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ABSTRACT

In this work, wet-process fibreboards (hardboards) were produced in the laboratory
using industrial wood fibres of the species European beech (Fagus sylvatica L.) and
Turkey oak (Quercus cerris L.) at the total volume of 40%, and white poplar (Populus alba L.)
at60%volume. Theeffectsofhotpressingpressure (variedfrom3.3MPato 5.3 MPa) and pressing time
(from 255 s to 355 s) on the physical and mechanical properties of hardboards were investigated
and optimal values of the parameters for fulfilling the European standard requirements
were determined. It was concluded that hardboards with acceptable physical and mechanical
properties may be produced from 60% poplar wood waste and residues, combined with
40% hardwood raw materials (beech and oak) by regulating the hot pressing regime only,
i.e. pressure and pressing time. The following minimum parameters for producing hardboards
from mixed hardwood tree species were determined: a pressure of 4.6 MPa and a pressing time

of 280 s.

KEYWORDS: Wood composites, fibreboards, hardboards, mixed hardwood raw material,
hot pressing.
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INTRODUCTION

The growing need for more sustainable materials and final products and
the stricter legislative requirements related to the hazardous formaldehyde emissions
from wood-based panels have boosted the scientific and industrial interest towards the production
of eco-friendly wood-based composites (Pizzi 2006, Papadopoulou 2009, Ferdosian et al. 2017,
Nordstréom et al. 2017, Mantanis et al. 2018, Bekhta and Sedliacik 2019, Hosseinpourpia
et al. 2019, Antov et al. 2020a, Santoso et al. 2020, Papadopoulos 2020a, Taghiyari et al.
2020, Tudor et al. 2020a, Antov et al. 2021a, Antov et al. 2021b, Antov et al. 2021c) and
optimal utilization of the available lignocellulosic materials (Ihndt et al. 2015, Réh et al. 2019,
Bekhta et al. 2019, Kumar and Pizzi 2019, Lubke et al. 2020, Papadopoulos 2020b, Tudor et
al. 2020b, Rammou et al. 2021). Fibreboards, produced by the wet process, are an eco-friendly
flat-pressed wood composite panels, consisting of lignocellulosic fibres traditionally bonded
without any adhesive by hot-pressing (Gonzilez-Garcia et al. 2014, Widsten and Kandelbauer
2014, Pizzi 2017). Fibre bonding is achieved by the high density (900-1100 kg.m3) and
the high-temperature induced flow of the lignin component of the fibres (Pizzi et al.
2020). These engineered wood panels are characterized by homogeneous thickness, density,
uniform appearance and no grain (Widsten et al. 2009). Additives such as paraffin wax
can be used to improve certain properties such as abrasion and water resistance (Gonzilez-Garcia
et al. 2011).

Another important advantage of these wood-based panels is the increased utilization
of small-sized low quality wood of hardwood tree species, which is otherwise used mainly
for energy purposes (Trichkov and Antov 2005, Shulga et al. 2016, Schneider et al. 2019).
Despite the high quantitative output, wet process fibreboards have certain disadvantages,
namely the presence of small percentage of phenolic binder which hinders the recycling
and disposal of hardboards (Smith 2004, Gonzilez-Garcia et al. 2014, Lubis et al. 2018a,
Lubis et al. 2020), and the low added value of the final product (Neykov et al. 2018).

A good solution to overcome this problem are factories producing more than one type
of wood-based panels (Neykov et al. 2014), such as the company Welde Bulgaria AD
(Troyan, Bulgaria), producing hardboards and plywood. The plywood production technology
is characterised by the lowest quantitative output of all technologies for production
of wood-based composites. The main raw material used in this company is poplar
(Poputus spp.) and the production process is characterized by considerable amounts of wood waste
and leftover materials, which can be further utilized in the production of hardboards.
Fibre composites allow the utilization of waste and residues from other processing industries,
such as pulp and paper industry (Russ et al. 2013, Tikhonova et al. 2014, Bajpai 2015,
Lubis et al. 2018b, Thnat et al. 2018, Thnit et al. 2020, Antov et al. 2020a, Antov et al. 2021a).
Optimising the utilization of waste wood from the production of plywood will have a significant
environmental impact and will enhance the competitiveness of the respective companies
(Neykov et al. 2020a, Neykov et al. 2020b). The increased utilization of poplar requires changes
in the technological regimes used for the production of hardboards. The hot pressing regime applied
is of great importance for engineering the hardboard properties (Carvalho and Costa 2003, Gupta
2007, Gul et al. 2017). This also applies to the production of wet process fibreboards, where
the adhesive bonds perform mainly a stabilizing function.

The aim of the research work was to investigate the effect of hot pressing parameters, i.e.
pressure and pressing time on the physical and mechanical properties of hardboards produced
from mixed hardwood raw materials.
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MATERIAL AND METHODS

Hardboard were produced in the laboratory using industrial wood-fibre mat,
supplied by Welde Bulgaria AD (Troyan, Bulgaria), and composed of the following tree species:
European beech (Fagus sylvatica L.) and Turkey oak (Quercus cerris L.) at the total volume
of 40%, and white poplar (Populus alba L.) at 60% volume. The phenol-formaldehyde resin content
was 0.5%, based on the dry weight of the fibres. The pulp freeness was 16.98 Ds (Defibrator
seconds), as the result of the significant quantity of poplar wood. The wood fibre mass
was obtained in factory conditions according to the Asplund method by using the 146 Defibrator
(Sweden) equipment. The dry content of the mat was 25%. The hot pressing pressure was
varied from 3.3 to 5.3 MPa, and the pressing time from 255 to 375 s, respectively. These
values were selected in accordance with the factory regimes used for production of hardboards
(a pressure of 4.3 MPa and a pressing time of 315 s). The press temperature used was 200°C.
Hot pressing was performed in a laboratory press (Defibrator, Sweden) with dimensions
of the platens 480 x 480 mm. The physical and mechanical properties of the hardboards
were determined according to European standards EN 310, EN 317, EN 319, EN 322
and EN 323 (European Committee for Standardization). The following physical properties
of the hardboards were investigated: density, water absorption and thickness swelling. Thickness
swelling and water absorption tests were carried out for 24 h. The mechanical properties
of the hardboards produced, i.e. modulus of elasticity (MOE), bending strength (MOR)
and internal bond strength, were determined using a universal-material testing machine
Zwick/Roell Z010 (Zwick/Roell GmbH, Ulm, Germany). Variational and statistical analyses
of the results were carried out by using the specialised software QstatLab version 6.0.

RESULTS AND DISCUSSION
A summary of the physical and mechanical properties of the laboratory-produced hardboard
panels at different hot pressing parameters (pressure and pressing time) is shown in Tab. 1

and Tab. 2, respectively. The thickness of the hardboards varied from 2.2 to 2.8 mm.

Tab. 1: Physical properties of the laboratory-produced hardboards.

Pressing Panel
Panel No.  Pressure P time T thickness  Density p Water absorption (24h), 4 Thickness swelling (24h), G¢
(MPa) ) (mm) (kg-m™3) (%) (%)
1. 3.3 255 2.78+0.015  871=+14 70.95 = 1.84 34.14 £ 0.99
2. 33 315 2.76x0.008 872 +15 59.28 £ 2.70 30.50 = 1.46
3. 33 375 2.720.009 877 +10 57.34+212 28.96 +1.42
4. 4.3 255 2.45+0.010  885=+12 66.96 + 2.47 32.67+1.33
5. 4.3 315 2.44+0.005 890+ 9 58.23 £2.07 29.79+0.93
6. 4.3 375 2.40+0.001 896 + 8 56.77 £2.21 28.45+1.37
7. 5.3 255 2.28+0.004 901+5 63.45 £ 3.06 30.05 £ 1.07
8. 5.3 315 2.27+0.006 906 + 6 51.08 £2.20 28.59 = 1.06
9. 5.3 375 2,23+0.003 914+ 7 48.85 +1.81 26.43 +0.78
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Tab. 2: Mechanical properties of the laboratory-produced hardboards.

Pressing  Modulus of elasticity (MOE),  Bending strength (MOR), Internal bond strength
Panel No.  Pressure P, time T, Em, fm, i
(MPa) (s) (N.mm-2) (N.mm~2) (N.mm-2)
1. 3.3 255 2239 +71 30.44 £ 0.89 0.48 +0.02
2. 3.3 315 2249 £ 63 33.01 £0.62 0.55 +0.02
3. 3.3 375 2300 = 39 33.77 £0.52 0.58 +0.02
4. 4.3 255 2344 £ 35 33.30 £ 0.53 0.52 £ 0.03
5. 4.3 315 2558 £77 36.04 £ 0.68 0.57 +0.03
6. 4.3 375 254147 36.53 £ 0.86 0.59 = 0.01
7. 53 255 2586 = 46 36.63 £0.72 0.53+0.01
8. 53 315 2581+19 39.55 £0.36 0.67 +0.03
9. 53 375 2599 = 64 36.76 £ 1.02 0.66 + 0.03

A graphical representation of the effects of hot pressing pressure and pressing time on the
density of the fibreboards is presented in Fig. 1.

910

Density p, kg.m”
Duration ©. s

a) Pressure P, MPa
Fig. 1: Variation of the density of hardboard panels depending upon the pressing time (duration) and
pressure applied: a) explicit form, and b) optimal value.

The density of the laboratory-produced fibreboards varied from 871 to 914 kg.m-3, hence the variation of the
density was 7%. Both studied factors had a positive effect on the density of the panels, i.e. increasing the pressure
from 3.3 to 5.3 MPa and pressing time fr  om 255 to 374 s, respectively, resulted in higher density values of the
fabricated fibreboards. Statistically, the dependence of the density upon both factors is very close to linear. Pressure
had almost three times higher effect on the density compared to the pressing time applied. As seen in Fig. 1b, the
optimal (maximum) density of the panels of 914 kg.m-3 was obtained at the upper limit factor values. A limitation,
i.e. density greater than 900 kg.m-3, required for producing hardboards, was also set (EN 316). As seen in Fig. 1,
hardboards can be fabricated from wood-fibre mass, composed of 60% poplar wood and 40% hardwood species
(European beech and Turkey oak) at hot pressing pressure of 5.3 MPa and pressing time of 255 s. Hence, the highest
output (minimum pressing time) can be achieved at a pressure of at least 5.3 MPa. The minimum pressure for
producing hardboards was 4.6 MPa and the pressing time — at least 375 s. A graphical representation of the effects
of pressure and pressing time on the modulus of elasticity (MOE) of the fabricated panels is presented in Fig. 2.
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Fig. 2: Variation of the modulus of elasticity (MOE) of hardboard panels depending upon the pressing
time (duration) and pressure applied: a) explicit form and b) optimal value.
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The MOE of the produced fibreboards improved with the increase of pressure and pressing

time. Within the limitations of the experiment the overall improvement of this indicator was
16%. The effect of pressure was of the second degree, with greater improvement observed when
the pressure was increased to 4.5 MPa. The dependence of the MOE of the laboratory-produced
panels on the pressing time was similar to linear. The pressure had greater effect on the MOE
values compared to the pressing time. None of the panels met the standard requirements for
fibreboards — use in load-bearing applications (= 2700 N.mm=2) (EN 622-2). The maximum
MOE value was obtained for fibreboards produced at a pressure of 5.3 MPa and pressing time
of 370 s, i.e. close to the upper limit factor values. A graphical representation of the effects of
pressure and pressing time on the bending strength (MOR) of the fibreboards is shown in Fig. 3.

Duration 1, s
Bending strength fin, N.mm™
Nlines of constant levels/

Pressure P, MPa

b)
Fig. 3: Variation of the bending strength (MOR) of hardboard panels depending upon the pressing time
(duration) and pressure applied: a) explicit form, and b) optimal value.

The increase of pressure applied resulted in increased bending strength (MOR) values
of the laboratory-produced panels. Regarding the effect of pressing time on MOR values,
it was determined that increasing the pressing time up to 320 s resulted in improved bending
strength values, while further increase of pressing time resulted in lower values of the studied
indicator. This might be attributed to the initial destructive processes of wood components,
occurring due to the extended pressing time. The variation of the MOR values of the produced
panels within the standard requirement (= 35 N-mm-2) for fibreboards with general application
is presented in Fig. 3b. The maximum MOR strength, recorded in this work, i.e. 38.72 N-mm=2,
was realised at a pressure of 5.3 MPa and a pressing time of 318 s. A graphical representation
of the effects of pressure and pressing time applied on the internal bond strength of fibreboards
produced is presented analytically in Fig. 4.
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Fig. 4: Variation of the internal bond strength of hardboard panels depending upon the pressing time
(duration) and pressure applied: a) explicit form, and b) optimal value.
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The increased pressure and extended pressing time resulted in improved IB strength
of the laboratory-produced fibreboards. The effect of pressure increased significantly
above the value of 4.5 MPa. The pressing time had a stronger effect when extended to 340 s,
followed by constant values of the studied indicator. The variation of the IB strength values
of the produced panels within the standard requirement (= 0.5 N'mm2) for fibreboards
with general application in dry conditions (EN 622-2) is presented in Fig. 4b. The standard
requirement can be achieved at pressure values of at least 4.3 MPa and pressing time of at least
280 s. According to the statistical analysis, the optimal value of 0.68 N-mm2 for IB strength
was projected at a pressure of 5.3 MPa and 355 s pressing time. A graphical representation of
the effects of pressure and pressing time on the thickness swelling of fibreboards is presented
in Fig. 5.
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Fig. 5: Variation of the thickness swelling of hardboard panels depending upon the pressing time
(duration) and pressure applied: a) explicit form, and b) optimal value.

Thickness swelling (T'S) and water absorption (WA) are critical physical properties,
related to the dimensional stability of wood-based composites (Youngquist 1999, Frihart 2005).
The variation of TS values of the fabricated panels was 1.29 times. All laboratory-fabricated
panels met the standard requirement for hardboards — general application in dry conditions
(TS = 35%) (EN 622-3). The standard requirement for general application in humid environment
(TS < 25%) was not achieved. The increased pressure values resulted in improved (lower)
TS values, as the most significant improvement was determined at pressure values
above 4.25 MPa. Extending the pressing time up to 340 s resulted in relatively
gradual improvement of the TS values. The optimal TS value (26.33%) of the panels,
produced in this work, can be achieved at a pressure of 5.3 MPa and a pressing time of 366 s.
A graphical representation of the effects of pressure and pressing time on the WA of the
laboratory-made panels is presented in Fig. 6.
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Fig. 6: Variation of the water absorption of hardboard panels depending upon the pressing time (duration)
and pressure applied: a) explicit form, and b) optimal value.
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Improved (lower) WA of the panels was clearly evidenced after increasing the pressure
and pressing time. The WA of the laboratory-produced fibreboards varied from 48.85 to 70.95%,
a variation of 1.45 times was recorded. Pressure, greater than 4.25 MPa, had a stronger effect
on the WA values. Stronger impact of the pressing time on the WA values was determined
at values exceeding 310 s. However, further increase of the pressing time above 340 s
did not result in lower WA values. WA is not a standardized technical property, hence,
the limits related to the other physical and mechanical properties of the panels, were set
in Fig. 6b. As seen in Fig. 6, hardboards, meeting the standard requirements, can be produced
at a minimum pressure of 4.6 MPa and a pressing time of at least 375 s. The minimum pressing
time for producing hardboards was 280 s at a minimum pressure of 5.3 MPa. According to
the statistical analysis, the optimal WA value of 48.12% was projected at a pressure of 5.3 MPa
and a pressing time of 353 s.

CONCLUSIONS

Hardboards with acceptable physical and mechanical properties according to
the EN standards may be produced from 60% poplar wood waste and residues, combined with
40% hardwood raw materials (beech and oak) by regulating the hot pressing regime only,
i.e. pressure and pressing time. This facilitates the utilization of residual wood, which is
a rather cyclical and irregular process, i.e. the addition of poplar in the composition of
hardboards can be successfully implemented when sufficient amount of residual wood
and waste is accumulated. The pressure applied had a significantly greater effect on all physical
and mechanical properties of the laboratory-produced panels compared to the pressing time.
The study revealed that at press temperature of 200°C the pressing time should not exceed
320 s. Otherwise, a deterioration of the strength properties of the panels was determined.
The minimum regime parameters for producing hardboards from mixed hardwood tree species
were: a pressure of 4.6 MPa and a pressing time of 280 s.
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