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Abstract: Defibration pressure and fibres drying parameters influence on the HDF properties made with
recovered fibres. The objective of this study was to investigate the defibration pressure and fibres drying process
parameters (influence on the mechanical, physical properties and on formaldehyde content (FC) of ultrathin
(2.5 mm) industrial high-density fibreboards (HDF) produced with 5% of recovered HDF (rHDF) addition. For
this investigation the fibres were produced in industrial defibrator under four different set points: 0.65 MPa (V1),
0.90 MPa (V2), 1.00 MPa (V3) and 1.06 MPa (V4), dried in industrial two stage dryer with four different dryer
inlet temperatures set points: 100°C (\V00), 111°C (V11), 122°C (V22) and 133°C (V33). The results indicated
that pressure is a significant factor and affects for all HDF properties. Too low defibrator pressure negatively
influences HDF mechanical and physical properties as well as FC (high level). Regarding fibre drying
temperature influence on HDF properties, no straight correlation was found. Linear negative correlation was
found for modulus of rupture — 10% decrease comparing V0O to V33, internal bond — 23% decrease comparing
V00 to V22 and surface soundness — also 23% decrease comparing V0O to V33.
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INTRODUCTION

European production of medium density fibreboards (MDF) has more than doubled over last
20 years reaching yearly production ~17.8 bln m? (in 2018) that makes fibreboard production
one of the fastest developing sector of wood-based panels (WBP) industry (“Food and
Agriculture Organization. Forestry Production and Trade.” 2020). Different usage and surface
finishing are probable reasons for such fast sector development (NICEWICZ, SALA 2014).
Growing production output increases raw material supply. In Polish conditions fibreboards
are predominantly made of pine and spruce wood, as well as from less popular species, like
alder, birch or beech (NICEWICZ, SALA 2013). Growing demand for raw material causes
price increases; based on Polish State Forest data, the price of pine wood has grown over 15%
from 2013, reaching 260 zt/m® in 2017 (www.drewno.pl).

Round wood for MDF production may be substituted with such materials as recovered
wood, however, newsprint, plantation wood species, straws or post use wood-based panels
may also be effectively used (ONISKO 2011). This helps to reduce the costs of fibreboards
production and make these products competitive on the wood-based panels market. Eco-
friendly trend has made post used wood reusage into the fibreboard production more popular
in recent years. The total amount of this waste material used in particleboard industry in UK
has increased for over 25% from 2015 to 2018 and will further increase next years (Tolvik
Consulting 2018). However, reintroducing recovered materials negatively influence MDF
mechanical ad physical properties (HWANG et al. 2005), so, to obtain the best panel
properties produced with post used boards addition, it is important to optimize production
parameters (WAN et al. 2014).

The quality of a future wood-based panel is created on each manufacturing step,
beginning from material parameters, such as wood species and age, storage method and time,
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as well as raw material moisture content (AURIGA, BORUSZEWSKI 2013; AYRILMIS et
al. 2017; KHALIL et al. 2008; SHI, SHANG 2005). Not only do raw wood materials
characterization define wood-based product, but prepared fibres shape, quality and size are
translated into resulting panel quality (KLIMCZEWSKI, NICEWICZ 2013; PARK et al.
2001). Additionally, a glue type and its amount have also a crucial meaning (HONG et al.
2017; NICEWICZ, MONDER 2011). What is more, assumed parameters of the produced
panel are taking part in defining final MDF properties — together with panel moisture content
or density change, the quality of the product also changes (BEKHTA, NIEMZ 2009; HONG
el al. 2017). Nearly all of material variables may be compensated by proper process
parameters setup and adaptation. It has been confirmed that by tuning defibrator parameters,
e.g. time and pressure in heater, the board parameters may be adjusted for the customer needs
(AYRILMIS et al. 2017; XING et al. 2007; NICEWICZ, SALA 2013). Refining pressure
during defibration plays an important role during HDF production. It is responsible for good
fibres quality (GROOM et al. 2008), which affects the performance of final board properties
(IBRAHIM et al. 2013). In general, the MDF mechanical properties increase with an increase
in fibre length, whereas physical properties decrease (BENTHIEN et al. 2014). However,
together with a refining pressure increase, different fibre damage can be observed. Fibres
subjected to relatively low pressures (0.2—0.4 MPa) give no obvious damage to the cell walls.
Fibres cell wall has nano-cracks when they are subjected to pressures of 0.6-1.2 MPa and
micro-cracks can be found in fibres subjected to high pressure of 1.4-1.8 MPa. Additionally,
fibres become shorter and thinner while fibre length-to-width ratio is increasing (XING et al.
2007). Due to the fact that fibre quality greatly influences the performance of MDF, based on
gathered data and defibrator setup, there have been many different algorithms developed and
investigated during refining in order to evaluate and predict fibre quality more accurately
(JIAO et al. 2016; GAO et al. 2018). It is also very important to recognize the correlation
between refining parameters and outcome fibre quality of wood mix with recovered HDF
(rHDF) addition. Second main factor influencing fibreboards properties, is wooden material
drying process. The next factor is pressing parameters. In case of drying, it is important to
reach the proper fibre moisture content on the forming line (NICEWICZ, MONDER 2013),
because this feature is responsible for heat transfer during hot pressing (THOEMEN et al.
2006), crucial for mat preheating and resin curing in hot press (SALA 2020; MEYER,
THOEMEN 2007). This also helps to form board density profile that later transfers to
different level of modulus of rupture, internal bond or surface quality — significant for target
wood-based panel application (GUL et al. 2017; NOURBAKHSH et al. 2010; WONG et al.
2000). The fibre drying process is an essential step of fibreboard production. Dryers for MDF
production may be single- or two-stage, however the second version offers the following
benefits: busts the capacity, has 25% lower heat energy consumption, requires smaller power
plant, has more precise fibre moisture control (+/-0.5%), provides lower dust emission and
less losses connected with resin precuring (“Fibre Drying Process” 2010; “Food and
Agriculture Organization. Forestry Production and Trade.” 2020). No matter which one is
used, both can have automatic adjustment of final dried material moisture content, related to
downstream processes, that is based on a set dryer inlet temperature. Its parameters selection
is very important, not only from the point of view of the correctness of the production
process, but also from economy, because proper drying setup can bring up to 15% of energy
cost savings (“Flash Tube Dryer”).

Considering that MDF production is still developing, and new usages of these boards
are implemented on the market, as well as the fact that reintroduction of post used materials
into the production will be more and more common in the future, the aim of this research was
to evaluate the factors important with regard to HDF panel properties: defibrator heater
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pressure and fibre dryer inlet temperature influence on selected mechanical and physical
properties of high density fibreboards (HDF) produced with 5% of recovered HDF addition.

EXPERIMENTAL

Considering the fact two process parameters have been evaluated for this work, the
investigation was divided into: part 1 — the influence of the defibrator heater pressure and part
2) — the influence of fibres drying temperature. However, the tested material and methods
applied have several parts in common.

MATERIAL

Raw 2.5 mm HDF panels with a target density of 860 kg/m® were produced in industrial scale
for this investigation. Boards were made of Polish State Forests pine (Pinus sylvestris L.)
wood, delivered Polish State Forests, with 5% addition of recovered high density fibreboards
(rHDF), as cutoffs and production leftovers. The standard requirement of the formaldehyde
emission was CARB 2 directive, with the formaldehyde content <5.0 mg/100 g measured
with perforator method (EN 12460-5; 10S-MAT-0003). After three months of seasoning
round wood raw material at the wood yard, logs were chopped with 10 knives Metso disc
chipper, while fibres were produced on industrial Metso defibrator EVO56 from these chips
with rHDF addition. These have been mixed with wood chips on defibrator feeding conveyer.
Defibrator hydrothermal parameters were as follow: preheating pressure depending on the
variant: V1: 0.65 MPa, V2: 0.90 MPa, V3: 1.00 MPa, V4: 1.06 MPa as maximum available
during production time. The preheating temperature was 160°C, 174°C, 179°C, 182°C
accordingly to the variant. For the remaining trial, the pressure was 0.94 MPa. Preheating
time: 3.2 min, an average defibrating energy consumption: ~145 kWh/t. Paraffin emulsion
was added into the defibrator milling chamber in the amount of 0.5% of dry weight of
paraffin calculated with reference to the weight of the oven-dry fibres. Next, the fibres were
glued on high steam pressure Blow Line system with commercial MUF resin (melamine
content 5.2%, molar ratio 0.89, solid content 66.5%) with the following composition: 11.0%
of dry resin weight referred to dry wood, urea 21.0%, hardener 3.0% (ammonium nitrate
water solution), both calculated as dry content to dry glue weight ratios. For this investigation,
four different temperatures of Sunds two stage fibre dryer inlet were used, depending on the
variant, as follow: V00-100°C, V11-111°C, V22-122°C and V33-133°C.

METHODS

The adjustment of wooden material amount dosage with regard to cutoffs and trims addition
is described by SALA et al. 2020.

Raw material fraction

Fraction of pine wood chips was examined on IMAL vibrating laboratory sorter with 9 sieves
sized: 40, 20, 10, 8, 5, 3.15, 1.0, 0.315, <0.315 mm. The amount of material for each fraction
analysis was ~100 g and set time of conducting the vibrating was 5 minutes. Gathered results
were shown as an average of three examinations.

Chips moisture content

Chips moisture content was examined in accordance with the factory internal method with
scales and an oven. The amount of material for each examination was ~50 g, oven
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temperature was 103°C and heating time was about 4 h for stable weight. The obtained results
were shown as an average of eight examinations.

Defibrator heater pressure setup

Depending on the variant, Metso defibrator heater pressure was set on industrial PLC
visualization as a set point controlled by defibrator software and automatic control steam
valve. Remaining defibrator parameters were kept by the software on assumed level. The
reference pressure was 0.94 MPa. When analysing the influence of defibrator heater pressure
on the properties of fibres and produced panels, the following heater pressure levels were
tested: 0.65 MPa (V1), 0.90 MPa (V2), 1.00 MPa (V3) and 1.06 MPa (V4).

Fibre drying temperature setup

Dryer temperature

Sunds two stage fibre drying temperature, depending on the variant, was set on industrial PLC
visualization as a set dryer inlet temperature. Air flow and fibre transportation air temperature
were adjusted to defibrator capacity using Dieffenbacher software to reach final fibre
moisture content on forming line at the level of 9.5% +/-0.5%. The reference dryer
temperature was 122°C. When analysing the influence of fibres’ inlet drying temperature on
the properties of the fibres and produced panels, the following dryer temperature levels were
tested: 100°C (V00), 111°C (V11), 122°C (V22) and 133°C (V33).

HDF examination
The produced HDF boards were conditioned before the examination and all sample variants
were cut according to EN 326 (EN-326-1 1994). The modulus of rupture (MOR) and modulus
of elasticity (MOE) when bended were determined according to EN 310, internal bond (1B)
was determined following EN 319 while surface soundness (SS) was determined according to
EN 311. All of mechanical properties were examined on IMAL laboratory testing machine.
From physical properties HDF board density was determined following EN 323 on IMAL
testing machine, moisture content according to EN 322 and thickness swelling (TS) due to EN
317 while surface water absorption was conducted according to EN 382-1. Surface roughness
measurement was performed with the use of a Surtronic 25 - TAYLOR HOBSON device and
the results of surface roughness were shown as an average from 10 measurements for each
examined surface variant. The board formaldehyde content was examined according to EN
12460-5 (called the perforator method) using an Hach Lange DR 3900 spectrophotometer.
One-way analysis of variance (ANOVA) was conducted to study the relation between
the above-mentioned parameters and the properties of the tested panels at the 0.05
significance level (P=0.05). All the statistical analyses were performed using IBM SPSS
Statistics 22 software.

RESULTDS AND DISSCUSSION

PART 1 Defibrator heater pressure setup

Fibres mass characterization

Fibre bulk density and fibre moisture content from online forming line sensors are gathered in
Tab. 1. Although wood age and mix was constant, as it can be seen, fibre bulk density
differed, what might have been caused by different defibrator heater pressure parameter
during material preparation, because defibrator pressure has an influence on fibre dimensions
and quality (XING et al. 2007).
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Tab. 1 Fibre bulk density and moisture content from V1, V2, V3 and V4
V1 V2 V3 V4

Fibre bulk density [kg/m®] | 18.21 | 18.38 | 19.48 | 20.62
Fibre moisture content [%] | 9.53 | 9.68 10.00 |9.78

The fibre bulk density has an influence on the properties of MDF technology panels. It
depends on such characteristic of wood-fibres, as fibre length and its distribution (PARK et al.
2001). Based on data in Tab. 1, it can be seen, that together with defibrator pressure increase,
the fibre bulk density was increasing as well. The lowest density reading was for V1 —
18.21 kg/m®. Defibrator pressure increase for 0.25 MPa caused slight fibre bulk density
increase to 18.38 kg/m>. Fibres produced from wooden material treated with 1.00 MPa of
hydrothermal treatment in defibrator heater had nearly 7% higher bulk density comparing to
V1 reaching 19.48 kg/m®. The highest fibre bulk density was measured for V4 — 20.62 kg/m®,
which was 12% more than the minimum for VO. The difference of 2.41 kg/m* between
minimum and maximum fibre bulk density from the variant may be responsible for
mechanical and physical properties of produced HDF, similar to MDF properties
(BENTHIEN et al. 2014).

The fibre drying process was set to the final fibre moisture content at the level of
9.70% and, as it can be seen in the Tab. 1, the results of the readings from forming line
moisture content sensor were within the supplier accuracy specification of +/-0.5%. The
highest fibre moisture content had fibres from V3 — 10.00% and the lowest from V1 — 9.53%
which was about 5% lower comparing to the maximum moisture content reading. The
minimum and maximum fibre moisture contents for V2 (9.68%) were ~+2% and ~-3% while
for V4 (9.78%) were ~+3% and ~-2%, respectively. The described fibre moisture content
differences should not had significant influence on mechanical or physical properties of
examined HDF boards.

Mechanical and physical properties

HDF testing results from all variants and standard deviations (SD) were gathered and shown
in the Table. 2. Assumption of HDF boards density from all of the variants was on the level of
860 kg/m*. However, an average achieved density of produced panels was on the level of
867 kg/m>. Despite panel density has a meaning for its final wood-based panel properties
(HONG et al. 2017), considering, that in this investigation, the difference between minimum
and maximum HDF density was only 4 kg/m® (0.5%) it should not have any influence on
HDF properties.

Table. 2 HDF boards properties results from V1, V2, V3 and V4
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V1| 868 | 18 | 47.5 | 3.1 | 4218 | 185 | 0.67 | 0.09 | 0.94 | 0.17 | 5.6 | 0.4 | 38.69 | 2.40

V2| 865 | 19 | 518 | 29 | 4275|191 | 081 | 0.18 | 1.18 | 0.20 | 6.1 | 0.4 | 36.60 | 2.00 | 4.97

V3| 869 | 19 | 50.7 | 2.6 | 4255 | 202 | 0.87 | 0.15 | 1.23 | 0.21 | 54 | 0.4 | 3549 | 2.08 | 4.89

V4 | 865 | 15 | 49.2 | 2.4 | 4181 | 197 | 083 | 0.14 | 1.06 | 0.19 | 58 | 0.3 | 27.58 | 1.31 | 4.62

Figure 1 shows results of modulus of rupture. All of tested samples from Part 1 met
minimum MDF requirements of EN 622-5 that is >23.00 N/mm?.
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Despite the fact, that results were more than two times higher than the specified, the
minimal MOR was achieved for V1 (47.52 N/mm?). Increasing defibrator heater pressure to
0.90 MPa caused MOR increase for 8% reaching 51.82 N/mm?. Further pressure increase to
1.00 MPa resulted in bending strength decrease to the level of 50.73 N/mm? that was 6%
more than the minimum and 2% less than the maximum. Boards from V4 had MOR on the
level of 49.22 N/mm?. Decreasing of MOR together with defibrator pressure increase above
0.90 MPa might have been caused by damaging fibre cell wall with nano-cracks (XING et al.
2007). Additionally based on fibre bulk density together with defibrator pressure increase
there might have been more fraction with smaller particle size. The bigger amount of fines
increases the surface area of the fibres what results in decreasing the resin coverage per unit
surface area (HWANG et al. 2005). Hence, the strength of the final panel might be decreased.
There were no statistically significant differences of MOR average values found for the
variants.
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Figure 1 Different defibrator heater pressure influence on HDF MOR and MOE

Although European standard EN 622-5, regarding fibreboards properties is not
specifying any minimal requirement for modulus of elasticity for boards of thickness of up to
2.5 mm, together with MOR examination, the MOE was defined shown in Figure 1 and
gathered in Table. 2. MOE values were correlated with MOR, but the differences between the
variants were not significant. Boards from V1 had MOE on the level of 4218 N/mm?, that was
only about 1.5% less than the maximum from V2 - the highest result reached 4275 N/mm?,
although panel moisture content from that variant was the highest (6.1%). According to CAI
et al. 2006, low board moisture content positively influences on MOE outcome. Considering,
that the remaining panel variants moisture content was <6.0%, the higher influence on MOE
result had defibrator pressure. Increasing pressure to 1.00 MPa in V3 resulted in MOE on the
level of 4255 N/mm?, that was comparable to V2. As the defibrator pressure is increasing, the
produced fibres become shorter and thinner (Xing 2007). This might have been the reason,
why the lowest MOE was obtained for V4 (4181 N/mm?), that was slightly more than 2% less
the maximum. It would mean that defibrator pressure had negligible influence on HDF MOE,
produced with 5% of rHDF addition

The minimal requirement of IB regarding MDF specified in European standard EN
622-5 for boards in thickness of up to 2.5 mm is on the level of >0.65 N/mm?. Measured IB
results have been gathered and shown in the Table. 2 and the Figure 2.

148



Boards from all variants met minimal requirement however, V1 only slightly exceeded
minimal demand (0.67 N/mm?). Increasing pressure to 0.90 MPa from V2 resulted in 1B
increase to 0.81 N/mm?, what was 17% more comparing to V1. Boards from V3 had the
highest IB - 0.87 N/mm? that was 23% and 7% more accordingly to V1 and V2. Further
defibrator pressure increase did not cause further IB increase. Boards from V4 had IB on the
level of 0.83 N/mm?, which was 19% higher comparing to V1 and 5% less comparing to
maximum. There were no statistically significant differences of IB average values found for
the tested variants.

Though European standard EN 622-5 regarding MDF properties is not specifying any
minimal requirement for surface soundness however, some of European furniture producers
are demanding this parameter to be on the level of >0.80 N/mm? (Swedwood Technical
Standard Specification of HDF). Based on the results shown in Figure 2 it can be seen that the
behaviour of this parameter was comparable to IB.
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Figure 2. Different defibrator heater pressure influence on HDF IB and SS

Boards from all variants met minimal requirement. V1 had SS on the level of
0.94 N/mm?, which was the lowest value among the achieved results. Increasing pressure to
0.90 MPa in V2 resulted in SS increase to 1.18 N/mm? what was 20% more comparing to V1.
Boards from V3 had the highest SS - 1.23 N/mm? that was nearly 24% and 4% more
accordingly to V1 and V2. Further defibrator pressure caused SS decrease. Boards from V4
had IB on the level of 1.03 N/mm? that was 9% more comparing to V1 and 16% less
comparing to maximum. There were no statistically significant differences of SS average
values found for the variants.

As the refining pressure is increasing, the fibre cell wall becomes more damaged. Fibres
become shorter, rougher, and less stiff and tensile strength of individual wood fibres drops.
There is a proportional relationship between fibre and panel properties at refiner pressures
above 1.00 MPa (GROOM et al. 2008). What is more, worse fibres resin coverage per unit
surface area, growing with fibre bulk density, results in worse board mechanical properties
(HWANG et al. 2005) such as IB or SS. Those might be the reasons of internal bond and
surface soundness results. There were no statistically significant differences of IB average
values found for the variants.
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Results of thickness swelling after 24h were shown in the Table. 2 and visualized in the
Fig. 3. European standard EN 622-5 regarding MDF specifies maximum allowed TS 24h for
boards of up to 2.5 mm thickness on the level of <45%.

Boards from all variants met EN 622-5 minimal requirement of TS24. As it can be
seen in the Fig. 3 the highest swelling was for V1 — 38.69%. Together with defibrator
pressure increase thickness swelling was nearly linearly decreasing. Boards from V2 had 5%
lower swelling comparing to V1. Boards from V3 had swelling on the level of 35.49% what
was 8% lower than the maximum. Defibrator pressure change from 1.00 MPa to 1.06 MPa
caused further 22% drop resulting in minimal swelling on the level of 27.58% what was
nearly 29% less than TS 24h for V1. There was strong linear negative correlation between
defibrator pressure increase and thickness swelling decrease. This may be due to the removal
of hydrophilic hemicelluloses that is a result of refining process (XU et al. 2006). Previously
mentioned higher refining pressure generates more individual and short fibres and increases
the effective surface area which, on the other hand, absorbs less water (XING et al. 2009).
This is due to the fact that shorter fibres make denser structures between fibres lowering MDF
porosity (IBRAHIM et al. 2013). These conditions resulted in HDF with better dimensional
properties (reduced TS 24h). There is statistically significant difference between average
values of TS 24h for V4 and remaining panels, where no statistically significant differences of
average TS 24h values have been found for V1, V2 and V3 samples.
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Figure 3. HDF thickness swelling 24h results Figure 4. HDF formaldehyde content results

Panels for this examination were produced in CARB 2 formaldehyde emission
standard that with perforator method is requiring formaldehyde content (FC) below
5.0 mg/100g. Based on the results shown in Fig. 4 it could be stated that not all variants met
that requirement. The one exceeded maximum FC was V1 with the formaldehyde content of
5.23 mg/100g. 0.25 MPa defibrator pressure increase allowed boards from V2 to be within the
limit of FC being only slightly below 5.0 mg/100g (4.97 mg/100g) what was 5% less than the
maximum FC. A defibrator pressure increase from 0.9 MPa to 1.0 MPa resulted in small FC
reduction (2%) comparing to V2, to the level of 4.89 mg/100g, however V3 content was 7%
lower with respect to V1. Minimal FC had boards produced from wooden material after the
highest (1.06 MPa) defibrator hydrothermal treatment — V4. Its FC was on the level of
4.62 mg/100g that was 12% less comparing to V1. There was very strong linear negative
correlation between defibrator pressure increase and formaldehyde content decrease. The
higher defibrator steam pressure, the higher defibrator preheating temperature. Together with
temperature increase the wooden material pH decrease can be observed (LATIBARI et al.
2012; ROFFAEL 2012). As growing fibre acidity is enhancing hardening of the resin, less
free formaldehyde stays in ready wood based panel. This might be the reason of lowering
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HDF formaldehyde content together with defibrator pressure increase during fibre
preparation.

PART 2 Fibre drying inlet temperature

Fibres mass characterization

Fibre bulk density and fibre moisture content from online forming line sensors were gathered
in the Table 3. As it can be seen, the fibre bulk density did not differ significantly, which
might be caused by constant wood age and mix but also by constant defibrator parameters

during material preparation.

Table 3. Fibres bulk density and fibre moisture content of V00, V11, V22 and V33

V0O |V11 |V22 |V33

Fibre bulk density [kg/m’] | 18.62 | 18.38 | 18.21 | 18.25

Fibre moisture content [%] | 9.78 |9.68 |9.53 |9.44

Fibre bulk density depends on such characteristic of wood-fibres as fibre length and its
distribution and is influencing MDF performance (PARK et al. 2001). Although the
difference between maximum fibre bulk density for V0O (18.62 kg/m®) and minimum for V22
(18.21 kg/m*) was on the level of 2% it should not had any influence on final HDF properties.
Despite the fact, that fibre moisture content set point was on the level of 9.6%+/-0.2% as it
can be seen in the Table 3 results of the readings from forming line moisture content sensor
were slightly different depending on the variant. The highest fibre moisture content had fibres
from VOO — 9.78% (dried in the lowest dryer temperature of 100°C) and the lowest from V33
— 9.44% (dried in the highest drying temperature of 133°C) what was about 4% lower
comparing to V00. Moisture content of V11 (9.68%) was lower but comparable to VOO (about
1% lower) while V22 (9.53%) was more close to V33 (about 1% higher). Described fibre
moisture content differences were probably connected with different drying temperature
setup. The higher dryer temperature set point, the lower fibre moisture content.

Mechanical and physical properties

Table 4. HDF boards properties results from V00, V11, V22 and V33
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SI88|3|152| 332|323 (138|3|3/3| 23|28 %
V00 |876 |18 |52.4 |3.52 [4150 |201|0.82 [0.09 | 1.45 |0.19 |6.3 |0.42 |27.69 |1.49 | 191 | 207 [4.22
V11 |868 |18 |51.6 |2.70 |4335 | 198085 |0.15 |1.03 [0.27 |52 |0.38 |33.11 | 2.61 | 179 | 201 | 4.97
V22 | 854 |19 |47.6 |3.16 |4275 | 204|063 |0.11 | 1.05 |0.17 |53 |0.41 |39.59 [1.59 | 213 | 205 | 4.54
V33 | 867 |20 |47.0 |2.60 | 4120 |200|0.69 |0.15 | 1.12 |0.21 |52 |0.33 |41.15 | 1.88 | 220 | 209 | 4.31

HDF results from all variants and standard deviations (SD) were gathered and shown
in the Table 4.

In the Fig. 5 the MOR results have been shown. All of variant samples met minimum
MDF requirement of EN 622-5 that is >23.00 N/mm?, and, what is more, the results were
more than two times higher than minimal in the mentioned standard.

The highest MOR values had board made of fibres dried in the lowest temperature of
100°C and it was on the level of 52.4 N/mm?. Additionally, its density was also the highest
(876 kg/m®). Increasing the drying temperature to 111°C caused MOR strength decrease.
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Boards from V11 had slightly (2%) lower MOR (51.6 N/mm?) comparing to VO. Further
drying temperature increase (V22) caused further MOR decrease to the level of 47.6 N/mm?,
what was about 9% less than the maximum and 8% less than V11 while its density was the
lowest - on the level of 854 kg/m*. The minimal result was obtained for board made of fibres
dried in the highest temperature of 133°C, and it was on the level of 47.0 N/mm?, what was
more than 10% less, referring to maximum from V0O. However, its density (867 kg/m®) was
not the lowest. According to CAI et al. 2006, the panel density increase has a positive effect
on such panel properties as MOE and MOR. Although lower panel moisture content is
positively affecting MDF mechanical properties (GANEV et al. 2003), together with drying
temperature increase, the final board moisture content was decreasing (from 6.3% to 5.2%),
while MOR was also decreasing. It would mean, that not only could the panel density have an
influence on HDF MOR but also the drying temperature increase from 100°C to 130°C
resulted in almost linear decrease of MOR. Similar behaviour have MDF boards, where while
drying temperature increase from 110°C to 150°C, is causing MOR decrease of up to ~20%
(LATIBARI et al. 2012). What is more, based on SARI et al. (2013) findings, increasing
particles drying temperature from 100°C to 180°C is also negatively affecting the panels’
mechanical properties. This might have been caused by resin precuring and its damaging
processes in high temperatures (CAMPANA et al. 2018). Considering, that the VOO panel
moisture content had been lower, it would have given similar to MOR linear correlation
between fibre drying temperature increase and MOE decrease. There were no statistically
significant differences of MOR average values found for the tested variants.

100 4800
90 T T 4450
T MOE i T

80 1 = L $+ 4100
=70 37507
£.60 I RZ=0.0037 | 34004
z [ 2
- -
b= 50 3050 %

| o8
J J- | | 2700

40 : -
Min. MOE according to EN 622-5 - -
30 | . 2350
Min. MOR according to EN 622-5
20 2000
95 100 105 110 115 120 125 130 135

Temp. [°C]
Figure 5. HDF MOR and MOE results

For this paper, together with MOR examination, MOE was also defined, shown in the
Fig. 5 and gathered in Table 4. European standard EN 622-5 regarding fibre boards properties
is not specifying any minimal requirement for modulus of elasticity for boards in thickness of
up to 2.5 mm. boards from V0O high MOE on the level of 4150 N/mm?, which panel moisture
content was the highest (6.3%). The highest MOE (4335 N/mm?) was achieved for V11 and
was ~4% lower comparing to V0O, while its panel moisture content was on the level of 5.2%
what was about 17% less than VO panel moisture content. Further fibre drying temperature
increase caused MOE decrease relatively for V22 and V33 on the level of 4275 N/mm? and
4120 N/mm? while V22 and V33 panel moisture was kept on constant level and comparable
to V11 level (5.2-5.3%). In general, low board moisture content results positively on MOE
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result (CAI et al. 2006). This could explain why VOO MOE was on a relatively low level,
however, based on V11-V33 results; negative influence of fibre drying temperature increase
on MOE results could be noticed.

Minimal requirement of IB regarding MDF specified in European standard EN 622-5
for boards in thickness of up to 2.5 mm is on the level of >0.65 N/mm?® Results of 1B
measured from all of the variants were shown in the Table 4 and visualized in the Fig 6.

As it can be seen in Fig. 6, the highest 1B had board from V11 (0.85 N/mm?) while
V00 IB result was comparable and on similar level (0.82 N/mm?). There were also no
statistically significant differences of IB average values for those two variants. Increasing
fibre drying temperature to 133°C resulted in up to 19% drop of 1B for V33 comparing to V11
reaching 0.69 N/mm? IB what was a little bit higher than the minimal requirement. As it can
be seen not all HDF variants met minimal EN622-5 requirement of IB. Boards from V22 had
the lowest result that was on the level of 0.62 N/mm? what was 26% and 9% lower,
accordingly to V11 and V33. This might have been caused by the lowest from examined
variants density (854 kg/m®) (HONG et al. 2017), what, on the other hand, influences
relatively low panel core density (CD) from the density profile, that results in decreasing IB
(WONG et al. 2000). There were statistically significant differences for V22 and variants V0O
and V11. Increasing fibre drying temperature caused IB decrease, but also fibre moisture
content. Additionally, in reference to NICEWICZ, MONDER 2014, the relatively low fibre
moisture content has a negative influence on final 1B results. This could lead to dry resin
curing, that causes its degradation (MENUES et al. 2003), and the worse fibres resin coverage
per unit surface area, the worse mechanical properties (HWANG et al. 2005).
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Figure 6. HDF IB and SS results

The European standard EN 622-5, regarding MDF properties does not specify any
minimal requirement for surface soundness. However, in Figure , those results were shown
for better fibre drying temperature influence evaluation on HDF boards properties, produced
with rHDF addition. What is more, some of European furniture producers are demanding this
parameter to be on the level of >0.80 N/mm? (Swedwood International Standard Specification
of HDF 2011). Based on the results, it can be seen, that the behaviour of this parameter differs
to other parameters. The highest SS was obtained for VOO and was on the level of
1.45 N/mm?, while the lowest for V11 — 1.03 N/mm?, what was nearly 30% less comparing to
maximal value. Increasing drying temperature from 111°C to 133°C caused ~8% SS increase
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to the level of 1.12 N/mm?, what was 23% less comparing to VV0O. This might be caused by
higher fibre temperature from V33, comparing to V11, and easier mat preheating. This leads
to better panel performance. Boards from V22 had comparable to V11 surface soundness
(1.05 N/mm?). SS is dependent on the density profile and its surface layer density (SLD)
(WONG et al. 2000). Considering, that panel density in V11-V33 was about 2% lower
comparing to V0O, this could cause lower SLD, and be one of the reasons influencing SS
decrease in V11-V33. Additionally, about 17% lower panel moisture content of V11-V33
comparing to VOO could cause worse resin curing, due to worse heat transfer, what could
result in worse SS results than in VOO (THOEMEN et al. 2010). There were statistically
significant differences between average values of SS for V0O and V11 and V22, without
significant differences for V33, while there was no statistically significant difference of SS
average values between V11, V22 and V33 samples.

The maximum allowed swelling after 24h for MDF boards with thickness of up to
2.5 mm, specified in European standard EN 622-5 is on the level of 45%. The results of TS24
are shown in Table 4 and visualized in Fig. 7.

As it can be seen in the Figure , all board variants met the minimal requirement of
TS24 described in EN 622-5 norm. However, some of furniture producers require HDF
thickness swelling 24h to be <35% (Swedwood International Standard Specification of HDF
2011). Considering such requirements, only the V00 and V11 boards met this strict
specification. The lowest TS24 had boards from V0O (27.69%) where moisture content was
the highest (6.3%). A rise of the fibre drying temperature to 111°C caused a 14% increase of
TS24 to the level of 33.11%, comparing to V0O. The moisture content of the V11 panel was
17% lower comparing to VO, which could be the reason of the TS increase, because the
relation between board moisture content and swelling is rather proportional (TRECHSEL et
al. 2010): together with an increase of the initial moisture content in the wood-based panels,
their swelling decreases (CARLL 1996). The V11, V22 and V33 board variants had moisture
content on nearly the same level, so this could mean that not only panel moisture content but
also fibre drying temperature have an influence on the final TS24 of the panels produced with
rHDF addition because a further increase of the dryer temperature to 122°C caused 16% and
30% increase of TS24 to the level of 39.59% for the V11 panel and the VOO panel,
respectively. The highest thickness swelling had board from V33 (41.15%), where the fibre
drying temperature was the highest. Together with an increase/decrease of the fibre drying
temperature, the wettability of the fibres decreases (LATIBARI et al. 2012)" which causes
lower bonding potential between the fibres and resin (KOWALUK et al. 2008). This could be
the reason of worse fibre connection at higher drying temperatures, which resulted in easier
water HDF penetration, leading to higher swelling. There was a statistically significant
difference between average values of TS for V0O and remaining panels, as well as for V11,
where no statistically significant differences of TS24 average values were found for V22 and
V33 samples.

The HDF water surface absorption, together with surface roughness, had been thought
to be influenced by fibre drying temperature change, so this was why these parameters were
also examined. However, it turned out that the fibre drying temperature did not have any
significant influence on surface properties of HDF made with 5% addition of rHDF.

The panels for this examination have been produced in CARB 2 formaldehyde
emission standard that require formaldehyde content (FC) below 5.0 mg/100g, examined with
so-called “perforator” method (“EN 12460-5” 2016). Based on the results shown in Table 4
and in Figure 8, it can be seen that all variants met that requirement. However, the highest
value was obtained for V11 (4.97 mg/100g). The lowest formaldehyde content was found for
V00 - 4.22 mg/100g, which was 15% less comparing to the maximum value. Prior to hot
pressing, the raw material is one of the factors influencing wood-based panel formaldehyde
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content (AYDIN et al. 2006) due to a different heat transfer during the pressing process and
thus different resin curing. In this work, the VOO fibre moisture content was about 2.5%
higher, compared to an average from V11, V22 and V33.
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Figure 7. HDF thickness swelling 24h (TS) results  Figure 8. HDF formaldehyde content (FC)

Additionally, the calculation of the FC takes into consideration the tested board
moisture content — the higher HDF moisture content, the lower the FC. This could explain
why V00 FC was the lowest. The fibre drying temperature increase from 111°C to 122°C
resulted in 9% FC decrease to the level of 4.54 mg/100g. The formaldehyde content in V33
was 13% lower referring to VV11. Together with temperature increase, the fibre acidity is
growing (decrease in pH can be observed) (ROFFAEL 2012; LATIBARI et al. 2012), as
lower pH-values enhance hardening intensity of the resin. If the panel moisture had been
lowered in V0O, the FC might have been above 5.0 mg/100g, what would give nearly linear
correlation between fibre drying temperature increase and FC decrease in HDF boards,
produced with 5% of rHDF addition.

CONCLUSIONS
Based on the results of this study, the following conclusions can be drawn concerning the
properties of HDF panels produced with 5% of recycled HDF addition:

PART 1 Defibrator heater pressure setup

Together with defibrator pressure increase during fibre preparation from 0.9 to 1.06 MPa
there was a negative influence on the mechanical properties and positive on the physical HDF
properties, defibrator pressure increase above 0.90 MPa has a negative influence on HDF
MOR, defibrator pressure increase from 0.65 to 1.00 MPa during fibre preparation has a
positive influence (35% increase) on HDF IB, defibrator pressure above 1.00 MPa has a
negative influence on HDF IB and its increase during fibre preparation from 0.65 to 1.00 MPa
has a positive influence (24% increase) on HDF SS, defibrator pressure above 1.0 MPa has a
negative influence on HDF SS, while defibrator pressure increase during fibre preparation
from 0.65 to 1.00 MPa HDF, causes TS 24h and FC decrease accordingly for up to 29% and
12%.

PART 2 Fibre drying inlet temperature

Fibre drying temperature increase from 100°C to 133°C has a negative impact on mechanical
and physical properties of HDF. Together with fibre drying temperature increase from 100°C
to 133°C the MOE of HDF decreases up to 5%, and the IB of HDF decreases as well (up to
26% — depending on the variant). Together with fibre drying temperature increase from 100°C
to 111°C the SS of HDF decreases down to 29%, while increasing drying temperature from
111°C to 133°C causes a slight SS increase of up to 8%, when the TS of HDF increases up to
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33%. No significant influence of fibre drying temperature increase from 100°C to 133°C on
WA of HDF have been observed, and temperature rise from 111°C to 133°C has a positive
impact on FC reduction in HDF for up to 13%.
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Streszczenie: Wplyw cisnienia defibracji oraz temperatury suszenia widkien na wlasciwosci
piyt pilsniowych suchoformowanych wysokiej gestosci z dodatkiem witdkien pouzytkowych
Celem badan byto okreslenie wplywu cisnienia defibracji oraz temperatury suszenia wtokien
na wlasciwosci mechaniczne 1 fizyczne ultra cienkich ptyt (2.5 mm) witoknistych wysokiej
gestosci (HDF), wytwarzanych z 5% dodatkiem widkien pouzytkowych (rHDF). W pierwszej
czesci wyprodukowano wiokna przy zmiennym ci$nieniu defibracji 0.65 MPa (V1), 0.90 MPa
(V2), 1.00 MPa (V3) and 1.06 MPa (V4). W drugiej czg$ci zastosowano rdzne nastawy
temperatury suszenia wiokien: 100°C (\V00), 111°C (V11), 122°C (V22) and 133°C (V33).
Wyniki wskazaty, ze cisnienie defibracji jest istotnym czynnikiem i wplywa na wszystkie
wlasciwos$ci HDF. Zbyt niskie ci$nienie rozwldkniania negatywnie wptywa na wilasciwosci
mechaniczne i1 fizyczne HDF oraz FC (wysoki poziom). W przypadku wplywu temperatury
suszenia wiokien na wilasciwosci HDF - nie stwierdzono prostej korelacji. Stwierdzono
liniowa ujemng korelacje wytrzymalo$ci na zginanie statyczne - spadek o 10% porownujac
V0O do V33, IB - spadek o 23% poréwnujac VOO do V22 i SS - rowniez spadek 0 23%
poréwnujac VOO do V33.
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