promjene boje WEOHT uzoraka kao posljedica izlaganja vremenskim utjecajima

Treatment 
type
Vrsta 

tretmana

Temperature, ºC
Temperatura, °C

Duration, h
Trajanje, h

Color differences before 
weathering

Vrijednosti boje prije 
izlaganja vremenskim 

utjecajima

Color differences after 
weathering

Vrijednosti boje nakon 
izlaganja vremenskim 

utjecajima

Total color 
differences

Ukupne 
promjene boje

L* a* b* ΔL* Δa* Δb* ΔE* H.G
Control - - 65.85 11.69 22.07 -16.82 -9.67 -12.59 23.12 B

WEOHT 160 3 30.28 3.66 6.74 -2.31 -1.62 -0.04 2.82 A
WEOHT 160 6 29.95 4.12 7.30 -1.98 -2.08 -0.82 2.98 A
WEOHT 220 3 32.24 4.35 8.83 -1.96 -2.67 -1.31 3.56 A
WEOHT 220 6 28.14 3.77 7.35 -3.29 -2.22 -1.09 4.11 A

WEOHT – Waste engine oil heat treatment; Std. dev. – Standard deviation / WEOHT – toplinski tretman otpadnim motornim uljem; Std. dev. 
– standardna devijacija

Figure 1 Total color differences of WEOHT specimens
Slika 1. Ukupne promjene boje WEOHT uzoraka
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ference was found in WA levels between WEOHT 
specimens and the control group. Higher duration and 
temperature values resulted in lower WA levels of 
WEOHT specimens. Although the CSPG values of 
WEOHT specimens were increased compared to the 
control group, no statistically significant difference 
was found between all specimens. Our results showed 
that weathering caused darkening and reduced a* and 
b* values   in WEOHT specimens and the control group. 
Additionally, the total color change of WEOHT speci-
mens was lower than that of the control group.

In summary, the physical and mechanical proper-
ties of WEOHT specimens improved.  Color stability of 
WEOHT specimens were higher than those of the con-
trol group after weathering. While there were statisti-
cally significant differences in oven-dry density, air-dry 
density, and WA levels between WEOHT specimens 
and the control group, there was no statistical difference 
in CSPG values between WEOHT specimens and the 
control group. Increased air-dry densities as well as to-
tal color changes, were seen in WEOHT specimens 
with decreased WA at higher temperatures and dura-
tions. As a result, WEOHT specimens are an alternate 
structural material that can be used outside when espe-
cially physical properties and color stability are needed.
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ABSTRACT • The present study examines the bonding strength of five-layer plywood made from beech wood 
(Fagus sylvatica L.). An alcohol-soluble phenol-formaldehyde (PF) resin as an adhesive between the veneer sheets 
was used. Various pressing factors, showing the effect of the varying ratio between them, were applied. The ex-
perimental samples both in a dry state and after immersion in boiling water for one hour were tested. The results 
clearly demonstrated that the bonding strength is very high when using the alcohol-soluble PF resin and meets 
the requirements of the standard BDS EN 314-2: 2002. The best bonding strength values were obtained at a press 
temperature of 145 °C, adhesive spread of 150 to 170 g/m2, and initial adhesive temperature of 30-40 °C.

KEYWORDS: plywood; PF resin; bonding strength; Fagus sylvatica L.

SAŽETAK • U radu se ispituje čvrstoća lijepljenja peteroslojne furnirske ploče izrađene od bukovine (Fagus 
sylvatica L.). Za lijepljenje listova furnira upotrijebljena je fenol-formaldehidna (PF) smola topljiva u alkoholu. 
Proučavani su različiti parametri prešanja te njihovi međusobni odnosi. Ispitivani su suhi uzorci i uzorci nakon 
jednosatnog potapanja u kipućoj vodi. Rezultati su jasno pokazali da je čvrstoća lijepljenja furnirske ploče vrlo 
visoka kada se rabi PF smola topljiva u alkoholu te da zadovoljava zahtjeve standarda BDS EN 314-2: 2002. Naj-
bolje vrijednosti čvrstoće lijepljenja dobivene su pri temperaturi prešanja od 145 °C, uz količinu nanosa ljepila 
150 – 170 g/m2 i uz početnu temperaturu ljepila 30 – 40 °C.
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1  INTRODUCTION
1.  UVOD

Plywood is a composite material mainly applied in 
the furniture and construction industries. It consists of 
several thin layers of veneer tightly glued together with 
an odd number of layers with the grain direction of adja-
cent layers oriented perpendicular to one another.

Obtaining quality adhesive joints between veneer 
sheets in the production of laminated wood and more 
specifically plywood is directly dependent on the main 
process factors. These factors can be briefly considered 
as factors characterizing the veneer and plywood pack-
age; factors characterizing the properties and use of the 
adhesive; and factors characterizing the conditions of 
pressing (Hong and Park, 2017).

The type of wood used directly affects the perfor-
mance indicators of the finished plywood. In Bulgaria, 
various types of wood for plywood production are ap-
plied, but the most commonly used are beech (Fagus 
sylvatica L.) and poplar (Populus sp.). The reason for 
this is that beech wood has very good physical and me-
chanical properties (Gryc et al., 2008; Rais et al., 
2022). In addition, this wood species is present in rela-
tively large quantities in our country (approximately 
144 million m3). The distribution of beech is approxi-
mately 20 % of the total stock of the country (Execu-
tive Forest Agency, 2020).

In the process of developing logs and obtaining 
veneer sheets, roughness has a significant impact on 
the bonding process (Dundar et al., 2008; Bekhta et al., 
2009). Micro and macro irregularities on the veneer 
surface are formed. Studies show that the strength of 
the adhesive layer increases with increasing roughness 
of the veneer, but up to certain values, after which a 
significant decrease is observed (Aydin, 2004; Wang et 
al., 2006). The moisture content of the veneer should 
be in the range of 6 to 12 % (Aydin et al., 2006; Quiao, 
2014), and when bonding with multi-component adhe-
sives, it should not be higher than 7 %. The investiga-
tions regarding the moisture content of the veneer show 
that at very low values, the adhesive viscosity signifi-
cantly increases because of intensive moisture absorp-
tion from the applied adhesive (Resnik and Šernek, 
2000). The viscosity of the adhesive decreases in cases 
of very high moisture content of the veneer. Both cases 
are a prerequisite for creating internal stresses, leading 
to reduction in the quality of the bonding joints. The pi-
ezo-thermal treatment process creates conditions for an 
increased amount of steam-gas mixture at high moisture 
content in the veneer. This can contribute to thermal 
degradation of the resin (Resnik and Šernek, 2000; 
Bekhta et al., 2012; Bekhta et al., 2020).

The initial temperature of the wood also has an 
influence on the quality of adhesive bonds. The viscosity 
of the resin decreases at higher temperatures of the wood 

due to the increased thermal movement of molecules. 
This, in turn, is a prerequisite for better adhesive bonds 
and penetration of the adhesive into the veneer sheets 
during the pressing process of the plywood package 
(Frihart, 2012; Tran et al., 2020). The initial temperature 
of the adhesive affects the improvement of the contact 
between the adhesive and the wood, thus creating condi-
tions for speeding up the curing process (Demirkir et al., 
2017; Bliem et al., 2019; Sutiawan et al., 2022).

The adhesive consumption and its optimal thick-
ness are essential both practically and technologically 
(Apsari and Tanaka, 2023). The curing time of the resin 
in the adhesive bond is crucial. Insufficient pressing 
time results in the defect of weak bonding. Excessive 
pressure and temperature can lead to the destruction of 
the already cured resin, resulting in poor adhesive 
bond, and hence a decrease in the quality of the fin-
ished plywood (Kurowska et al., 2010; Li et al., 2020; 
Wei et al., 2021).

The condition of the adhesive is primarily deter-
mined by its concentration, viscosity, and temperature 
(Gomez-Bues and Haupt, 2010). Phenol formaldehyde 
(PF) resins are widely used in the manufacture of con-
struction plywood and oriented strand board (OSB) for 
exterior applications. PF adhesives are characterized 
with excellent bonding strength, water resistance, biore-
sistance and weather durability (Gomez-Bueso and 
Haupt 2010; Karthäuser et al., 2024). Depending on the 
conditions under which the reaction is carried out, two 
types of resins can be obtained, resole (thermosetting) 
and novolac (thermoplastic). Resole resins are obtained 
by condensing phenol with an excess of formaldehyde, 
in the presence of a basic catalyst. They have the ability 
to transform into an insoluble and unmeltable state upon 
heating, as they undergo three stages of structural change 
– resole, resitol, and resite (Figure 1).

The high content of polar groups (hydroxyl and 
methylol) provides excellent adhesion of resol resins to 
wood, as well as their solubility in alcohol, bases, and 
water. The chain molecules of resols consist of phe-
nolic nuclei linked together by methylene groups or 
ether bonds. Novolac resins are obtained in excess of 
phenol in the presence of an acidic catalyst. Upon heat-
ing, these resins cannot be converted into an unmelta-
ble and insoluble state as easily as resol resins. The 
rapid curing of novolac resins only occurs in the pres-
ence of special curing agents (Sarika et al., 2020).

Alcohol-soluble PF resins are of interest, because 
the glued products are characterized by high strength 
and resistance to external influences (Lee et al., 2014; 
Popovska et al., 2014; Shishlov et al., 2015; Chi and 
Trang, 2021). The literature data show that research in 
this area is scarce. Therefore, the aim of the present 
study was to examine the properties of this adhesive 
under different bonding technological factors, as well 
as its influence on the quality characteristics of ply-



Valyova, Koynov: Bonding Strength of Beech Plywood Glued with Alcohol-Soluble Phenol-Formaldehyde Resin

 75 (4) 479-487 (2024) 481 

wood products (in dry condition and after immersion 
of the test specimens in boiling water for one hour).

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

The experimental studies in the present work 
were performed using high-quality beech veneer (Fa-
gus sylvatica L.) with a thickness of 1.5 mm, free from 
wood defects, with a smooth surface and without pro-
cessing defects. The veneer was obtained and dried to 
a moisture content of 6-8 % under production condi-
tions (Cooperation “Obnova”, Cherni Osam village). A 
total of 12 pieces of laboratory-glued five-layer ply-
wood were produced in order to establish the strength 
indicators of the adhesive joints between the veneer 
sheets. After piezo-thermal treatment, the panels were 
removed from the hot press and arranged in tight for-
mations for 24 hours. Before testing the strength pa-
rameters of the adhesive joints, the plywood panels 
were conditioned for seven days at a temperature of 20 
°C and an air humidity of 65 %.

Thirty specimens were cut from each plywood 
sheet, half of which were tested in a dry condition and 
the other half in boiling water for 1 hour. The alcohol-
soluble PF resin Prefere 14J350 (Prefere Resins Austria 
GmbH) with a solids content of 46 %, viscosity- 372 
MPas at 20 °C, and pH- 6-8, was used as an adhesive.

The research was conducted in the laboratory of 
wood-based panels at the University of Forestry, Sofia 

according to the standards BDS EN 314-1:2006 and 
BDS EN 314-2:2002. The five-layer plywood samples 
were made in a hydraulic press with dimensions of 
600/600 mm. The adhesive was applied to the veneer 
sheets using a roller applicator. This study presents the 
influence of certain technological factors on the bond-
ing strength. Test specimens for determining the bond-
ing strength of plywood were prepared according to 
BDS EN 315:2002.

The bonding strength at the farthest adhesive 
joints from the face layers, namely the second and third 
adhesive joints, was established. The strength charac-
teristics of the laboratory-produced veneer sheets of 
beech wood was determined according to Eq. 1.

  (1)

Where:  fv – bonding strength, N/mm2;
 F – breaking force of test specimens, N;
 l1– bonding area length, mm;
 b1– bonding area width, mm.

The dimensions of the test specimens were deter-
mined as the arithmetic mean values of two measure-
ments in the middle and their length. The experiments 
were performed on a universal testing machine with an 
accuracy of 0.1 N under the following conditions: in 
dry state at a moisture content of plywood not exceed-
ing 8 %, and after immersion of the test specimens in 
boiling water for one hour. After testing the specimens, 
it was recorded whether the failure occurred at the ad-

Figure 1 Synthesis of novolac and resol resin
Slika 1. Sinteza novolaka i rezol smole
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hesive joint or not. This is an additional indicator for 
characterizing the quality of the adhesive bond.

The influence of bonding duration on the bond-
ing strength of plywood was investigated at three dif-
ferent press temperatures (135 °C, 145 °C, and 155 
°C), an adhesive spread of 130 g/m2 and a pressure of 
1.8 MPa. The effect of adhesive consumption on bond-
ing strength was also established at the following pa-
rameters: pressing pressure of 1.8 MPa, pressing tem-
perature of 145 °C, pressing time of 6.15 minutes, and 
different adhesive consumption ranging from 110 to 
190 g/m2 (Pipíška et al., 2023).

Studies related to the effect of the adhesive initial 
temperature at the moment of its application on the 
bonding strength of plywood were performed. Under 
all the above conditions, a glue spread of 130 g/m2 was 
applied.

The obtained values were processed by the meth-
od of variational statistics, and the values between two 
samples were processed using the T-test.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

In order to establish the influence of the pressing 
time on the bonding strength of plywood, experiments 
with different pressing time and at different tempera-
tures (135 °C, 145 °C and 155 °C) were conducted. A 
glue spread of 130 g/m2 and a pressing pressure of 1.8 
MPa were applied. 

The relationship between the press temperature 
and the pressing time on the bonding strength in a dry 
state at 135 °C is graphically illustrated in Figure 2a.

The results obtained showed a significant in-
crease in bonding strength of 27 % in the range of 4:30 
– 5:30 min. At this temperature, the highest bonding 
strength was found at a pressing time of 8:30 min. 
Lowering the pressing time in all cases led to a de-
crease in bonding strength.

The results of the conducted T-test showed statis-
tical significance when comparing bonding strength at 
different pressing times. In the first case, from 4:30 to 
5:30 min., p-value = 0.00007; between 5:30 and 6:30 
min, p-value = 0.00015. The results were not statisti-
cally significant in the range of 6:30 to 7:30 min (p-
value = 0.41110). In the last mode range from 7:30 to 
8:30 min, the results displayed statistical significance 
again (p-value = 0.00039).

The presented results indicate that the bonding 
strength significantly decreased after immersion of the 
test specimens in boiling water for 1 hour (Figure 2b). 

The lowest values were found at press tempera-
ture of 135 °C and pressing time of 4:30 minutes (1.00 
N/mm2), and the highest values (1.58 N/mm2) when the 
pressing time reached 8:30 minutes. In this case, as 
well as in the case of testing in a dry state, the same 
dependence was observed, namely that with an in-
crease in the pressing time, the bonding strength also 
increased. The enhancement of the adhesive joint 
strength with increasing pressing time was in the range 
of 8 to 18 %. 

Figure 2 Influence of pressing time on bonding strength in a dry state (a) and after immersion of test specimens in boiling 
water for 1 hour (b) at press temperature of 135 °C 
Slika 2. Utjecaj vremena prešanja na čvrstoću lijepljenja furnirske ploče u suhom stanju (a) i nakon jednosatnog potapanja 
uzoraka u kipućoj vodi (b) pri temperaturi prešanja od 135 °C 

Press temperature 135 °C / temperatura prešanja 135 °C

Pressing time / vrijeme prešanja, min

f V
, N

/m
m

2
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Increasing the press temperature from 135 °C to 
145 °C in a dry state led to rising of bonding strength 
from 5 to 24 % (Figure 3a).

In this case, with increasing pressing time, the 
bonding strength rises from 6 to 11 %. The lowest 
bonding strength was observed at 3:30 min. (2.17 N/
mm2), while the highest value was found at 7:30 min 
(2.91 N/mm2). 

The results of the T-test showed the same de-
pendence. In the first case, from 3:30 to 4:30 min, the 
p-value was 0.00026 and between 4:30 and 5:30 min, 
the p-value was 0.00101. In the range of 5:30 to 6:30 
min, the p-value was 0.04331. In the last regime mode 
from 6:30 to 7:30 min, the results of the T-test were 
very small, which again shows statistical significance.

 The results found at press temperature of 145 °C 
and immersion of the test specimens in boiling water 
for one hour showed similar dependencies to the previ-
ous cases (Figure 3b).

The lowest value was obtained with the shortest 
pressing time of 3:30 min. (1.09 N/mm2), while the 
highest value was achieved with a pressing time of 
7:30 min. (1.82 N/mm2). The results clearly indicate 
that with rising pressing time in the specified range, the 
strength properties of the adhesive joints after a 1-hour 
stay in boiling water increased by approximately 67 %. 

Increasing the temperature to 155 °C in a dry 
state exhibited the same dependence as in the other two 
cases (Figure 4a).

The most significant increase in the bonding 
strength was observed in the range between 5:30 and 
6:30 min (approximately 9 %). 

The values obtained from the performed T-test 
showed the same trend as in the previous cases. In the 
range from 2:30 to 3:30 min, p-value = 0.00034 and be-
tween 3:30 and 4:30 min, p-value = 0.00018. The values 
were negligibly small (significantly ≤0.05) from 4:30 to 
6:30 min, which again showed statistical significance. 

The action of boiling water influenced a negative 
effect on the bonding strength at a temperature of 155 
°C (Figure 4b).

It increased to the greatest extent in the interval 
of 4:30-5:30 min, and the highest value (3.25 N/mm2) 
was found at a pressing time of 6:30 min. The results of 
testing the experimental specimens, both in a dry state 
and after immersion in boiling water for 1 hour, showed 
that with increasing the press temperature and the 
pressing time, the bonding strength significantly en-
hanced. Pressing at higher temperatures results in high-
er bonding strength. In addition, a shorter pressing time 
at higher temperatures was used. 

The results clearly show that this does not have a 
negative impact on the bonding strength of plywood 
glued with alcohol-soluble PF resin. This in turn is a pre-
requisite for intensifying the bonding process, which is 
an opportunity to increase the economic effect. 

When determining the bonding strength in a dry 
state, the failure of the adhesive joints was from 75 to 90 
% in the wood zone, due to the significantly large adhe-
sion bonds. Another part of the specimens failed 100 % 
in the wood zone (8:30 min in Figure 2 as well as 7:30 
min in Figure 3 and 6:30 min in Figure 4). The failure of 
the adhesive joints in the bonding strength test after im-

Figure 3 Influence of pressing time on bonding strength in a dry state (a) and after immersion of test specimens in boiling 
water for 1 hour (b) at press temperature of 145 °C
Slika 3. Utjecaj vremena prešanja na čvrstoću lijepljenja furnirske ploče u suhom stanju (a) i nakon jednosatnog potapanja 
uzoraka u kipućoj vodi (b) pri temperaturi prešanja od 145 °C

Press temperature 145 °C / temperatura prešanja 145 °C

Pressing time / vrijeme prešanja, min

f V
, N
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Figure 4 Influence of pressing time on bonding strength in a dry state (a) and after immersion of test specimens in boiling 
water for 1 hour (b) at press temperature of 155 °C
Slika 4. Utjecaj vremena prešanja na čvrstoću lijepljenja furnirske ploče u suhom stanju (a) i nakon jednosatnog potapanja 
uzoraka u kipućoj vodi (b) pri temperaturi prešanja od 155 °C

Press temperature 155 °C / temperatura prešanja 155 °C

Pressing time / vrijeme prešanja, min

f V
, N

/m
m

2

mersion of the test specimens in boiling water for 1 hour 
occurred from 10 to 40 % in the wood zone.

The obtained results were compared with the re-
search of some authors in studies conducted in a simi-
lar area. Pipiška et al. (2024) applied different regimes, 
examining three types of specimens obtained under the 
following conditions: after conditioning at a tempera-
ture of 20 °C and relative humidity of 65 %; at soaking 
in water at 20 °C for 24 h; at boiling in water for 6 h 
and cooling in water at 20 °C at least 1 h. The deter-
mined shear strength of the adhesive joint was in the 
range of 1.1 to 1.82 N/mm2 and the wood failure was 
from 33 to 85 %.

Other authors, such as Kallakas et al. (2020) con-
sidered different combinations of hardwood species 
(gray alder, black alder and aspen), the aim being to 
replace birch veneer in plywood. A consumption of PF 
adhesive of 152 to 179 g/m2 was applied. The highest 
bonding strength value obtained was 2.39 N/mm2, and 
the failure in the wood zone ranged from 43.3 to 79.8 
% depending on the different processing parameters 
and combinations of wood species.

Interesting dependencies were found by Bekhta 
et al. (2020), who conducted a study on the bonding 
of birch plywood with phenol-formaldehyde resin at 
different pressing parameters and binder content. The 
shear strength found, depending on the applied condi-

tions and adhesive consumption, was in the range of 
1.2 to 2.93 N/mm2. Other authors optimized some of 
the pressing processes when gluing birch plywood 
with phenol-formaldehyde resin. They investigated 
bond strength after soaking the test specimens at 20 
°C for a period of 24 hours, as well as after boiling 
them in water for 4 hours. The established bond 
strength, depending on the selected pressing parame-
ter, was in the range from 1.1 to 2.5 N/mm2 (Kawaler-
czyk et al., 2022).

The above cases clearly show that not only the 
main pressing parameters but also the amount and type 
of the binder have a significant influence on the bond-
ing strength of plywood.

The choice of optimal adhesive consumption for 
bonding plywood is of great importance. The adhesive 
consumption affects the cost of the final product. The 
influence of adhesive consumption on the bonding 
strength of plywood was determined by the following 
technological factors: pressing temperature of 145 °C; 
pressing time of 5:30 min; pressing pressure of 1.8 
MPa. Glue spreading of 110, 130, 150, 170, and 190 g/
m2 was selected. 

The results demonstrated that with increasing con-
sumption of phenol-formaldehyde resin, the bonding 
strength in dry condition also increased. This was valid, 
however, only in the range of 110-170 g/m2 (Figure 5).
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А significant rise in bonding strength of about 15 
% was observed when the adhesive consumption was 
increased from 110 to 130 g/m2. 

The bonding strength enhanced by about 3 % 
from 130 to 150 g/m2. This dependency was repeated 
in the range of 150 to 170 g/m2. When the adhesive 
spread reached 190 g/m2, a decrease in bonding 
strength of plywood was observed. This is due to the 
formation of a thick adhesive joint, leading to signifi-
cant stress within it. These results indicated that exces-
sive increase in adhesive consumption is not advisable. 

The results of the conducted T-test showed that 
there is no statistically significant difference in bond-
ing strength when comparing different adhesive 
amounts. In the range of 110 to 130 g/m2, p-value = 
0.00644; from 130 to 150 g/m2, p-value = 0.53025. 
Similar values were found for adhesive spread between 
150 and 170 g/m2 (p-value = 0.46423) and between 
170 and 190 g/m2 (p-value = 0.23646). 

Testing of the specimens after immersion in boil-
ing water for one hour showed a similar dependence as 
in the dry state, with the difference that the values were 
lower (Figure 5b).

In this case, there was again a sharp increase of 
about 13 % in the bonding strength from 110 to 130 g/m2. 

From the above, it becomes clear that the optimal 
consumption of alcohol-soluble phenol-formaldehyde 
resin can be assumed to be in the range of 150-170 g/m2. 

The initial temperature of the adhesive also influ-
enced the bonding strength. The same process factors 

were applied as in the study of the adhesive consump-
tion. When testing the samples in a dry state, the lowest 
bonding strength was obtained at an adhesive tempera-
ture of 10 °C – 2.02 N/mm2 (Figure 6a).

As the adhesive temperature rises, the bonding 
strength also increases. It changed insignificantly 
(about 7 %) in the range of 10 to 20 °C. Further in-
crease in temperature leads to a considerable enhance-
ment in bonding strength (about 19 %) in the range of 
20 to 30 °C. The increase of 19 % was also observed 
from 30 to 40 °C. The graphical representation shows 
that as the temperature rises in the range of 20 to 40 °C, 
the bonding strength of plywood increases from 2.26 to 
3.32 N/mm2, or by approximately 42 %.

Figure 6b illustrates the results of testing the sam-
ples after immersion in boiling water for one hour. A 
similar dependence was found as in the dry state, with the 
most intensive increase in bonding strength in the range 
of 30-40 °C. However, in this case, the values were lower 
compared to those in the dry state. The best bonding 
strength was achieved at the highest temperature.

The results of the conducted T-test showed that 
when comparing the bonding strength at different tem-
peratures of the adhesive, in most cases statistical sig-
nificance was assessed. When increasing the tempera-
ture from 10 to 20 °C, the results were not statistically 
significant (p-value = 0.10001). In a temperature range 
from 20 to 30 °C, p-value = 0.00019. In the final vari-
ant of 30 to 40 °C, p-value = 0.00053. Тhe performed 
studies demonstrate that the optimal temperature of 

Figure 5 Influence of adhesive spread on bonding strength of plywood in a dry state (a) and after immersion in boiling water 
for one hour (b)
Slika 5. Utjecaj količine nanosa ljepila na čvrstoću lijepljenja furnirske ploče u suhom stanju (a) i nakon jednosatnog 
potapanja u kipućoj vodi (b)

Adhesive spread / količina nanosa ljepila, g/m2
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, N

/m
m

2



Valyova, Koynov: Bonding Strength of Beech Plywood Glued with Alcohol-Soluble Phenol-Formaldehyde Resin

486  75 (4) 479-487 (2024)

alcohol-soluble PF resin can be assumed to be in the 
range of 30-40 °C.

4  CONCLUSIONS
4.  ZAKLJUČAK

The use of alcohol-soluble PF resin for the pro-
duction of plywood showed very high strength charac-
teristics of the adhesive joint. The established results 
strongly indicate that these properties apply both to the 
dry state and to treatment in boiling water. This is of 
considerable interest when plywood is subjected to ad-
verse weather conditions.

The strength of the adhesive joints rised almost 
linearly with increasing pressing time and temperature 
from 135 to 155 °C.

The established optimal mode factors after the 
conducted research were: temperature of 145 °C, adhe-
sive spread of 150 g/m2 and initial temperature of the 
glue 30-40 °C.
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Drvo crnog oraha  
Juglans nigra L.

MIKROSKOPSKA OBILJEŽJA 

Drvo crnog oraha rastresito je porozno do polu-
prstenasto porozno. Traheje su brojne (6 – 14 na 1 mm2 
poprečnog presjeka), srednje veličine i promjera do 
260 µm. Veličina im se postupno smanjuje od ranoga 
prema kasnom drvu. Raspoređene su pojedinačno, u 
skupinama i u kratkim radijalnim nizovima. Volumni 
udio traheja je oko 18 %. Uzdužni parenhim apotra-
healno je difuzan, volumnog udjela oko 4 %. Staničje 
drvnih trakova je homogeno do jedva heterogeno. Drv-
ni su traci široki 1 – 3 stanice, visoki do 25 stanica, 
gustoće od 8 do 13 na 1 mm tangentnog smjera. Volum-
ni udio drvnih trakova iznosi oko 11 %. Drvna su vla-
kanca libriformska, a pojavljuju se i u obliku vlaknas-
tih traheida duljine od 1,1 do 1,85 mm. Debljina 
staničnih stijenki kreće se od 3,0 do 9,0 µm, a promjer 
njihovih lumena od 7,0 do 23,0 µm. Volumni udio 
drvnih vlakanaca iznosi oko 67 %.

RELEVANTNE SPOZNAJE O STRUKTURI  
I VARIJACIJAMA DRVA CRNOG ORAHA

Pregled ograničenog broja istraživanja strukture i 
varijacije svojstava drva crnog oraha donosi spoznaje: a) 
o drvu crnog oraha uzgojenom na otvorenome, koje je 
imalo veću gustoću od drva oraha uzgojenoga u šumi 
(Paul, 1943.); b) o mehaničkim i tehnološkim svojstvi-
ma drva crnog oraha koja su bila zadovoljavajuća bez 
obzira na anatomska obilježja (Schumann, 1973.); c) o 
plantažno uzgojenim stablima crnog oraha koja su imala 
šire godove, sa širom zonom kasnog drva, što rezultira 
smanjenjem površine pora i lošijom teksturom drva 
(Phelps i Workman, 1992.); d) o duljini vlakanaca na 
koju neznatno utječu postupci suzbijanje korova i obra-
da usjeva (Cutter i Garrett, 1993.).

MICROSCOPIC CHARACTERISTICS  

Black walnut wood is diffuse porous to semi-ring 
porous. Vessels are numerous (6 to 14 on 1 mm2 cross 
section), medium in size and with diameter up to 260 
µm. Their size gradually decreases from early to late 
wood. They are arranged individually, in pairs and in 
short radial rows. The volume fraction of vessels is 
around 18 %. Axial parenchyma is apotracheal diffuse, 
with volume fraction of around 4 %. Wood ray tissue is 
homogeneous to barely heterogenous. Wood rays are 1 
to 3 cells in width, to 25 cells in height, with the density 
of 8 to 13 per tangential mm. The volume fraction of 
wood rays is around 11 %. Wood fibres are libriform, 
and also appear in the form of fibrous tracheids, with a 
length of 1.1 to 1.85 mm. The cell wall thickness ranges 
from 3.0 to 9.0 µm, and lumen diameter from 7.0 to 23.0 
µm. The volume fraction of wood fibres is around 67 %.

RELEVANT KNOWLEDGE ABOUT BLACK 
WALNUT WOOD STRUCTURE AND 
VARIATIONS

A review of the limited research on wood struc-
ture and properties variations provides the following 
information: (a) open-grown black walnut wood had 
higher density than did forest-grown walnut (Paul, 
1943); (b) mechanical and machining properties of 
black walnut wood were satisfactory regardless of ana-
tomical characteristics (Schumann, 1973); (c) black 
walnut plantation trees had wider growth rings with 
wider latewood zones, resulting in a reduction in vessel 
area and poorer wood texture (Phelps and Workman, 
1992.); (d) fiber length was found to be weakly affect-
ed by weed control and cropping practices (Cutter and 
Garrett, 1993).
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