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ABSTRACT

Wood and wood-based panels are widely used in the construction and furniture industries; however, their
inherently low fire resistance remains a major limitation. Vermiculite, a mineral that expands significantly
at high temperatures, offers a promising solution to improve the fire resistance of such materials. This study
aims to determine how varying vermiculite contents (0 %, 15 %, 20 %, 25 %) and urea-formaldehyde (UF)
adhesive levels (12 %, 14 %, 16 %) jointly influence the physical, mechanical, and thermal performance of
particleboards. Single-layer panels were manufactured under controlled pressing conditions, and their dimen-
sional stability, strength properties, and thermal behavior were evaluated. Increasing vermiculite content led to
higher thickness swelling and water absorption; for instance, at 25 % vermiculite, 2 h TS rose to 45.7 % in the
12 % UF group, while increasing UF to 16 % reduced this value to 31.4 %. Mechanical performance decreased
with vermiculite addition: MOR declined from 15.77 MPa (control) to values below P1 requirements at higher
vermiculite ratios, although increased UF partially mitigated this loss. In contrast, thermal properties improved
markedly; mass loss during TGA decreased from 91.34 % (control) to 72.55 % at 25 % vermiculite with 16
% UF, indicating enhanced resistance to thermal degradation. These findings demonstrate that vermiculite
substantially enhances thermal stability but compromises mechanical integrity, underscoring the need for care-
ful balance between mineral content and adhesive level. Optimized vermiculite-UF combinations can support
the development of particleboards for fire-resistant interior applications, offering valuable guidance for future
material design and industrial implementation.
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INTRODUCTION

Various flame-retardant additives, particularly when used at higher loadings, are known to cause reduc-
tions in the physical and mechanical properties of wood-based panels. To compensate for these deteriorations,
either higher amounts of adhesive or adhesives with stronger bonding capability are typically required. There-
fore, an optimal selection of the UF resin ratio in relation to the amount of vermiculite is critical for achieving
the desired balance between material performance and production cost.

This trade-off highlights the importance of determining the most appropriate adhesive content when incor-
porating vermiculite as a flame-retardant additive.

The usage and production of wood-based composites using wood and other ligocellulosic materials
have been steadily increasing (Prochazka et al. 2021). Wood-based products offer several advantages in their
applications. They are easier to process than alternative materials, available in various colors and patterns,
require minimal maintenance, and satisfy a wide range of consumer demands (Ozliisoylu and Istek 2015).
Currently, wood and wood-based panels are widely used for structural, decorative, and functional purposes in
interior and exterior architecture, construction, and furniture manufacturing. Moreover, wood is a renewable and
sustainable material, which increases its importance and preference over non-renewable alternatives (Seo et
al. 2016).

In particleboard production, wood particles are dried to the desired size, the adhesive is applied, and after
forming the mat, the panels are manufactured by hot pressing.

During production, several factors such as the type of wood raw material, particle geometry, additional
additives, adhesive type and amount, and pressing parameters have a direct influence on the final product
quality (Ozkaya et al. 2007, Istek et al. 2023, Kurt 2022).

Depending on their application areas, particleboards are exposed to various biotic and abiotic factors that
cause deformation, discoloration, decay, and loss of strength.

One of the primary objectives in particleboard production is to develop cost-effective, aesthetically
appealing, and durable materials with sufficient resistance to these damaging factors (Dix and Roffael 1997).
However, a major disadvantage of particleboards is their low resistance to combustion, which is particularly
critical for indoor applications. In general, wood materials exhibit lower thermal stability compared to other
construction materials (Jiang et al. 2010). Various methods and chemical additives have been developed to im-
prove the fire resistance of wood products. Among them, phosphorus-based compounds such as monoammo-
nium phosphate, diammonium phosphate, phosphoric acid, ammonium sulfate, boric acid, borax, ammonium
chloride, and dicyandiamide, along with other flame retardants, are commonly used as preservative agents
(Cavdar 2020).

Vermiculite is a magnesium-aluminosilicate clay mineral derived from volcanic lava rocks. When ex-
posed to high temperatures, it expands significantly, resulting in increased volume and porosity. Vermiculite
is naturally formed through the weathering and alteration of mica minerals, during which its bulk density de-
creases and it acquires a light, layered structure (Rashad 2016). It can adhere to various surfaces and exhibits
excellent sound and thermal insulation properties. Moreover, when used as a flame retardant, vermiculite
releases non-toxic smoke and gases, making it safe for both human health and the surrounding environment
(Braganza et al. 1990, Wang et al. 2016a, Suvorov and Skurikhin, 2003, Nguyen et al. 2013).

In different studies, vermiculite was utilized to increase the combustion resistance of cellulosic-based
composites. For instance, insulation materials were produced from waste newsprint, and additives such as ver-
miculite, perlite, zinc borate, and gypsum were incorporated either individually or in combination. The results
indicated that vermiculite improved the thermal conductivity and combustion resistance of the materials, with
the highest fire resistance observed in samples containing vermiculite. (Binici et al. 2016). In a similar study,
the resistance to combustion of composites produced from waste cardboard, gypsum, pumice, perlite, vermicu-
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lite, and zeolite was investigated, and it was observed that vermiculite provided resistance to combustion when
used alone and in mixture with other minerals (Binici 2016, Aksogan et al. 2018).

In another study, the thermal degradation and combustion performance of plywood produced with urea
formaldehyde adhesive with added vermiculite increased the limit oxygen index (LOI) value with the use of
vermiculite. As a result, combustion performance improved. In addition, vermiculite was reported to be a ther-
mal insulator that slows pyrolysis and increases charring (Wang et al. 2016b).

Using flame-retardant additives can effectively slow down the burning rate of materials (Ergun 2023).
To minimize harm to humans and the environment during fires, flame retardants that inhibit combustion and
reduce smoke formation are essential, as they prevent the spread of flames across material surfaces (Aydin
et al. 2016). Similarly, the incorporation of various flame retardants to reduce the flammability of wood
materials is considered necessary, depending on their intended applications (Mensah et al. 2023). Flame retar-
dants should possess a low ignition rate, diminish combustion intensity, produce minimal and slow smoke, and be
non-toxic, while enhancing fire performance without impairing the material’s properties. Additionally, they
should be cost-effective and compatible with the functional requirements of their intended use (He et al. 2014).

In this context, the present study investigates the physical, morphological, mechanical, and thermal
properties of particleboards manufactured using three different UF adhesive contents (12 %, 14 %, and 16 %)
and four vermiculite levels (0 %, 15 %, 20 %, and 25 %).

MATERIALS AND METHODS

The density of expanded vermiculite ranges from 80 kg/m3to 120 kg/m?, while its high melting point is
between 1240 °C and 1430 °C. Its thermal conduction coefficient is between 0,04 W/mK and 0,12 W/mK. In
addition, vermiculite is chemically inert, environmentally safe, and thermally stable. Expanded vermiculite
was obtained from Agrikal (Antalya/Turkiye). Vermiculite was ground in a Wiley mill and then sieved through
0,25 mm diameter sieves before being used in particleboard production. The wood chips and urea-formalde-
hyde (UF) adhesive were supplied by a commercial particleboard factory. The chips have dimensions of 10,5
mm x 10,5 mm. Black pine (Pinus nigra J.F.Arnold) made up 50 % of the chip combination, followed by
hornbeam (Carpinus betulus L.) (20 %), oriental beech (Fagus orientalis Lipsky.) (20 %), and black poplar
(Populus nigra L.) (10 %). At 22 °C, the UF adhesive exhibited a viscosity of 220 mPa-s, a density between
1260 and 1280 kg/m?, and a solid content of approximately 55 %.

Production of particleboard

Single-layer particleboards were made using the chips acquired from the particleboard facility. The chips
were bagged to prevent air exposure and dried to a 1 % to 3 % moisture content before adhesive was applied.
The gluing process was carried out in a mechanical rotary drum gluing machine (ECOMIX, 42750 Saint-Denis
de Cabanne). The required amount of chips was placed into the drum and mixed with vermiculite at the desig-
nated ratios. Vermiculite was used in ratios of 15 %, 20 %, and 25 % of the dry chip weight. Then, the gluing
process was carried out by mixing with UF adhesive. UF adhesive was also used in proportions of 12 %, 14
%, and 16 % by weight of whole dry chips. Vermiculite was added prior to adhesive application to ensure that
the particles were fully coated with the UF resin. Table 1 shows the board groups and the number of boards
produced.
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Table 1: Compositions and number of particleboards produced.

G Vermiculite rate | UF rate | Number of particle-
roups (%) (%) boards

12 3

14 3

! 0 16 3
12 3

14 3

2 15 16 3
12 3

14 3

3 20 16 3
12 3

14 3

Total 36

Following the assembly of the board, it was inserted into a hot press with measurements of 400 mm x 400
mm X 12 mm. Each group produced three particleboards. After completion, the boards were allowed to cool
before being conditioned at a relative humidity of 65 % + 5 % and a temperature of 20 °C + 2 °C to reach
equilibrium moisture content. Samples were collected to evaluate the qualities of the board.

The parameters used to manufacture the particleboard are shown in Table 2.

Table 2: Single layer particleboard production parameters.

Particleboard Production Parameters Values
Press pressure (MPa) 6
Press temperature (°C) 180
Press time (s) 180
Target board density (kg/m®) 650
Thickness (mm) 12

Characterization

The test panels were allowed to stabilize at ambient conditions for one week. The test specimens were
prepared according to TS EN 326-1 (1999). The samples were then conditioned for one week in a controlled
environment room at 20 °C + 2 °C and 65 % + 5 % relative humidity, as recommended by TS 642 ISO 554
(1997). The moisture content (MC) of the test panels was evaluated using TS EN 322 (1999), and their densi-
ties were assessed using TS EN 323 (1999). Thickness swelling (TS) was measured in accordance with TS EN
317 (1999). ASTM D1037-12 (2020) was used to test water absorption (WA).

According to TS EN 319 (1999) and TS EN 310 (1999), internal bond strength (IB), modulus of rupture
(MOR), and modulus of elasticity (MOE), respectively, values were obtained. A scanning electron microscope
(SEM) (Tescan Maia3 Xmu model) was used to analyze the particleboard morphologies. A thin layer of gold
5 nm thick was put into the samples to improve the conductivity of the particleboards. The SEM microscope
was used to analyze microstructure images at a voltage of 20,0 kV. The ASTM C518-21 (2021) standard was
adhered to while measuring the thermal conduction coefficients of the particleboards at 24 °C using a heat flux
instrument (KEM QTM 500, Kyoto Electronics, Kyoto, Japan).
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The materials were heated from room temperature to 800 °C for thermogravimetric (TG) and derivative
thermogravimetric (DTG) analysis (Hitachi-STA 7300). With a gas flow rate of 50 mL per minute and a
nitrogen environment, a heating rate of 10 °C per minute was conducted. Each group underwent six repetitions
of every test except TGA, thermal conduction coefficients, and SEM analyses. Using an ANOVA with the
SPSS 16 software, the effects of different vermiculate concentrations on the mechanical and physical charac-
teristics of the chipboard were evaluated at a 95 % confidence level (p < 0,05). The Duncan homogeneity test
was used to identify statistically significant homogenous groupings.

RESULTS AND DISCUSSION

The homogeneity groups obtained from the one-way analysis of variance (ANOVA) for the moisture con-
tent and density values of the particleboards, depending on the vermiculite (V) ratio, are presented in Table 3.
The same letters indicated in the column for the same UF ratio in the table represent the same homogeneity
groups determined by the DUNCAN test.

Table 3: Moisture and density values of test samples.

Grou, Moisture Densi
No | V() UF (%) (%) (kg/m?;
1 0 12 6,30 697+38.46a
2 15 12 6,15 708+43,62a
3 20 12 6,42 714+44.32a
4 25 12 6,89 724425,77a
5 0 14 7,30 703+37.44a
6 15 14 6,50 686+51,14a
7 20 14 6,17 697+29,38a
8 25 14 7,01 7274+25,67b
9 0 16 7,52 669+52,23a
10 15 16 6,23 715+32.81b
11 20 16 6,48 714+40,21b
12 25 16 6,72 703+45,12b

+: standard deviation, there is no statistically significant difference between the same letters in the same column for the
same adhesive ratio (p<0,05).

When Table 3 was examined, it was observed that the density of the panels increased linearly with the
increasing vermiculite content in the 12 % UF group, while no linear trend was found for the 14 % and 16 %
UF groups. The moisture values of the panel groups were within the limit values (5 % -13 %) specified in the
TS EN 312 (2012) standard. When the target density value (650 kg/m?) was considered in the study, the density
values were within the 10 % tolerance limit specified in the TS EN 312 (2012) except for groups 4 and 8. In
addition, there was no statistically significant difference between the density values of the experimental panels
in the group where 12 % UF was used. Istek and Siradag (2013) stated that density changes up to 10 % in
particleboards had no significant effect on board properties. In addition, many factors related to raw materials
and production conditions can affect the board density.

The homogeneity groups of the average WA and TS values and standard deviation values of the experi-
mental panels for 2 h, 24 h, and 72 h, obtained by the DUNCAN test, depending on the fixed UF usage, are
given in Table 4.
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Codes V | UF 2h-TS 24h-TS 72h-TS 2h-WA 24h-WA 72h-WA
(%) | (%) (%) (%) (%) (%) (%) (%)
1 0 | 12 [35,7743,62a| 42,18+3,88a | 45,50+4,95a | 66,65+3,25a | 78,04+3,45a | 93,35+4,00a
2 15 | 12 |54,4247.20c | 64,96+10,18¢ | 71,06+£11,96¢ | 74,17+5,04b | 88,38+4,76b | 106,09+5,71b
3 20 | 12 |38,04+2,95a| 43,804+2,93a |47,14+3,50ab| 67,77+£5,31a | 79,49+5,41a | 95,02+8,24a
4 25 | 12 |45,7445,25b| 51,7944,65b | 55,6346,13b | 70,6745,18ab| 85,90+6,46b | 100,10+7,15ab
5 0 | 14 |25,82+1,49a| 31,45+2,75a | 34,6143,44a | 55,26+7,75a | 68,89+5,21a | 82,384+6,48a
6 15 | 14 |38,8846,54c| 45,29+7,08¢ | 49,40+7,76b | 72,16+6,64b | 86,71+6,35b | 103,16+7,35¢
7 20 | 14 |39,8443,12c| 45,8043,55¢ | 49,434+2,76b | 69,02+4,73b | 81,85+5,40b | 96,23+6,19bc
8 25 | 14 [33,30+4,64b | 39,37+4,93b | 42,7846,12b | 64,88+6,47b | 78,90+7,47b | 93,15+10,17b
9 0 | 16 [23,3144,43a| 30,15+5,11a | 32,4546,14a | 53,26+4,87a | 67,10+2,86a | 82,57+4,26a
10 15 | 16 |31,17£3,57b|37,70+4,30bc | 39,92+4,56ab | 58,36+7,89ab| 72,75+4,36ab| 87,11£5,56a
11 20 | 16 |36,19+4,62b| 42,5745,12¢ | 44,09+6,03b | 64,48+6,79b | 78,38+7,46b | 93,40+8,67a
12 | 25| 16 |31,38+5,27b|35,19+4,40ab | 39,79+9,73ab | 61,06=7,63b | 75,10+8,94ab| 90,14+13,64a

“+: standard deviation, there is no statistically significant difference between the same letters in the same column for the
same adhesive ratio (p<0,05).

When Table 4 is examined, the lowest thickness swelling (TS) values after 2 h, 24 h, and 72 h were 23,31
%; 30,15 % and 32,45 %, respectively, for the 16 % UF group. These results indicate that dimensional sta-
bility improves with an increase in adhesive content. The highest TS and water absorption (WA) values were
generally observed in panels with lower adhesive content and higher vermiculite ratios. Overall, as the ver-
miculite content increased, both TS and WA values at 2 h, 24 h, and 72 h increased compared to the control
group (0 % V) for all adhesive levels. However, these increases became less pronounced as the UF adhesive
content rose, suggesting that higher adhesive ratios mitigate the negative effects of vermiculite on dimensional
stability. For 25 % vermiculite usage, the 2 h TS value, which is 45,74 % on average in the experimental group
produced with 12 % UF, is 33,30 % and 31,38 % for 14 % UF and 16 % UF, respectively. Under the same
conditions, the 2 h WA value, which is 70,67 % for (25 % V-12 % UF), is 64,88 % and 61,06 % for 14 % UF
and 16 % UF, respectively. As a result, it was determined that there is a 32 % improvement in TS value and
a 14 % improvement in WA value with an increase in adhesive amount from 12 % to 16 % in 25 %V usage.
Statistically, there is no significant difference between the control groups (0 % V) and the experimental group
using 20 % vermiculite for 2 h TS with 12 % UF usage. However, it was found that the experimental groups
containing 15 % and 20 % vermiculite showed statistically significant differences compared to the control
group. In the 14 % and 16 % UF adhesive groups, the differences between the control and all vermiculite-con-
taining panels were also significant, indicating that vermiculite addition notably affected panel performance at
these adhesive levels. The increase in both the TS and WA values did not show a linear trend with an increase
in the amount of vermiculite for any of the panel groups. Many factors related to raw materials and produc-
tion conditions can affect the dimensional properties of the panels (Li et al. 2017). This tendency held for
vermiculate particles as the filler loading in the particleboards increased, and the water absorption rose dra-
matically. This may be attributed to the presence of additional voids in the interfacial region and a higher
concentration of hydrophilic functional groups, such as hydroxyls, which can readily form hydrogen bonds
with water molecules. These factors contribute to weaker interfacial adhesion between the matrix and the
lignocellulosic components (Ghofrani et al. 2017). As mentioned earlier, this finding has been confirmed by
several previous studies (Li et al. 2013, Ashori 2010). Although the 24 h thickness swelling (TS) values ob-
tained from the experimental panels are higher than the 17% limit specified in TS EN 312 (2012) for non-
load-bearing particleboards (Type P3) used in humid conditions, the panels can still be considered suitable for
general-purpose applications. The homogeneity groups obtained by the DUNCAN test of the average modulus
of rupture (MOR), modulus of elasticity (MOE), and internal bond (IB) values measured according to the
vermiculite ratios of the experimental panels under fixed UF usage and the standard deviation values are given
in Table 5.
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Table 5: Values of mechanical properties of test samples.

Codes| V |UF | MOR MOE IB
(%) | (%)  (MPa) (MPa) (MPa)
1 | 0 | 12 ] 15,58+087b | 2095.30+105.49a| 0.42+0,03b
2 | 15| 12 | 11,0843,22a | 1824,90+458.41a| 0,24+0,05a
3 | 20| 12| 9.83+0.4%9 | 1606.47+429.79a| 0.21:+0,04a
4 [ 25] 12| 9.80+0.45a | 1601.41+308.98a| 0.16+0,06a
5 | 0 | 14 | 15.77£0,99b | 2168.83=101,93b| 0.43+0,06b
6 | 15 | 14 | 11,3843,03a | 1879.54=19,08ab| 0,24:+0.07a
7 |20 | 14 | 10.1941.50a | 1675.23269.70a | 0.21+0,04a
8 | 25| 14 | 10,0041,82a | 1669.98+306.58a 0.,18:0,02a
9 | 0 | 16| 14.50+0,58b | 1962.86+192,65a| 0.44+0,05b
10 | 15 | 16 |12,06+2,14ab| 1805,43+330,83a| 0,28+0,15a
11 | 20 | 16 | 10,65£0.25a | 1601,15+214.24a| 0,23%0.15a
12 | 25 | 16 | 10,05+2.80a | 1529,06+457.21a| 0,22+0.06a
Pl 10,5 * 0.28

TSEN 312 | P2 11 1800 0.40
P3 15 2050 0.45

+: standard deviation, there is no statistically significant difference between the same letters in the same column for the
same adhesive ratio (p<0,05).*: P1: General-purpose panels used in dry conditions, P2: Panels used in interior fittings
(including furniture) under dry conditions, P3: Load-bearing panels used in humid conditions.

When Table 5 is examined, it is observed that the highest MOR, MOE, and IB values were obtained in
the control groups where no vermiculite was used. For MOR, the highest values were 15,77 MPa; 15,58 MPa
and 14,50 MPa in the control groups containing 14 %, 12 %, and 16 % UF adhesive, respectively. The best
MOE values were determined to be 2168,83 MPa; 2095,30 MPa, and 1962,86 MPa, respectively, for 14 %, 12
%, and 16 % UF usage. While the highest IB values were obtained in the control groups, a linear decrease in
IB values with increasing vermiculite usage rate was observed for all groups, and a linear improvement was
observed depending on the increasing UF usage rate. For MOR and MOE, it was observed that the increase in
UF adhesive content in the control groups did not result in a linear improvement. However, the experimental
panels containing different vermiculite ratios exhibited a linear increase in both MOR and MOE values as
the UF content increased. Statistically, significant differences were observed between the control group and
the groups containing vermiculite at 12 % and 14 % UF adhesive levels for MOR. At 16 % UF, significant
differences were found only for the panels containing 20 % and 25 % vermiculite, compared to the control
group. For MOE, no significant difference was found between the control and experimental groups using ver-
miculite for 12 % and 16 % UF usage, but a significant difference was found between the control group and all
groups using vermiculite for 14 % UF. For IB, the difference between the control and vermiculite groups was
significant for all adhesive usage rates, while the difference between the vermiculite groups was insignificant.
According to the TS EN 312 (2012) standard, it was determined that the results obtained from the control and
15 % vermiculite, 12 % and 14 % adhesive usage, and all panel groups except for 25 % vermiculite in 16 %
UF usage meet the requirements of P1 panel class for MOR. For MOE, it was determined that the value ob-
tained from the control and experimental panels using 15 % vermiculite for all adhesive usage rates meets the
requirement of the P2 panel class. For MOR, among all groups containing vermiculite, only the panel with 15
% vermiculite and 16% UF adhesive met the minimum requirement specified for the P1 panel class. The me-
chanical properties were found to decrease with increasing vermiculite addition and improve with increasing
adhesive usage rate in production. In addition, IB values can meet the standards less than MOR and MOE.
This situation can be predicted due to the importance of adhesive-chip bonding for IB resistance compared
to MOR and MOE and the negative effect of vermiculite on internal bonding. However, numerous factors
related to raw materials and production conditions can influence the mechanical properties of the panels. It has
been reported that wood-based composites also exhibit a decrease in MOR and MOE values with increasing
vermiculite content, consistent with the findings of this study (Ghofrani et al. 2017). Previous research
has shown that chemical bonding between constituents can be challenging due to differences in their
chemical nature, such as the polar structure of wood and the non-polar structure of polymers (Durmaz 2022,
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Ndiaye et al. 2011). This reduction in bonding efficiency may result from the fact that wood fibers and
melamine-urea-formaldehyde (MUF) adhesives are organic, whereas vermiculite is inorganic in nature. In
addition, it has been emphasized that the accumulation of vermiculite on fiber surfaces at higher ratios can
weaken intermolecular forces and reduce sliding friction between MDF components, thereby lowering MOR
and MOE values (Wang et al. 2016b, Hashim et al. 2009). The thermal conduction coefficients of the test
samples measured according to the increasing amount of vermiculite in the use of fixed adhesives are given
in Figure 1.
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Figure 1: Thermal conduction coefficients of particleboards.

When Figure 1 is examined, it is observed that there are non-linear changes in thermal conduction
coefficients with increasing vermiculite amount for all adhesive usage groups. It was calculated that the
thermal conduction coefficients increased by 3,91 % in the experimental group using 14 % UF and 25 %
vermiculite compared to the control sample. Generally, the panel groups using vermiculite compared to the
control sample show an increase in density. This increase can be evaluated as the result of more compression of
low specific gravity vermiculite in the panel as the amount of use increases. The density and thermal conduc-
tion coefficient of particleboard made from wood and polystyrene wastes increased as the polystyrene content
increased (Akinyemi et al. 2019).

It was understood that the increase in the density of the panels causes high thermal conduction coefficients.
Several studies have reported that increasing porosity in the material, resulting from higher vermiculite con-
tent, leads to a reduction in thermal conductivity and consequently improves insulation performance. (Sutcu
2015, Koksal et al. 2015, Binici 2016).

The thermal properties of the particleboards were analyzed to compare their behavior with and without
vermiculite addition. The analysis was conducted under a nitrogen atmosphere using thermogravimetric (TG)
and derivative thermogravimetric (DTG) methods. The results are summarized in Table 6. In this context, Tio
% represents the temperature at which an initial 10 % mass loss occurred, while Ts0% corresponds to the tem-
perature at which 50 % mass loss was recorded.
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Table 6: Summary results of TG and DTG curves of particleboards.

Codes Tio% Ts00 Mass loss
O () (%)
1 259 344 91,34
2 259 351 82,12
3 259 351 81,20
4 260 352 78,38
5 258 353 83,26
6 259 352 81,08
7 261 353 80,47
8 268 354 77,97
9 254 348 81,22
10 261 355 79,16
11 267 355 77,23
12 268 359 72,55

T,,, was found between the temperatures of 254 °C and 268 °C, and T, was found between 344 °C and
359 °C The particleboard without vermiculate had a maximum mass loss of 91,34 % at a thermal degradation
temperature of 800 °C. On the other hand, the particleboard with a 25 % vermiculate and 16 % adhesive com-
bination had the lowest mass loss of 72,55 %. The inclusion of vermiculate improved the thermal stability of
the particleboard. Because of the vermiculate low permeability coefficient, it improves fire resistance and acts
as an oxygen barrier (Wang et al. 2016b). As a result, the porous structure of vermiculate reduced heat con-
duction and oxygen circulation (Diler et al. 2024). The TG-DTG curves of experimental groups with varying
vermiculite ratios produced with 12 % UF, 14 % UF, and 16 % UF are presented in Figure 2a, Figure 2b, and

Figure 2c¢, respectively.
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Figure 2: Thermal analysis of particleboards produced with (a): 12 % UF, (b): 14 % UF, (c¢): 16 % UF.

The compositional and thermal characteristics of various materials, including particleboards composed of
wood particles bonded with adhesives, were analyzed using thermogravimetric (TGA) and derivative thermo-

gravimetric (DTGQG) techniques.



The thermal degradation behavior of the particleboards varied depending on factors such as the type and
amount of adhesive, particle distribution and size, pressing conditions, and the presence of fillers or addi-
tives (Islam et al. 2021). The heat disintegration of particleboards consisted of three major stages: moisture
evaporation, hemicellulose and cellulose degradation, and lignin and adhesive degradation. According to the
TG analysis, these stages took place at approximately below 100 °C, between 200 °C and 400 °C, and above
400 °C, respectively (Evangelopoulos et al. 2015, Altay et al. 2024).

As seen in Figure 2a, Figure 2b, and Figure 2c, the samples containing vermiculite exhibited lower mass
loss compared to the control sample as the temperature increased. The extent of mass loss varied depending
on the amount of adhesive used during production, and the difference between the vermiculite-containing
and control samples decreased with higher adhesive content. In general, mass loss decreased with increasing
vermiculite content, which can be attributed to the enhanced anti-oxidation behavior and improved thermal
stability of the material. This effect is likely due to the presence of the silicate layer in vermiculite, which acts
as a protective barrier against thermal degradation.

The DTG research showed that the material’s burning rate decreased as the amount of vermiculate added
to the particleboards increased. As the vermiculite content in particleboards increases, as evident from the
results of the DTG analysis, a decrease in the mass loss rate is observed. As the vermiculite content increases
in particleboards, they may have delayed ignition and exhibited increased fire resistance. It is stated that the
thermal properties of inorganic fillers improve in wood-based boards (Ergun ef al. 2023, Cavdar 2020).

SEM images of the test samples containing different amounts of vermiculite are presented in Figure 3.
Distinct vermiculite flakes can be observed in the samples with 15 %, 20 %, and 25 % vermiculite, whereas
they are absent in the control group. Notably, Figure 3b highlights the porous morphology of the vermicu-
lite particles, as indicated by the red circles. This observation suggests that the porous structure and layered
morphology of vermiculite may weaken the adhesive bonding between wood chips, potentially leading to a
reduction in both physical and mechanical performance of the panels.
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Figure 3: SEM images of test samples a: Control, b: 15 % Vermiculite, ¢: 20 % Vermiculite, d: 25 % Vermic-
ulite.
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A study indicates that vermiculite flakes create pores, increasing the porosity of the structure and
decreasing the bulk density (Sutcu 2015). The results obtained from our study are consistent with the litera-
ture, revealing that the adverse effects on the physical properties of the panels, such as water absorption and
thickness swelling rates, are associated with this condition. Consequently, these effects lead to a noticeable
decline in the mechanical performance of the particleboards. In similar studies, aggregation formed from using
different fillers was detected by SEM images, and this aggregation negatively affected the mechanical and
physical properties of the produced materials (Ozyhar 2020).

CONCLUSIONS

This study demonstrates that both the vermiculite content and the UF adhesive ratio have a decisive
influence on the physical, mechanical, and thermal performance of particleboards. The results indicate that
increasing vermiculite levels results in non-linear changes in MOR, MOE, and IB values, depending on the
adhesive content used. Higher vermiculite ratios increased water absorption and thickness swelling, while
simultaneously enhancing thermal stability, as indicated by lower mass loss and higher degradation tempera-
tures (T10% and T50%). SEM analysis revealed vermiculite flakes and a more porous structure, which help
explain the reduction in bonding performance. The study clearly illustrates the inherent trade-off between im-
proving thermal performance through vermiculite addition and maintaining mechanical integrity under lower
UF adhesive levels. Therefore, determining the appropriate balance between vermiculite content and adhesive
ratio is essential for producing particleboards with optimal performance characteristics. Future research may
focus on optimizing resin formulations, deepening the understanding of mineral-adhesive compatibility, and
developing performance-based standards for thermally enhanced wood-based composites. Additionally, this
study provides a foundation for broader investigations into the integration of mineral fillers in wood composite
materials, contributing to the advancement of composite design and material development.
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