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Abstract. One of the areas of wood waste processing is their use in the production of wood-polymer composites (WPC).
The relevance of wood-polymer products is due to the wide range of applications and qualities of this material. WPC does
not rot, is not damaged by insects and fungi, and does not contain harmful binders. WPC products do not crack or warp
and are water-resistant, which makes them a good material for manufacturing decking. Therewith, the decking board
must have certain mechanical qualities, which will allow it to be used in fairly harsh conditions — under the influence
of moisture, UV radiation, and with a certain load. The purpose of this study was to determine the main physical and
mechanical characteristics (density, flexural strength, elastic modulus, water absorption, hardness, abrasion resistance,
changes in linear dimensions when the atmospheric environment changes) of decking samples made of WPC with various
fillers. For the study, samples were taken from hollow decking, in which polyethylene (PE) and polyvinyl chloride (PVC)
were used as a filler.Based on the conducted experimental studies, it was identified that the density of both samples is
quite high, close to the maximum; the difference is insubstantial, but when examining micro-cuts under a microscope in
samples in which PE is used as a binder, a larger number of cavities are observed, which indicates the presence of excess
moisture or a lack of mineral fillers. It can also be a sign of polymer destruction. It was determined that a number of
other important indicators, such as flexural strength, elastic modulus, water absorption, and abrasion resistance, were
the best in samples with polyvinyl chloride filler. The greatest difference was in the flexural strength index — 35%. It was
also identified that both samples were equivalent in hardness. However, the elastic modulus of the sample with a PE filler
exceeded the values of the sample with a PVC filler by almost 2.5 times. Thus, based on the conducted studies, it is possible
to identify a number of clear dependencies that indicate that the use of polyvinyl chloride as a binder substantially
improves the physical and mechanical performance of decking based on a wood-polymer composite. The results of the
conducted research will allow solving the problems of improving the strength characteristics of wood-composite material
to expand the range of goods based on wood waste
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Introduction

One of the areas of wood waste processing is their use in
the production of wood-polymer composites (WPC). The
relevance of wood-polymer products is determined by a
wide range of applications, ranging from interior decoration
of houses, offices, construction of gazebos, and terraces, to
details of automotive products. The disadvantages of exist-
ing similar products include the high cost associated with
using only primary raw materials (Galiyev, 2015).

Given that the main share of WPC products falls
on decking, the task of developing flooring in the form
of boards based on wood waste and secondary polymers,
produced by conventional methods of processing poly-
mer composites, is relevant. Wood-polymer composite is
a modern material containing wood filler (50-80%), poly-
mers, and special chemical impurities (additives). The
rapid development of WPC is due to a number of advantages
noted in the papers (Klesov, 2010; Safin et al., 2014). The
properties of WPC depend on the properties of the polymer
matrix, wood particles, the nature of the bond, and the in-
teraction between them. WPC does not rot, is not damaged
by insects and fungi, and does not contain harmful binders.
WPC products do not crack, do not warp, and are water-re-
sistant. A number of authors note that moisture resistance
is more affected by the type of binder, rather than the per-
centage of wood filler (Khasanshin et al., 2011). A func-
tional relationship describing changes in water absorption
and WPC density as a function of polymer content has also
been established (Safin et al., 2014).

Since WPC is often used as a structural element, its
physical and mechanical qualities become important. In
the literature, there is very limited information about the
dependence of the physical and mechanical properties of
WPC on their composition. Some authors have noted that
rigidity and strength are satisfactory only if an expensive

binder is added to the material: this is necessary to in-
crease the compatibility between wood flour and polymer,
which would otherwise have no similarity in the course of
the corresponding chemical reactions (Lu et al., 2005; Yang
et al., 2012), and to create efficient load transfer between
wood fibres and the surrounding polymer (Mazzanti et al.,
2012).

Since WPC is brittle, it often contains impurities that
increase impact strength (Mazzanti et al., 2019, 2019, 2020).

Matseyevich & Askadskiy (2017) noticed that WPC
based on matrix polymer PVC has much better properties
than WPC based on matrix polymers such as polyethylene
and polypropylene. This applies to such important indica-
tors as flexural strength and elastic modulus.

Based on the analysis of these literature sources, it
was identified that wood-polymer composite is a modern
material that is becoming increasingly popular due to its
qualities. The main area of the study is the examination of
the polymer component of the material and its impact on
physical and mechanical parameters.

The purpose of the study is to determine the main
physical and mechanical characteristics (density, flexural
strength, elastic modulus, water absorption, hardness,
abrasion resistance, changes in linear dimensions in the
event of changes in the atmospheric environment) of WPC
samples with different fillers.

Materials and Methods

Forthe study, samples of hollow decking made of wood-poly-
mer composite with a cross-section of 23x128 mm of dark
brown colour were selected, the layer on the back side is
smooth, profiled on the front side with different fillers. In
sample 1, the filler was polyethylene (PE), and in sample
2 — polyvinyl chloride (PVC) (Fig. 1, a, b).

Figure 1. Prototypes of decking: a — with PE filler, b — with PVC filler
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Since WPC is a fairly new material, there is no state
regulatory framework for testing mechanical properties.
The density was determined according to the international
standard ISO 1183-1. Density for WPC is a reference indi-
cator and gives an indirect assessment of strength indi-
cators, characterises the presence of mineral fillers in the
WPC, and depends on the type of polymer and the com-
posite. Notably, the reduced density accelerates the process
of WPC oxidation and is the result of increased porosity
(the presence of cavities) of boards due to the presence of
moisture in the initial components of WPC (primarily wood
fibres) and the destruction of the polymer during process-
ing (in case of overheating, excessive shear and/or lack of
additives).

Excessive porosity allows oxygen to enter the WPC
material from the inside, substantially increasing the avail-
able surface area along with the oxidation rate. Moisture is
an effective catalyst for polymer oxidation.

A very important indicator for decking is hardness,
which characterises the contact strength of the product,
allows assessing the indentation resistance and scratch
resistance. The value of the indicator depends on the
type of polymer matrix, the amount of filler, and the den-
sity of the finished composite. Hardness was determined
using a Shore hardness tester. The method described in
GOST 24621-91 was applied. For the study, an indenter for
a durometer of type D (from 20 to 90) was used in the form
of a steel rod with a diameter of 1.10-1.40 mm.

Flexural strength is one of the main indicators of
the mechanical properties of a material. It characterises
the correctness of the selected composition and technolog-
ical modes of production and the efficiency of the binder in
the composition. The value of this indicator characterises
the balance of the formula and the correctness of the tech-
nological process. The flexural strength was determined
according to the methods given in EN 310 and GOST 10635.

The modulus of elasticity during bending is di-
rectly related to the deflection of the board placed on the
supports under a certain load. In contrast to the flexural
strength of composite boards, which usually substantially
exceeds the requirements of building codes for the usually
accepted step of laying logs (approximately 40 centime-
tres (16 inches) from the centre), the modulus of elasticity
when bending composite boards on a polymer basis often
imposes certain restrictions on their installation: the step
of laying logs should not exceed 1/360 of the section. This
indicator is not normalised, but at this density, it should be
more than 1300 MPA.

Water absorption characterises the geometric sta-
bility and hygroscopicity of the WPC profile. Water is the

main aggressive factor of atmospheric influences, as it
causes swelling of the material and accumulation of defects,
especially when the temperature changes from (-) to (+).
The research method given in EN 1087-1 and GOST 32399
was used to determine water absorption.

The value of the water absorption index depends on
the formulation and homogenisation of the composition,
indicates the distribution and combination of the compo-
nents of the wood filler.

Water absorption of WPC materials can lead to: the
deformation of boards, swelling, and mould spread. In ad-
dition, the saturation of WPC boards with water sometimes
reduces the modulus of elasticity when bending boards,
therefore, causing greater deflection under load. Water ab-
sorption also leads to faster destruction of boards, oxida-
tion (water is a catalyst for polymer oxidation), and other
negative consequences. WPC materials absorb water due to
their porosity (cavities).

WPC decking samples were first conditioned to a
constant mass, then kept in water (pH 7+1) at a temperature
of 20%+1°C for 72 hours. In water, the samples were placed
on the edge so that the distance to the walls and bottom of
the container was at least 15 mm. After that, the samples
were removed and wiped with filter paper. Dried samples
were placed in a freezer with a temperature of minus 12°C
for 24 hours. The samples were then removed and placed
in a drying chamber for 70 hours at a temperature of 70°C.
After drying and cooling the samples for 4 hours, the cycle
was repeated. A total of three test cycles were performed.

Important indicators for decking are the rate of
wear (abrasion) and the change in linear dimensions when
the atmospheric environment changes (high humidity/low
humidity), mm/100 mm in length. The study was conducted
according to the method given in GOST 9590. Wear was de-
termined on a Taber 5155 Rotary abrasimeter. The samples
were pre-weighed with an accuracy of 0.001 g and fixed on
the device. When reaching 500 rpm, the test was stopped
and the samples were weighed again with an accuracy of
0.001 g. The wear rate was calculated by the formula.

Before determining the change in linear dimensions
when the atmospheric environment changed, the length of
the samples was measured with an accuracy of 0.02 mm.
Three samples were placed in a drying cabinet and kept at
a temperature of 70+2°C for 24 hours, and three samples
were in a chamber with a relative humidity of 92+3% and a
temperature of 40+2°C for 96 hours.

Results and Discussion

The density of both samples is quite high, close to the max-
imum; the difference is insubstantial, but when examining
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micro-sections under a microscope at 600x magnification,
a larger number of cavities are observed in sample No. 1
(Fig. 2a), which indicates the presence of excess moisture
in the board or a lack of mineral fillers, and the destruction

microcavities

cavities

polymer

of the polymer. In sample No. 2, which has a higher density of
1.91% and a lower porosity (Fig. 2b), the presence of metal
is observed, which can accelerate the oxidation process of
the board at high temperatures.

cavities

polymer

Figure 2. Images of WPC board sections under a microscope at 600x magnification:
a — sample No.1, board with larger cavities; b — sample No.2, board with smaller cavities

Table 1 shows the results of determining the phys-
ical and mechanical parameters of boards made of WPC.
The hardness of sample No.1 slightly exceeds the hardness

of sample No.2 — by 5.8%. Therefore, with this parameter in
the complex, samples can be considered equally substan-
tial.

Table 1. Results of experimental determination of physical and mechanical parameters of WPC decking

Indicator

Parameter values

Sample No.2
WPC (PVC)

Sample No.1
WPC (PE)

Density, g“cm™ (kg*m)

1,258 (1258) 1,282 (1282)

Shore hardness (units of Shore by D durometer from 20 to 90)

62.1 58.5

Flexural strength, MPa (kgf*cm2) 17.1 (174.42) 26 (265.2)
Modulus of elasticity (hardness), MPa 2646 1053
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Table 1. Continued

Parameter values
Indicator
Sample No.1 Sample No.2
WPC (PE) WPC (PVC)
Water absorption, % 2.63 2.02
Abrasion resistance (wear rate, mg/100 rpm) 0.08 0.05
Change in linear dimensions when the atmospheric environment
changes 0.72/1.6 0.5/0.3
(high humidity/low humidity), mm/100 mm length

When examining the flexural strength, it was iden-
tified that sample No.2 substantially exceeds the strength
of sample No.1, meets regulatory requirements (25 MPa)
and has advantages in a substantial margin of flexural
strength during board exploitation.

The study of the elastic modulus showed a substan-
tial excess of this indicator in sample No.1 compared to
sample No.2. The elastic modulus value of sample No.2 can
be considered satisfactory, but insufficient for the available
density.

During the experiment to determine water absorp-
tion, intense discolouration of board samples No.1 was ob-
served, in contrast to the integrity of samples No.2. In ad-
dition, during an increase in humidity and temperature and
during mechanical damage, a persistent unpleasant spe-
cific smell was observed from the samples of board No.1.
According to this indicator, sample No.1 substantially ex-
ceeds sample No.2 (by 30.2%), which indicates that in con-
ditions of high humidity and atmospheric influence, board
No.2 will provide the best water absorption indicators.

Table 1 shows that the wear of sample No.1 sub-
stantially exceeds the wear of sample No.2, which indicates
greater resistance to abrasion of board No.2. This is also
due to reinforcement with metal elements.

The study of such an important indicator for deck-
ing as the change in linear dimensions under changing op-
erating conditions showed that the elongation of 100 mm
of WPC board No.1 was 0.72 mm and 1.6 mm, and sample
No.2 - 0.5 mm and 0.3 mm. Consequently, sample No. 2
was more resistant to changes in linear dimensions under
conditions of high humidity (92£3%) with the environment
temperature of (40+2°C) and high temperatures (70£2°C)
with low humidity. Notably, in general, this indicator of

WPC boards is largely unpredictable. An increase in tem-
perature for every 10°F (=3.6°C) accelerates the oxidative
degradation of WPC by about three times. On a hot sun-
ny day, at an air temperature of 90°F (32°C), the surface
of WPC flooring heats up to approximately 130-140°F (54-
60°C). At 110°F (43°C), the flooring surface temperature
reaches 160°F (70°C), and the thermal oxidation of the
polymer in WPC is accelerated by a factor of 240. Two pow-
erful stabilising factors contribute to extending the service
life of composite decking boards - the density of WPC and
the introduction of antioxidants.

Conclusions

The obtained results of experimental studies allow the eval-
uation of the physical and mechanical parameters of WPC
decking with various fillers. According to the results of the
study, it was identified that the quality indicators of decking
made of wood-polymer composite have a fairly high level
and generally meet the established standards. Therewith,
it is noted that WPC decking with a PE-based binder has
worse performance, which can be explained to some extent
by the presence of a large number of cavities. The presence
of cavities indicates excessive moisture in the board or a
lack of mineral fillers, and the destruction of the polymer.
Thus, based on the conducted studies, it is possible to iden-
tify a number of clear dependencies that indicate that the
use of polyvinyl chloride as a binder substantially improves
the physical and mechanical performance of decking based
on a wood-polymer composite.

The results of the conducted study will help solve
the problems of improving the strength characteristics of
wood-composite material to expand the range of goods
based on wood waste.
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Illomo pesIKMx MeXaHIYHUX BJIaCTUBOCTEN TePaCHOi JOIIKU
3 JepeBMHHO-TIOIiMepPHIX KOMIIO3UTIB i3 pi3HMM HAIIOBHIOBAY€M

Harania BonogumupiBHa Bylicbkux

HarioHanbHMi1 yHiBepcuTeT GiopecypciB i mpMpomoKopuCTyBaHHS YKpaiHu
03041, Byn. 'epoiB O6oponu, 15, m. Kuis, Ykpaina

Anorarisg. OgHuM i3 HanpsiMiB TIepepo6IeHHs TepPeBUHHUX BiIXOMiB € IX BUKOPUCTAHHSI Y BUPOOHUIITBI TePEBUHHO-
nosiMepHMx Kommo3uTiB ([I1K). AKTyaJbHiCTh JepeBUHHO-TIONIMEPHUX BUPOGIB 3YMOBJIEHO MIMPOKMM CIIEKTPOM
3aCTOCYBaHHS Ta SIKOCTSIMM 1IbOrO MaTepiany. IKII He rHue, He YIIKOMKYETbCS KOMaxaMy Ta TpubaMu, He MiCTUTb
WIKigIMBUX B’SDKyunx. Bupobu 3 JIIIK He po3TpiCKYIOThCS, HE SKOJOOISITHCS, BOMOCTINKi, IO pobuTh iX rapHuUM
MaTepiasoM [J1s1 BUTOTOBJIEHHST TePaCHOi JOIIKY. PasoM 3 TMM, y TepacHOI JOLIKM MalOTh OyTY TI€BHI MexaHiuHi SIKOCTi,
IO ACTh 3MOT'Y BUKOPMCTOBYBATH ii B JOCUTH SKOPCTKUX YMOBAX — IIif Ii€t0 Bosiory, YO-BUIIPOMiHIOBAHHS Ta 3 TIEBHUM
HaBaHTaxkeHHSIM. [le TOC/TiKEeHHST Maio Ha MeTi BU3HAUEeHHST OCHOBHMX (Di3MKO-MeXaHiYHMX XapaKTePUCTUK (IIiIbHOCTI,
MILIHOCTi Ha 3TMH, MOZY/ISI IIPY>KHOCTI, BOLOMOIMHAHHS, TBePAOCTi, CTIIKOCTi HAa CTMPaHHS, 3MiHM JiHITHUX PO3MipiB
pu 3MiHi aTMocdepHOro cepemoBuiia) 3pasKiB TepacHOi JOLIKM, BUTOTOBIeHOi 3 [ITTK 3 pisHMMM HarTOBHIOBaYaMM. JIjist
IOCTiIKeHHS 6YI10 Bifmi6paHo 3pa3ky 3 MyCTOTI/IOl TepacHO1 IOMIKY, y IKMX K HAITOBHIOBAY 3acTocoBaHoO rnosietuseH (I1E)
Ta noniBiHinxaopuz ([IBX). Ha 0CHOBI MpoBeeHNX eKCIIepUMEeHTaTbHUX AOCTIIKeHb 6Y/I0 BCTAHOBJIEHO, IO HIIbHICTh
060X 3pasKiB € JOCTaTHbO BVCOKOI0, OJIM3bKOKW A0 MaKCMMAaJIbHOI; Pi3HUIISI € HECYTTEBOK, OOHAK MPU JOCTiIKEHHI
MiKpO3pi3iB i MiKpOCKOIIOM Y 3pa3sKax, y IKUX SIK B’siKyde 3acTocoBaHoO I1E, criocTepiraeTbest 6ibIa KibKiCTh TOPOSKHIH,
IO CBiMUMTH MPO HASBHICTh 3aiiBOI BoMOTM a60 HecTauy MiHepaJbHUX HAMOBHIOBAUiB. TaKOX Iie MOXKe GYTU O3HAKOIO
IleCTpyKIiii mosnimMepy. BusHaueHo, 110 HM3Ka iHIIMX BSKIMBUX MTOKA3HUKIB, IK-OT MilIHICTh Ha 3TMH, MOJY/Ib IIPY>KHOCTI,
BOJOIIOITIMHAHHS, CTiMKiCTh O CTMPAHHS, HAKpaIIMMM BUSBWINCS ¥ 3pa3kax i3 HallOBHIOBAuUeM i3 IMOMiBiHIIXIOPUIY.
Haii6inpiua pisHuiis 6y/a y moKasHuKa MilTHOCTI Ha 3TMH — 35 %. TaKOX BCTAHOBJIEHO, IO 3a TBEP/iCTIO 06MIBa 3pasKu
BUSIBWINCS PiBHO3HAYHMMU. [IpoTe MOIY/Ib IIPY>KHOCTI Y 3pa3Ka 3 HaroBHIoBaueM 3 I1E mepeBUIIMB MOKAa3HUKM 3pa3Ka
3 HaroBHIOBaueM i3 [IBX mainke y 2,5 pasy. OTke, Ha OCHOBi TPOBEAEHMX TOCTIIKEHb MOKIUBO BUSIBUTU HU3KY UiTKUX
3aJIEKHOCTEeH, SIKi CBiUaTh, IO 3aCTOCYBAHHS MOJIBIHIIXJIOPUAY SIK B’SKYYOTO 3HAYHO TMOKpairye (Gi3mKo-mexaHiuHi
TOKA3HMKM TepacHOi JOIIKM Ha OCHOBi JepeBMHHO-TIONIMEPHOr0 KOMIIO3UTY. PesynbTaTy MpoOBemeHUX IOCITiIKeHb
JIAnayTh 3MOTY BUPIITyBaTU ITPOGIEMI TTOKPAIEHHS MIiITHICHMX XapaKTePUCTUK JePeBMHHO-KOMITO3UIIifTHOTO MaTepiany
IS pO3IIVPEHHST aCOPTMMEHTY Ha OCHOBI IepeBMHHUX BigX0miB
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