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Abstract

Aim of study: This study aimed to improve some physical, mechanical properties, and fire resistance of
wood-plastic composites (WPCs) with short glass fiber reinforcement (SGFR).

Materials and Methods: The WPCs were reinforced with different ratios of short glass fiber (SGF). The
effect of reinforcement on the water absorption (WA), thickness swelling (TS) as physical properties,
flexural strength, modulus of elasticity, and tensile strength as mechanical properties were determined. The
fire resistance performance was also evaluated by the limit oxygen index (LOI) test.

Main results: The reinforcement improved the physical properties. The WA and TS values decreased
with increasing glass fiber content. Flexural strength increased up to 28%, while 24% for tensile strength.
There was a substantial enhancement in the modulus of elasticity (up to 122%). The glass fiber
reinforcement also improved the fire performance of WPCs.

Highlights: The higher properties could be obtained by synthetic fiber reinforcement for WPCs.
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Bazi Fiziksel, Mekanik Ozellikleri ve Yanma Performansina
Etkisi

Oz

Calismanin amaci: Bu galisma kisa cam lif gliglendirmesi ile odun plastik kompozitlerinin (OPK) bazi
fiziksel, mekanik 6zelliklerini ve yanma direncinin arttirilmasini amaglamustir.

Materyal ve Yontem:OPK’lar farkli oranlarda kisa cam lifleri ile giiglendirilmistir. Giiglendirmenin
fiziksel 6zellikler olarak su alma, kalinlifa sisme, mekanik 6zellikler olarak egilme direnci, elastikiyet
modiilii ve ¢ekme direncine olan etkisi belirlenmistir. Yangin direnci performansi ayrica limit oksijen
indeksi (LOI) testi ile degerlendirilmistir.

Sonuglar: Giiglendirme fiziksel 6zellikleri iyilestirmistir. Su alma ve kalinliga sisme degerleri artan cam
lificerigi ile azalmistir. Egilme direnci %28'e kadar yiikselirken, cekme mukavemeti %24’e kadar artmistir.
Elastikiyet modiiliinde 6nemli bir iyilesme olmustur (~%122). Cam elyaf takviyesi ayrica OPK’larin yangin
performansini da iyilestirmistir.

Onemli vurgular: OPK’lar igin sentetik elyaf takviyesi ile daha yiiksek &zellikler elde edilebilir.

Anahtar Kelimeler: Kisa Cam Lifi, Giiglendirme, LOI, Mekanik Ozellikler, Fiziksel Ozellikler

Introduction
The increase in the concern for the

based composites have been popular
structural material in recent years. As a result,

environment leads the consumer. Moreover,
the raw material shortage also forces
manufacturers to produce new materials
which are cheap and productive as well as
environmentally friendly. Therefore, wood-
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they can be evaluated in various usage areas,
such as furniture to construction. Wood-
plastic composites (WPCs) are wood-based
composites, having many usage areas,
including siding, fences, windows frame,
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decks, gardening furniture, etc. (Kim & Pal,
2010; Klyosov, 2007). Natural fibers are
sustainable, biodegradable, environmentally-
friendly materials and have low cost, making
them the most preferred fillers for
thermoplastics (Nagarjun et al., 2021).

As well-known that plastic is hazardous
material for the environment due to being
petroleum-based materials (Rochman et al.,
2013). However, it is one of the most
preferred materials for most products.
Meanwhile, combining natural fibers with
plastics makes new materials greener.
Moreover, the production cost decreases and
increases some properties, such as stiffness,
elasticity, etc. (Leu et al., 2012). Therefore, in
recent years, natural fibers have been
substitutes for synthetic fibers (for example,
glass, carbon, and aramid fibers). However,
there are also negative aspects of wood fibers.
The hydrophile character makes it more
sensitive to environmental humidity (Ferreira
et al., 2021). The -OH groups in the structure
of wood fibers can easily bond with water
molecules, which results in dimension
instability (Ayrilmis et al., 2011). The
mechanical properties of WPCs were also
affected by changing humidity (Wang &
Morrell, 2005). Moreover, cracks occur on the
surface of WPCs during the swelling of fibers,
especially in outdoor usage (Durmaz et al.,
2022; Fabiyi & McDonald, 2010; Stark &
Matuana, 2004). The increase in the wood
content in the composites also increases the
intensity of these effects alongside greener.

The usage areas of WPCs expand due to
increasing demand. Therefore, the need for
high mechanical properties is inevitable.
However, natural fibers substitute for
synthetic fibers limits the improvement of
properties of WPCs. Synthetic fibers have
high physical, mechanical, and thermal
properties, which ameliorate the properties of
materials (Durmaz et al. 2021). Khan et al.
(2010) reinforced WPCs with glass fibers, in
which the improvement was 77% for tensile
strength while 51% for bending strength.
Valente et al. (2011) stated that glass fiber
reinforcement improved the hardness of
WPCs. Although there was a decrease in the
mechanical properties as increasing wood
content, it also positively affected mechanical
properties. AlMaadeed et al. (2012)
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reinforced WPCs with different ratios of SGF.
The increasing glass fiber content with
decreasing wood flour caused remarkable
improvement in the mechanical strength, in
which just 5% of glass fiber increased tensile
strength by 18%. Zhang et al. (2013) also
obtained significant improvement with glass
fiber reinforcement. On the other hand, Karsli
& Aytac (2013) also stated that the poor
adhesion resulted in the pull out of fiber from
the matrix.

Lignocellulosic materials in the matrix
decrease the heat release rate (Koztowski &
Wiadyka-Przybylak, 2008). The changes in
the wood flour content also influenced flame
retardancy (Durmaz et al., 2021). However,
there are limited studies about the effect of
short fiber reinforcement of WPCs on fire
performance. Guo & Kethineni (2020) stated
that the reinforcement with glass and carbon
fiber restricted the dripping of plastics and
mechanical properties.

The main purpose of this research was to
enhance the physical, mechanical, and fire
resistance of WPCs with SGFR. The various
content of SGF (0, 5, 10, 15, 20, 30%) was
added to the matrix, while the wood flour
content was constant. The changes in TS and
WA values with reinforcement were
investigated. The SGFR influenced flexural
and tensile strength. Modulus of elasticity was
also examined to reveal the efficiency of
reinforcement. The fractured surface of
reinforced WPCs was also examined by
scanning electron microscope (SEM). The
effect of SGFR on the fire resistance was also
evaluated by the limit oxygen index (LOI)
test.

Material and Methods
Materials

Pinewood flour (Pinus sylvestris L.) was
used as a lignocellulosic filler (40-60mesh).
As a thermoplastic polymer, the high-density
polyethylene (HDPE) was supplied from a
commercial supplier (Ucar Plastic, Izmir,
Tirkiye) as a powder form. The melt flow
index (MFI) and density of HDPE were 5.5
g/10 min (190°C/2.16 kg) and 0.965 gr/cm?®,
respectively. As a coupling agent, the maleic
anhydride grafted polyethylene (Licocene PE
MA 4351 Fine Grain) was added, whose
softening point and density were 123°C and
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0.99 g/cmd, respectively. The E-glass fiber
with 4 mm fiber long and 11 pm filament
diameter was used as a reinforcement agent.

Methods

The components were mixed by a mixer to
be obtained a homogeneous mixture,
according to Table 1. The mixture was
extruded with a single screw extruder. The
screw speed was arranged at 40 rpm. The
temperature varied from 180 to 195 °C. Then
samples were cooled and pelletized. The
pellets were dried and then compressed at 180
°C under 24-26 kg/cm? for 15 min (CemilUsta
SSP 125, Istanbul, Tirkiye). The panel
dimensions were 500 mm x 500 mm x 4 mm.

Water absorption and thickness swelling

The WA and TS tests were examined in
accordance with ASTM D570-98 standards.
The samples with 50 mm x 50 mm x 4 mm
dimensions were entirely immersed in the
water at 20 + 1°C. The changes in dimensions
and weights of five samples for each group
were measured at different times (24 h, 72 h,
168 h, 336 h, and 672 h).

Mechanical properties

The  mechanical  properties  were
determined with a universal test machine
(Marestek, Istanbul, Tirkiye).

Table 2. The WA and TS Values of WPCs

Table 1. The variation of the study.

Groups Wood HDPE MAPE Glass
Flour (%) (%) Fiber (%)
(%)

Neat-HDPE - 99 1 -
W30P70 30 69 1 -
W30P65G5 30 64 1 5
W30P60G10 30 59 1 10
W30P55G15 30 54 1 15
W30P50G20 30 49 1 20
W30P40G30 30 39 1 30

The eight samples with dimensions of 127
mm X 12.7 mm x 4 mm were measured for the
flexural strength and modulus of elasticity
(MOE) in accordance with ASTM D790-17
standards. The dog-bone shape samples were
tested for tensile strength in accordance with
ASTM D638-14. Eight replicates were
measured for each test group.

Limit Oxygen Index (LOI) test

The minimum amount of oxygen to
continue flaming combustion for samples is
measured by the LOI test. The five samples
with dimensions of 127 mm x 12.7 mm x 4
mm were measured with a Dynisco LOI
analyzer instrument (Franklin, USA) in
accordance with ASTM D2863-19 for each
test group.

Groups WA (%) TS (%)
24 h 72h 168h 336h 672h 24h 72h 168h 336h 672h
Neat-HDPE  0.11* 0.18% 0.20®0 0.26® 0.39* 0.18* 0.36* 0.44* 0.78* 0.96°
(0.20) (0.27) (0.25) (0.29) (0.22) (0.25) (0.36) (0.29) (0.16) (0.17)
W30P70 4.51° 9.26° 13.92° 1519 15.40° 4.61° 11.72® 12.84° 14.43° 1512°
(0.60) (0.87) (0.79) (2.00) (1.01) (0.73) (2.64) (1.46) (1.50) (1.43)
W30P65G5  0.11* 0.40* 0.74a 1.06° 1.49° 048 1.68* 2.62¢ 3.34° 3.66°
(0.05) (0.16) (0.18) (0.23) (0.35) (0.18) (0.47) (0.22) (0.59) (0.55)
W30P60G10 0.11* 0.40° 0.44® 1.00° 1.18° 0.94% 1.75*° 2.68° 3.00° 3.07°
(0.08) (0.12) (0.06) (0.14) (0.10) (0.20) (0.43) (0.36) (0.41) (0.33)
W30P55G15 0.16* 0.54* 0.68° 1.19° 1.75° 1.71° 3.08¢ 4009 435 4.79¢
(0.06) (0.15) (0.08) (0.26) (0.27) (0.75) (0.64) (0.76) (0.72) (0.65)
W30P50G20 0.62¢ 1.78° 259° 3.27¢ 4.89¢ 1.86° 3.79% 453¢ 4907 5.55¢
(0.23) (0.24) (0.46) (0.46) (0.40) (0.65) (0.51) (0.65) (0.84) (0.66)
W30P40G30 0.64° 1.80° 2.63° 4.06° 552¢ 1.95° 3.95¢ 4549 519¢ 542¢
(0.17) (0.31) (0.76) (0.60) (0.72) (0.74) (0.25) (1.77) (0.22) (0.20)

Note: Values in the parentheses are standard deviations; letters indicate the differences (p < 0.05) between groups depending on the

Duncan test.
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Scanning electron microscopy analysis

The fractured surface of WPC samples was
examined by scanning electron microscope
(SEM, Zeiss Evo LS10, Germany). Before the
examination,samples were oven-dried and
then gold-coated (Emitech SC7620, France).

Statistical analysis

The test data were statistically investigated
depending on the analysis of variance
(ANOVA). The Duncan test (p<0.05) was
carried out to reveal the difference between
the groups.

Results and Discussions
Water Absorption and Thickness Swelling
The impact of SGF reinforcement on the
WA and TS of WPCs was investigated in this
study. The WA values differed from 0.11 to
15.40, while from 0.18 to 15.12 for TS, as
seen in Table 2. The WA and TS values
increased with increasing immersion time. It
was well-established that -OH groups in the
wood fiber chemical structure easily connect
with water molecules, increasing WA and TS
values (Hosseinihashemi et al., 2016).
However, the combination of wood fiber and
plastic restricts water access due to encrusting
of wood fiber with polymer. Although
polymer content decreased when the glass
fiber increased, WA and TS values were
significantly less than W30P70 after 672 h
exposure. The hydrophobic nature of glass

fibers is effective in improving the WA and
TS of WPCs (Khan et al., 2010).

Mechanical Properties

The effect of SGFR on the mechanical
properties of WPCs was investigated in this
study. The reinforcement improved the
mechanical properties, as seen in Table 3.
However, there was also a decrease after the
addition of wood flour to neat-HDPE, except
for MOE. As known, the inconsistency
between wood and polymer causes low
mechanical properties (Bouafif et al., 2009;
Kaymakci, 2016). Nevertheless, the increase
in the flexural strength reached up to 28% in
comparison with W30P70. The highest values
were acquired from W30P55G15 for flexural
strength. The rise in the glass fiber content
after 15% did not provide the expectation.
However, they (above 15%) still have higher
flexural strength than the W30P70. As glass
fiber content increased, the polymer content
decreased. The wood and glass fibers can be
held together with the polymer, which acts as
a bonding agent. The decrease in the polymer
content influenced the stress transfer
negatively. Moreover, the inconsistency
between components also makes stress
transfer difficult. However, reinforced WPCs
with higher flexural strength values revealed
the effect of reinforcement, although
decreasing polymer content.

Table 3. Mechanical properties of SGF reinforced WPCs.

Groups Flexural Strength (MPa) Modulus of Elasticity (MPa) Tensile Strength (MPA)
Neat-HDPE 51.23% (3.34) 25817 (111) 28.292 (0.52)
W30P70 40.13% (1.25) 3222(72) 17.63%(0.29)
W30P65G5 45.67° (1.43) 3731° (142) 20.64" (0.58)
W30P60G10 48.83% (1.93) 50899 (102) 21.80° (1.00)
W30P55G15 51.48¢ (2.33) 4725¢ (211) 19.52¢(0.74)
W30P50G20 50.40% (3.40) 60037 (549) 19.76° (0.37)
W30P40G30 46.71% (2.64) 71569 (1520) 16.629 (0.50)

Values in the parentheses are standard deviations; letters indicate the differences (p < 0.05) between groups depending on the Duncan

test.

Similarly, the addition of wood flour as
filler to neat HDPE decreased the tensile
strength. On the contrary, glass fiber
reinforcement increased the tensile strength
up to 24%, despite reduced polymer content.
W30P60G10 provided the highest tensile
strength compared to W30P70. However,
tensile strength decreased after that content.
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Unlike flexural strength, tensile strength for
30% glass fiber was below the W30P70. On
the other hand, although there was also a
decrease for 15% and 20% glass fiber
reinforced samples, they have higher than the
W30P70.

The glass fiber reinforcement improved

the modulus of elasticity of WHPCs
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significantly. It is recognized that natural
fibers have higher elasticity (Chaharmahali et
al., 2008). Moreover, the synergic effect of
wood flour and glass fiber was enlightened by
MOE values. There was a 122% enhancement
due to reinforcement. The highest MOE value
was obtained from W30P40G30. As glass
fiber content increased, MOE increased,
except 15% glass fiber.

LOI Test

The effect of SGFR on the fire resistance
of WPCs was examined, as seen in Fig. 1. The
LOI values varied from 18.5 to 25.7. The
addition of short glass fiber to WPCs
improved the resistance against fire. As well-
known that polymer can be easily ignited due
to petroleum-based. However, wood fiber's
carbonization, which creates a thermal barrier
during the ignition, improves the fire
resistance (Guo et al., 2019). As can be seen,
the lignocellulosic fiber addition enhanced the
LOI values of WPCs as compared to neat-
HDPE. However, fire resistance is slightly
improved with increasing glass fiber content.
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Figure 1. The LOI values of reinforced WPCs

Glass fiber is recognized as having high
heat resistance (Seo et al., 2019). Therefore,
the highest LOI values were acquired from
W30P40G30. Moreover, the decreased
polymer content with the increasing glass
fiber content also improves the fire
performance. On the contrary, the addition of
glass fiber up to %20 content did not
significantly improve fire resistance.
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SEM Analysis

After the tensile strength test, the fractured
surface of reinforced WPCs was investigated
with SEM analysis, as seen in Figure. 2 and 3.

200 pm

EHT = 10.00 kv &gnlA=;E1 IProbe= 100 pA

WD=126mm Mag= 100X

Figure. 2. The SEM images of the fractured
surface of reinforced WPCs with 5% glass
fiber.

SEM images showed that the glass fibers
were homogeneously dispersed in the matrix,
which is crucial in transporting the stress.
However, many black holes exist in the
fractured surface after tensile strength (Fig. 3).

100 pm

EHT=10.00kV Signal A = SE1
WD=150mm Mag= 250X

I Probe = 100 pA

Figure. 3. The SEM images of the fractured
surface of reinforced WPCs with 15% glass
fiber.

The smooth and undamaged holes are
proof of weak adhesion between matrix and
glass fibers, which clearly explains why the
improvement in the mechanical properties is
restricted. Li and Cai (2011) also stated that
poor adhesion makes debonding easier for
fibers. The smoothest surface of glass fiber is
one of the main factors for debonding as well
as inconsistency between polymer and fibers.
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As seen in the SEM images, the weak
adhesion resulted in glass fibers pulling out
from the matrix, restricting high mechanical
properties.

Conclusion

The effect of SGF reinforcement on some
physical and mechanical properties of WPCs
was examined in this study. The obtained
results showed that WA and TS values of
WPCs were improved with reinforcement.
However, with the decrease in the polymer
content with increasing glass fiber content,
WA and TS values were smaller than the
W30P70. The hydrophobic character of glass
fiber played an essential role in this regard.
However, mechanical properties did not
improve with the increasing glass fiber
content. While the highest flexural strength
was acquired from 15% glass fiber, 10% glass
fiber is for tensile strength. However, MOE
ascended with increasing glass fiber content.
The SEM images showed the poor adhesion
between the matrix and glass fibers, which
resulted in limited improvement in the
mechanical properties. The effect of
reinforcement on fire performance was
limited. The reinforcement did not provide an
improvement for fire resistance like
mechanical properties. Consequently, the
reinforcement of WPCs with SGF enhanced
the physical and mechanical properties,
enabling WPCs to raise the usage areas where
high mechanical properties are needed.
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