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Abstract: The natural and laboratory-accelerated weathering of wood-plastic composites (WPCs) based on
high-density polyethylene (HDPE) and polypropylene (PP) plastics was investigated. Injection molded
samples of the WPCs with different loadings of wood fiber ranging from 0 to 36 wt. percent of wood were
subjected to laboratory accelerated weathering and natural weathering. The integrity of samples weathered to
different extents was tested using a standard tensile test and surface hardness test to investigate the
dependence of these properties on the duration of weathering exposure. Tensile data was used to identify the
loading of wood fiber in either plastic matrix that afforded superior ultraviolet (UV) stability. The correlation
between the tensile and hardness data for the WPC samples was explored.
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1. Introduction

A clear trend of materials used in building and packaging industries is towards increased
environmental sustainability. This emphasis typically demands lowering energy costs, reducing
carbon emissions, conserving non-renewable materials such as fossil fuels, and reducing waste
generation, in building construction. Using plastics in place of wood not only depletes the non-
renewable fossil-fuel resources but also created an increasing stream of non-degradable post-
consumer plastic waste that has to be managed. The building industry typically has a high energy
demand. In 2020, 30% of the total global energy expenditure and 26% of global carbon emissions that
contributed to global warming, were attributed to the building industry [1]. While significant gains
in the sustainability of plastics can be achieved by material recycling [2] that conserves fossil-fuel raw
material and enables a circular economy [3], effectively managing municipal and especially
unmanaged solid waste still poses a significant challenge in most regions of the world. The global
production of plastic resins is slated to increase over the near term, and ensuing impacts of plastic
waste will exacerbate in the future with the expected doubling of buildings in the World by 2060
adding over 230 billion sq.m.(relative to 2017 data) of built space [4].

Wood is a proven building material heavily used in the construction industry. It is a
heterogeneous, cellular, and anisotropic material composed of cellulose (40%-50%) and
hemicellulose (15%-25%) fibers with lignin (15%-30%) [5]. It has always been regarded as a low-
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cost, sustainable building material with a relatively low carbon footprint relative to the material used
in building such as concrete, metals, glass, or plastics. Using more wood, that is both renewable and
recyclable in buildings increases their environmental sustainability. However, wood as a building
material has the drawback of limited durability in outdoor use, especially in decking, fencing, and
outdoor furniture. Lignin being a good chromophore, undergoes facile degradation under solar UV
exposure resulting in surface degradation [6,7], and the increased hydrophilicity of the affected
surface facilitates biodegradation [8]. The effects of common biological degrader species such as
white-rot and brown-rot fungi are well known. Some of these limitations can be overcome by using
wood-plastic composites (WPC), where wood fibers are used as a filler in a plastic matrix, in place of
wood in building construction.

The development of wood-plastic composites (WPC) dates back to the 1970s but has been
popularly used as a building material in North America since the 1990s [9]. Natural wood fibers are
significantly lower in density (1.15-1.50 g/cm?) than glass fibers (2.4 g/cm?) commonly used in fiber-
reinforced composites. Consequently, WPCs provided a significant weight reduction of the products
leading to reduced transportation costs. WPC has the advantage of a high strength-to-weight ratio
and ease of manufacture [13], associated with plastic materials. The design freedom afforded by
WPCs is comparable to that afforded by plastics in that the material can be formed into single-piece
building products saving considerable labor, energy, and carbon emission savings [19]. However,
wood fibers have lower elastic modulus than glass or carbon fiber [10]. Incorporating wood fiber into
a thermoplastic matrix generally affords WPCs that combine the appearance and rigidity of wood,
and the toughness and processability of plastics in a single material. The material is used primarily
in exterior furniture, decking, playground equipment, fencing, and roofing [11,12]. The wood fibers
in the composite can still degrade on environmental exposure, but are relatively than wood. It also
has the sustainability advantages of using agricultural waste such as straw [14] or wood flour waste
[15,16] as well as recycled waste plastics [17] in its composition [18].

WPC is generally manufactured in a two-step process. A thermoplastic, such as high-density
polyethylene (HDPE), low-density polyethylene (LDPE), or polypropylene (PP), is blended with fine
wood fiber of sizes ranging from 20 mesh to 60 mesh in a compounding extruder and pelletized as a
masterbatch [20], usually in a continuous process in commercial production [21,22]. The compound
also often includes compatibilizers, lubricants, flame retardants, and colorants. The compatibilizer,
usually a maleated polyolefin, allows intimate mixing of the hydrophilic wood with the hydrophobic
polymer while the lubricant yields better surface characteristics in extruded products. The
masterbatch is mixed with thermoplastic at the required let-down ratio and extruded into the product
[23]. As most wood fibers tend to degrade above 210 °C (410 °F), processing temperatures must be
controlled below this limit [24]. However, the common thermoplastics used in WPC applications,
polyethylene (PE), poly (vinyl chloride) (PVC), and polypropylene (PP) [25] can be processed below
these critical temperatures. Even with exhaustively dried wood fiber, a weak interface obtains poor
stress transfer through the composite negatively impacting its mechanical properties [26]. To
overcome these shortcomings, the wood fibers can either be treated to render them hydrophobic [27]
or a compatibilizer such as maleated polyolefin can be used in the compound [28].

Weathering of WPCs

The most important limitation of WPCs is the deterioration of mechanical properties and the
durability of WPC material on weathering [29,30]. This is primarily a consequence of the
photostability of the wood fiber fraction in the composite. Solar UV radiation, especially the UV-B
range of the spectrum, is well known for its deleterious effect on both wood [31] and plastic [32]
components. The breakdown of lignin generates chromophoric water-soluble reaction products, such
as carbonyls, carboxylic acids, quinones, and hydroperoxy radicals [33]. WPCs based on PP and
HDPE are well known for their sensitivety to UV radiation [34,35,36,37,38].

Exposure of WPCs to solar UV radiation results in surface yellowing of wood affecting its
aesthetic appeal. Treating the wood fibers used in WPCs chemically to make them less chromophoric
is a reasonable approach to control degradation. For instance, Darabi et al., methylated or acetylated
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the lignin moieties in wood fibers to effectively control the yellowing of wood-HDPE composites [39].
Solar UV-induced degradation is measured as a decrease in average flexural properties, using
conventional UV absorbers [40]. Recent work found the incorporation of 1-2 wt.% of titanium dioxide
to protect WPCs against weakening under exposure to solar-simulated UV radiation [30]. However,
whether these approaches would work under desert exposure conditions that combine high UV
levels and high sample temperatures, is unknown.

The present study is intended to study the weathering of two WPC formulations based on either
HDPE or PP as the polymer matrix and commercial wood fiber as the filler, compounded at four
different weight percentages of the wood component, with maleated polyolefin used as the
compatibilizer. Over 70 percent of WPC production is used in buildings, with polyethylene (PE) and
polypropylene (PP) being the most-used plastics in their composition [42]. Both natural and
accelerated weathering exposures were employed in the present study. Part I of this paper [41]
addressed the mechanical characteristics of PP- and PE-based wood-plastic composites and the
present part 2 of the paper is a research effort on the weatherability of the same WPCs exposed to
outdoor weathering under harsh desert exposure conditions as shown in Figure 1.
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Figure 1. (a) Average Annual Solar Intensity Variation; (b) Average Temperature Variation, at the
Desert Exposure Site in Dhahran, Saudi Arabia.

2. Materials and Methods

The wood fiber was obtained from Jelu-Werk (Rosenberg, Germany) as masterbatches with 50%
wt. wood fiber (Spruce and Fir) content in either PP (Grade PP-H50-500-14) or HDPE (Grade HDPE-
H50-500-09). The two base resins used are injection moldable grades of HDPE and PP with no added
UV stabilizers. The bulk density of the masterbatches was 550 g/L and their melt flow index
(190°C/21.6 kg) was 33 and 60 g/10 min. according to DIN ES ISO 1133 for the PE and PP
masterbatches, respectively. All compounds have a maleated polypropylene bonding agent (2 wt.%)
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and 1-2% of a lubricant such as ethylene bis-stearamide (EBS), zinc stearate. The masterbatch
compounds were mixed with the appropriate proportion of either PP (Hival 2620) or HDPE (Hival
521054) to obtain the requisite weight fractions of wood between 18% and 50%. The masterbatches
were dried in the hopper for 5 hours at 80°C before injection molding. Moldings were carried out
with a screw temperature of 190°C and mold temperature of 80°C with a screw speed maintained as
low as possible to avoid overheating the wood fiber. Standard ASTM Type I dumbbell test pieces
were molded and kept refrigerated in the dark.

Natural weathering of the samples was carried out under desert exposure conditions (at an
exposure site in Dhahran, Saudi Arabia). The harsh weathering conditions involved are reflected in
the plot of average monthly temperature and solar UV flux at the location during the year is shown
in Figure 1. Outdoors, factors such as humidity and atmospheric pollutants can affect the rate of
weathering of WPCs even though solar UV radiation is the predominant factor. Accelerated
weathering in the laboratory was carried out in Q-SUN Xenon test chambers model Q-Sun (Xe-3) at
an irradiance of 0.4 W/m2/nm measured at 340 nm wavelength equipped with a daylight filter.
Continuous illumination at 70 °C was used without any dark period or water spray.

Tensile testing was done on five sample replicates generally according to ASTM D 638 using an
Instron Tensile Testing machine, Model 3367, at room temperature (20 to 22°C) at a strain rate of 10
mm/min strain rate. Load displacement data was recorded digitally using a computer attached to the
machine. Hardness measurements on the Shore D scale were done using the Durometer-Digi Test of
Bareiss Germany according to ASTM D 2240 standard. An indenter cone with an angle of 300 and a
contact pressure load of 5100 g for 3 seconds dwell time was used with the depth of penetration set
equal to 2.5 mm.

Microstructural characterization was carried out using a Scanning Electron Microscope, Model
JEOL JSM-6064LV. The micrographs were taken at 15 kV accelerating voltage and at various
magnifications.

A Mettler Toledo Model DSC 822 Model Differential Scanning Calorimeter: DSC 822

was used to determine the thermal transition temperatures. Typically, the samples were heated
from room temperature to 200 °C at a heating rate of 10 °C/min under argon flow. Melting
temperature was detected as the peak temperature, and the melting heat was obtained from the area
of the peak after the baseline correction.

Fourier transform infrared (FTIR) spectroscopy is commonly used to obtain information on the
molecular structure of wood as well as plastics. The infrared (IR) spectrum is related to vibrations in
the molecules, is unique to each compound, and yields a ‘fingerprint’ of the polymer composition.
Reflectance FTIR was used with the present thicker samples using an IR microscope. Infrared spectra
were recorded using a Perkin Elmer Model 16F PC FT-IR spectrophotometer loaded with Spectrum
V 2.00 software (Waltham, MA, USA).

The average molecular weight of HDPE and PP were determined using Gel Permeation
Chromatography (GPC). GPC is a size exclusion chromatography (SEC) separation technique that
separates analytes on the basis of molecular size and is applied to polymers. Chain scission during
degradation causes a general decrease in molecular weights —the number average molecular weight
(Mn), the weight average molecular weight (Mw), the size average molecular weight (M-), and the
polydispersity index (PDI) can be assessed conveniently using GPC. Polystyrene standards with a
PDI of less than 1.2 were used to calibrate the GPC procedure. Gel Permeation Chromatography was
carried out at a column/detector temperature of 160 °C in 1,2,4-trichlorobenzene (TCB) at a flow rate
of 1.0 mL/min and injection volume of 200 Bl in the Viscotek HT-GPC 350A model.

3. Results

3.1. Tensile Properties

The rate of deterioration in tensile properties of composites either on outdoor or accelerated
weathering exposure is a good indicator of their durability. Tensile measurements under uniaxial
strain yield average values of tensile strength (TS), low-extension modulus (E), and elongation at
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break (EB). The average EB is particularly sensitive to weathering and its value drops drastically at
even during early weathering in the present exposures. This is likely a result of adhesive failure at
the wood/plastic interphase dominating sample rupture. Both natural weathering outdoors and
accelerated weathering in the laboratory generally show the tensile strength (TS), and the elongation
at break (TE) to decrease with the duration of exposure while the low-extension modulus (E) to
increase with the duration of exposure for all samples tested (see Table 1). The change in the average
TS of composites with the duration of exposure offers valuable insights (see Figure 2).

The average TS decreases approximately linearly with the duration of weathering with exposure
in control samples with no wood fiber and the rate of decrease is faster in PP relative to HDPE. This
is an expected consequence of the repeat unit chemical structure of PP that makes it relatively more
photolabile [43,44]. The presence of wood fibers at all weight fractions used in the present study also
shows a similar near-linear decrease in percent loss of average TS, but the rate of loss is much lower
suggesting significant UV stabilization. This result is generally consistent with previous work on the
weathering of PP-based [45,46] and HDPE —based [47] WPCs, despite the present exposures being
much harsher in terms of UV flux and sample temperatures. Percentage reduction in the average TS
at a given duration of exposure depends not only on the loading of wood fiber but also on their type,
how well they are dispersed in the matrix, and the compatibilizer used [48]. It is difficult to compare
data across different accelerated exposure studies because of these variables.

For instance, Stark et al working with HDPE /Pine (50%) composites, found a 32-34% decrease
in average TS in 3000 h. of weatherometer exposure while the present WPCs reached the same in 1180
h. of weatherometer and 12 months of outdoor exposure. The average TS data in Figure 2 (which
shows data for the WPCs suggests significant stabilization of composites containing wood fiber, with
improvement in durability with wood content in the case of HDPE-based composites. This is true of
the present WPCs based on PP as well but their rate of loss in average TS is faster than for the HDPE-
based WPCs mechanical integrity of the composites. Furthermore, no marked difference in
performance with increasing wood fiber beyond 18 wt.% is observed. That relatively low loading of
18 wt.% wood provides good photostability and is therefore a valuable finding in designing WPCs
for outdoor use.

Both, the light shielding by fibers and the UV stabilizing action of phenolic lignin compounds in
wood, retard photo-thermal degradation [49] are responsible for the stabilization effect. With UV
shielding, the overlapping of wood fibers at the concentrations used in the present composites would
make it difficult to observe any dependence of weatherability on wood content. As the exposed WPC
samples reach high surface temperatures, especially in the natural weathering environment,
concurrent thermal oxidation would also contribute to the observed decrease in tensile strength.
Laboratory studies on WPCs of PVC/poplar wood show the effect of temperature alone on tensile
strength [50].

In both the control samples and the WPC samples the average E increases with the duration of
exposure suggesting extensive crosslinking during exposure. Concurrent chain scission and
crosslinking are known to occur in polyolefin photo-oxidation [51] which is a free-radical reaction
[52] and under present exposure conditions crosslinking is predominant, leading to increased
moduli. Furthermore, increased crystallinity of the polymer component during photodegradation
may also have contributed to this increase.

A set of samples containing 18 wt % wood was also exposed for 330~ MJ/m2 {12,686 MJ/m2 of
total energy} in a UA-EMMA (Atlas) to determine their behavior under extended long-term exposure.
The UA-EMMA employs twenty focusing mirrors arranged as parabolic facets, to variably
concentrate UV energy on a target area approximately 15 cm x 91cm (6 inches x 36 inches) that is
protected from overheating. It is used as an accelerated exposure to simulate long-term weathering.
Unexpectedly, the samples exposed retained their integrity and their tensile properties could be
measured (see Table 1) and their average tensile strength was found to be approximately the same as
for samples exposed in the laboratory weatherometer for 743 kJ/sq.m (orders of magnitude lower
than the exposure in UA-EMMA.. At the very high light intensities in UA-EMMA, the degradation of
WPCs likely proceeds via reaction pathways that are very different from those obtained under
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natural solar or weatherometer irradiation. The data for the high-intensity exposure was inconsistent
with the laboratory data from weatherometer exposures, and the samples were not further analyzed.
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Figure 2. Average tensile strength data for WPCs based on HDPE and PP. (a) Outdoor exposure for
PP composites; (b) Outdoor exposure for HDPE composites; (c) Accelerated exposure for PP
composites; and (d) Accelerated exposure for HDPE composites.

Table 1. Change in average Tensile properties of the wood-plastic composites of HDPE and PP after
weathering exposures.

Outdoor Tensile Strength (Mpa)% elongation at breakModulus of Elasticity (Mpa)
Expos!.lre Material Average Std.Dev. Average Std.Dev. Average Std. Dev.
Duration
HDPE Control 23.67 0.23 1011.87 3.68 619.01 35.89
HDPE-18% wood 29.35 0.79 24.53 3.53 1010.31 51.08
HDPE-27% wood 33.05 0.84 13.75 1.52 1226.15 38.98
HDPE-36% wood 35.36 0.79 9.45 0.90 1461.73 56.92
Unexposed ™5 Control 37.84 018 4315 741 991.73 3.07
PP-18% wood 38.42 0.38 9.52 0.57 1370.90 12.70
PP-27% wood 38.73 0.30 6.93 0.36 1553.33 42.83
PP-36% wood 38.77 0.63 5.87 0.21 1712.30 14.51
HDPE Control 4.67 0.99 5.34 7.01 969.82 39.14
HDPE-18% wood 28.50 0.99 13.78 1.60 1051.20 4441
HDPE-27% wood 31.97 0.76 11.05 0.91 1264.55 45.03
HDPE-36% wood 3447 0.60 8.05 0.34 1494.55 36.63
6 Months
PP Control 16.70 1.75 240 0.39 1052.09 5.26
PP-18% wood 31.83 0.35 6.93 0.40 1295.30 28.43
PP-27% wood 33.38 0.18 5.74 0.15 1492.23 22.43
PP-36% wood 33.38 0.24 4.92 0.17 1651.79 27.03
HDPE Control 4.41 0.99 1.55 0.55 776.78 20.32
HDPE-18% wood 25.20 0.85 11.70 0.53 1004.87 32.70
HDPE-27% wood 29.82 0.49 8.70 0.80 124491 28.31
12 Months HDPE-36% wood 32.35 0.55 7.86 0.25 1443.60 40.78
PP Control 9.57 0.20 1.55 0.06 833.50 21.66
PP-18% wood 28.02 0.53 7.18 0.57 1132.39 25.34
PP-27% wood 30.20 0.21 5.69 0.18 1378.63 22.98
PP-36% wood 30.34 0.44 4.60 0.23 154498 31.86
HDPE Control 4.55 0.55 1.09 0.15 781.58 41.13
HDPE-18% wood 24.23 0.94 9.98 0.92 1000.21 27.54
HDPE-27% wood 28.62 0.61 9.39 0.67 1204.85 29.77
18 Months  HDPE-36% wood 31.11 0.40 7.78 0.27 1376.91 24.97
PP Control 3.63 0.45 1.42 0.69 630.65 32.97
PP-18% wood 26.30 0.20 6.53 0.34 1063.13 22.03

PP-27% wood 28.75 0.46 5.63 0.30 1275.50 50.53
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PP-36% wood 30.00 0.24 4.67 0.29 1483.51 20.35
Accelerated Tensile Strength (Mpa)% elongation at breakModulus of Elasticity (Mpa)
.Exposure Material Average Std.Dev. Average Std.Dev. Average Std. Dev.
Time/Energy
HDPE Control 15.27 0.42 6.37 2.17 793.17 77.97
HDPE-18% wood  29.38 0.71 15.15 1.01 1090.50 17.23
HDPE-27% wood 3347 0.26 10.40 0.76 1361.87 18.56
214 h Exposure 0 o wood | 3452 1.44 8.16 0.56 1488.11 98.97
Energy =276.8
Koqmt. PP Control 33.05 - 8.38 - 1034.57 -
PP-18% wood 35.38 0.45 7.59 0.38 1402.82 31.60
PP-27% wood 36.33 0.22 5.65 0.26 1613.51 34.87
PP-36% wood 34.91 0.58 4.60 0.28 1761.16 16.45
HDPE Control 14.14 0.79 11.14 1.62 628.23 13.99
HDPE-18% wood ~ 28.44 0.48 13.50 1.46 1078.97 19.89
HDPE-27% wood  31.79 0.86 10.00 0.60 1297.29 40.10
?jelr‘g]i,"fz;f; HDPE-36% wood  35.19 0.89 7.69 0.39 1566.84 54.39
PP Control 23.19 - 7.12 - 853.28 -
kJ/sq.mt.
PP-18% wood 33.01 0.19 6.33 0.12 1363.88 24.19
PP-27% wood 34.06 0.01 5.58 0.22 1535.70 3.10
PP-36% wood 33.94 0.27 453 0.19 1777.21 61.82
HDPE Control 14.45 0.20 11.37 1.68 558.04 21.26
HDPE-18% wood 2858 0.47 11.41 0.55 1119.73 12.33
HDPE-27% wood 3238 0.17 8.85 0.09 1337.09 9.03
7;12;’;":;:;‘* HDPE-36% wood  35.05 157 7.42 0.14 1549.66 96.14
PP Control 14.34 - 5.92 - 645.15 -
kJ/sq.mt.
PP-18% wood 30.35 0.69 6.07 0.32 1253.94 23.91
PP-27% wood 32.09 0.23 527 0.36 1488.93 58.20
PP-36% wood 32.28 0.31 436 0.11 1665.32 11.43
HDPE Control 12.35 - 9.15 - 479.71 -
HDPE-18% wood ~ 28.22 1.39 10.37 0.56 1093.23 56.28
HDPE-27% wood 3231 1.19 8.43 0.65 1360.65 71.09
g::rgyE;‘ligif: HDPE-36% wood 3531 091 6.56 0.19 1579.18 49.82
PP Control 468 - 458 - 353.50 -
kJ/sq.mt.
PP-18% wood 28.35 0.46 6.12 0.13 1135.02 35.05
PP-27% wood 30.97 0.33 5.15 0.35 1451.05 23.63
PP-36% wood 31.13 0.35 4.14 0.14 1661.96 54.21

3.2. Hardness Properties

With thick samples such as those used here photo-thermal degradation is likely localized to a
surface layer. This is known to be the case for both wood [53] and polyolefins [54]. With the polymers,
the photooxidation is diffusion-controlled in thick sections of the material. Unlike the tensile
measurements that assess the bulk of the sample hardness testing that tests the surface characteristics
is useful in assessing weathering [55]. Unlike flexure and tensile testing, hardness is rarely used to
monitor the weathering of WPCs. But, Hardness, being a surface characteristic is expected to be more
sensitive to weathering-related changes.

Including wood fiber filler in a thermoplastics matrix generally includes the hardness of the
material [56]. The Shore D hardness of the various WPCs, based on either HDPE or PP, as well as the
control samples, decreased with the duration of weathering exposure. With data for accelerated
weathering in the laboratory, the percent decrease is linear with the duration of exposure. Table 2
shows the changes in the average Shore D hardness of samples at different durations of exposure.
The measurements were carried out on the surface exposed to light. The observed decrease in
hardness with duration of exposure is consistent with previous reported studies [55,57]. For instance,
Srivabut et al. (2023) [58] studied the natural weathering of PP/Rubberwood composites with 0, 25,
and 50 wt. percent wood fiber, with maleated polypropylene compatibilizer. ~After naturally
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weathering at two exposure sites, the hardness of the WPCs was found to decrease between 8% to
12.5% depending on the composition and exposure location parameters. The present PP-based WPCs
also lost approximately 8% of the original hardness even though were subjected to much harsher
weathering conditions.

The wood fiber filler improved the retention of surface hardness in both HDPE and PP
composites, relative to the control plastic material. In common with the tensile strength data, changes
in hardness also show HDPE composites to be better stabilized relative to those of PP. However, in
contrast to the tensile test data, the hardness data shows that different loadings of wood fiber in the
HDPE-based WPC make a significant difference in the rate of loss of surface hardness in accelerated
weathering studies. However, the natural weathering data for PP does not show such a difference.
The mechanisms that result in changes in hardness for PP might be different in natural exposures
versus laboratory accelerated exposure scenarios. One such variable is the abrasion of the WPC
surface by wind-borne sand in desert environments. Another is the effect of humidity (or water) on
the composites. The wood fiber in WPCs absorbs humidity either through exposed fiber ends at the
surface or from small amounts of water absorbed by the plastic matrix.

Table 2. Change in average Shore D hardness values of wood-plastic composites of HDPE and PP
after weathering exposures.

Outdoor Exposure Average Hardness Value [Std. Dev.]
Duration HDPE Control HDPE-18% wood =~ HDPE-27% wood = HDPE- 36% wood
Unexposed 63.2[0.1] 65.8 [0.2] 66.7 [0.4] 68.3 [0.6]
6 months 56.9 [2.1] 67.5[0.3] 66.4 [0.4] 68.5 [2.0]
12 months 56.4 [2.3] 63.4[0.8] 63.6 [1.2] 67.6[0.2]
18 months 56.3 [1.7] 62.9 [1.7] 61.2[0.7] 64.4[0.7]
Outdoor Exposure Average Hardness Value [Std. Dev.]
Duration PP Control PP-18% wood PP-27% wood PP- 36% wood
Unexposed 73.9 [0.8] 73.4 [1.0] 73.3 [0.6] 73.9 [1.1]
6 months 67.8[1.1] 68.0 [1.7] 69.8 [0.8] 68.1[1.3]
12 months 68.1[0.6] 67.4[1.2] 68.1[1.2] 69.5 [0.8]
18 months 60.1[2.1] 60.8 [1.9] 65.3 [1.5] 67.8 [2.1]
Accelerated Exposure Average Hardness Value [Std. Dev.]
Duration HDPE Control HDPE-18% wood =~ HDPE-27% wood = HDPE- 36% wood
214 hours 63.2 [1.2] 64.4 [0.8] 66.0 [1.3] 68.8 [1.1]
483 hours 54.6 [2.6] 65.1[1.4] 66.0 [1.3] 67.6 [2.1]
723 hours 53.9 [1.0] 61.7 [3.0] 64.3 [1.6] 67.5 [1.0]
1180 hours 47.5[2.8] 60.1[1.1] 65.5[0.7] 67.1[1.5]
Accelerated Exposure Average Hardness Value [Std. Dev.]
Duration PP Control PP-18% wood PP-27% wood PP- 36% wood
214 hours 72.3[1.2] 70.8 [1.0] 71.8 [1.4] 73.0 [0.8]
483 hours 67.0 [0.7] 69.7 [1.5] 72.0 [1.3] 71.0 [1.7]
723 hours 62.6 [1.5] 66.6 [1.9] 69.3 [1.1] 724 [1.0]
1180 hours 54.8 [1.0] 65.4 [3.5] 68.2 [2.4] 70.3 [0.8]

3.3. Tensile Strength versus Surface Hardneses

An interesting observation in the data is that loss in changes in the two properties, bulk tensile
strength and surface hardness behave similarly on weathering exposures. Figure 3 shows how the
two sets of data are related for all PP-based WPCs tested in the study, where a high correlation (R2 =
0.93) between data is apparent. However, the same plot attempted for HDPE-based composites show
a poor correlation (R2 = 0.63). With PP-based composites this correlation allows the relatively faster
hardness tests using smaller samples to be employed to test durability in place of tensile property
measurements.


https://doi.org/10.20944/preprints202411.1035.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2024 d0i:10.20944/preprints202411.1035.v1

10

-30%
-25% 4
2
-20% 1 £
T
z v =0.2816x-0.0007
as5% 4 £ R? =0.9318
§ P-value = 0.0005
®
~10% 4
L
-5% e
.l'...I
EgP e
0%
% loss in Tensile Strength
5% -
0% -20% -40% -60% -80% -100%
@ PP Control (Accelerated) PP-18%wood (Accelerated)
® PP-27%wood (Accelerated) ® PP-36%wood (Accelerated)
(a)
-30%
-25% 4 L]
g
-20% 4 £
B
m
T
5% { £ .
g e
#
-10% 1 . ¥ =0.3203%-0.0117
R? = 0.6304
5% 1 . P-value =0.036
® .
0% - T = T T T 1

% loss in Tensile Strength

w
®
—_—

-20% -40% -60% -80% -100%

$

® HOPE Control (Accelerated) ® HDPE-18%wood (Accelerated)

® HDPE-27%wood (Accelerated)  ® HDPE-36%wood (Accelerated)

Figure 3. Percentage loss in bulk tensile strength versus Percentage loss in surface hardness for WPCs
based on HDPE and PP. (a) Accelerated exposure for PP composites; (b) Accelerated exposure for
HDPE composites.

3.4. FTIR Characterization

Incorporating the wood fiber into a polymer matrix can be monitored with FTIR used in the
Attenuated Total Reflection (FTIR-ATR) mode. The spectra of dry composites display the
characteristic -OH absorption peak associated with cellulose and hemicellulose fractions, which
appears around 3500 cm. As expected, both HDPE and PP show this absorption band in that
wavelength region. In addition, the intensity of the absorption band in the present samples increased
with the fraction of wood fiber in them, as shown in the insert in Figure 4. The blending of wood does
not result in a significant change in the melting characteristics of the polymers as the fibers do not
undergo any phase transition upon heating.
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Figure 4. Overlay of FT-IR spectra of naturally exposed samples of WPCs based on HDPE and PP. (a)
Outdoor exposed HDPE composites with 0 and 18% wood filler; (b) Outdoor exposed PP composites
with 0 and 18% wood filler.

3.5. Differential Scanning Calorimetry (DSC)

The melting transition in the composites, as measured using Differential Scanning Calorimetry
(DSC), shows that the heat flow decreases with increasing wood content (see Figure 5), as expected,
but the transition temperature of the polymer fraction is not significantly affected by the presence of
wood fibers. The changes in both FTIR and thermal measurements qualitatively relate to the wood
content, which suggests that the wood fibers and the polymer were intimately mixed in the
composite. The spectra do not show a predominance of either wood fiber or polymer spectral bands
associated with polymer- or wood fiber-rich domains.
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Figure 5. Differential Scanning Calorimetry of naturally exposed samples of WPCs based on HDPE
and PP. (a) Outdoor exposed HDPE composites with 0 and 18% wood filler; (b) Outdoor exposed PP
composites with 0 and 18% wood filler.

3.6. Scanning Electron Microscope (SEM)

The primary objective of incorporating wood fiber into a thermoplastic was to obtain
reinforcement that improves the mechanical integrity of the material. Any reinforcing effect of the
wood filler is next assessed using tensile property measurements. Effective reinforcing generally
depends on the intimate mixing of the filler and polymer that in turn requires a low enough melt
viscosity at the processing temperature to allow the polymer to flow into the porous woof
morphology and obtain good bonding at the interface. A robust interface between the wood fiber and
plastic is critical to obtaining good mechanical characteristics in composites. A coupling agent, such
as maleated polyethylene used in these samples, often contributes towards a good interface between
the hydrophilic and hydrophobic phases in the composite. The scanning electron micrographs
(SEMs) of the composites illustrate the very good dispersion achieved in the present samples during
processing. No large aggregates of wood fiber were noticed during the SEM study on the different
mixes. Selected micrographs are shown in Figure 6.
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Figure 6. Scanning electron microscopy of wood composite samples at x30000 magnification (a)
HDPE-control sample, (b) HDPE-18 wt. % wood sample, (c) PP-control sample, and (d) PP-18 wt. %
wood sample.

3.7. Gel Permeation Chromatography (GPC)

The mechanical stresses in the melt experienced during compounding and in the injection
molding of the test pieces are expected to degrade the polymer compounds to some extent. This is
especially important as the molding has to be carried out at low temperatures to ensure that the wood
fibers do not degrade. Any such degradation during processing would occur in both the virgin
polymer and polymer/wood mixes, but the degradation in the latter case is expected to be more
severe because of the additional friction afforded by the wood filler. This was investigated for the
virgin polymers and their composites with low (18 wt.%) wood fiber content using GPC of the
polymer fraction before and after processing. The data in Table 3 show a reduction in the number
average molecular weight Mn (g/mol) of virgin HDPE and PP as well as their composites. As might
be expected from structural considerations of the two polymers, the degradation rate in PP on
processing will be relatively larger than for HDPE. The tertiary carbon radical likely generated during
the mechanical and mechano-oxidative degradation of PP is more reactive relative to the largely
secondary radical species generated by HDPE, leading to higher rates of degradation in the former.
The observed percentage decrease in Mn (g/mol) for HDPE and PP in the composites are 15% and
12.6%, respectively, and are not significantly different, at least at 18% weight fraction of wood fiber.
The polydispersity of the HDPE samples (PDI) decreased slightly upon being mixed with wood fiber.
In the more reactive PP, the PDI suggests that the molecular weight distribution broadened upon
mixing with wood fiber. Molecular weights were not determined in composites with higher wood
content.
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Table 3. Changes in the average molecular weights (g/mol) of wood-plastic composites of HDPE and
PP after outdoor weathering exposure.

Exposure Duration Material Mw Mn PDI
HDPE Control 78428 15208 5.16

Unexposed HDPE-18% wood 61839 12871 481
PP Control 194387 37189 5.23

PP-18% wood 190151 32495 5.85

HDPE Control 26680 7481 357

¢ Monthe HDPE-18% wood 69140 15891 435
PP Control 31292 7899 3.96

PP-18% wood 189532 30840 6.15

HDPE Control 23019 5929 3.88

HDPE-18% wood 72990 14369 5.08

12 Months PP Control 7398 3154 2.35
PP-18% wood 167423 26657 6.28

HDPE Control 23282 5426 429

HDPE-18% wood 60495 15550 3.89

18 Months PP Control 5975 2906 2.06
PP-18% wood 155017 28854 537

4. Conclusions

The durability of two sets of WPCs, one based on PP and another on HDPE was investigated
using both natural weathering under harsh desert exposure as well as laboratory accelerated
weathering. The average tensile strength of all composites as well as the respective controls decreased
monotonously with both weathering exposures. Their tensile moduli increased with weathering
indicating extensive crosslinking and possible increased crystallization during the weathering
exposure. Changes in hardness with exposure also stated a similar decrease under both exposure
regimens. The changes obtained compare well with those reported for WPCs using a different wood
fiber. An interesting correlation between hardness and tensile properties was obtained, but only for
PP-based composites.
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