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Properties of High Density Polyethylene — Paulownia
Wood Flour Composites via Injection Molding
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Paulownia wood (PW) flour was evaluated as a reinforcement for
thermoplastic composites. Composites of high-density polyethylene in
pellet form (HDPE), 25% by weight of PW, and either 0% or 5% by
weight of maleated polyethylene pellets (MAPE), were produced by twin
screw compounding followed by injection molding. Formulations of PW
flour composed of specific particle sizes (590 to <75 ym) were also
compared. Molded test composites were evaluated for their tensile,
flexural, impact, and thermal properties. Composites made with PW and
MAPE had significantly improved tensile and flexural properties
compared to neat HDPE. The impact strength of all composites using
MAPE was 30% improved over HDPE. Benchmarking PW composites
to similar preparations of pine wood flour composites demonstrated that
PW can produce a comparable and in some cases a superior bio-fiber
composite. The effect of environmental exposure was examined by
soaking tensile bars of HDPE-PW blends in distilled water for 28 days to
observe changes in their physical and mechanical properties. Finally,
differential scanning calorimetery and thermogravimetric analysis were
conducted on PW composites to evaluate their thermal properties and
the implications these may have on selecting processing conditions for
the bio-fiber reinforcements.
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INTRODUCTION

The most common type of lignocellulosic plastic composite (LPC) is the wood
plastic composite (WPC), which utilizes wood flour (WF) fillers derived from wood
waste materials such as shavings and sawdust generated from lumber processing
(Carlborn and Matuana 2006; Lei et al. 2007; Clemons 2010; Zahedi et al. 2012). WPC
thermoplastics typically include polyethylene (PE), polypropylene (PP), and polystyrene
and are mixed with up to 50% WF (w/w) depending on the desired mechanical and
physical properties and industrial acceptance (Carlborn and Matuana 2006; Lei et al.
2007; Clemons 2010). The U.S. WPC industry is projected to increase 13% a year to
amount to $5.3 billion in 2015 and is likely to continue to increase at the same rate in the
foreseeable future (Anonymous 2012). There is a great interest in the development of
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improved WPC with high durability and lower costs than existing products (Berglund and
Rowell 2005; Carlborn and Matuana 2006; Clemons and Stark 2009; Zahedi et al. 2012;
Ashori et al. 2013). The price of WPC is dictated by the price of petroleum and the cost
of wood fillers. Wood waste material prices fluctuate on the basis of availability (housing
demand) and the demand for their utilization (Millman 2008). For example, between
2006 and 2008, when the US housing market contracted, sawdust prices quadrupled due
to a lack of supply (Millman 2008). Currently, 85% of wood waste is consumed for
energy production (fuel pellets and direct combustion) (Burden 2012). The Energy
Independence and Security Act of 2007 mandates that 36 billion gallons of biofuels be
produced by 2022 and woody biomass materials will be increasingly utilized to achieve
this goal (Eilperin 2010). A number of government subsidy programs are already
diverting the sale of woody biomass to bio-energy facilities. Changes in the cost,
availability, and utilization of the biomass and wood waste markets are occurring
(Eilperin 2010). Since the demand for WF needed by the WPC industry will also increase
and the cost of WF will undoubtedly increase due to the bio-energy mandates, new
sources of woody biomass are clearly needed.

Alternative woody biomass sources to provide WF are being developed (LeVan-
Green and Livingston 2001; Myers et al. 2003; Stark and Mueller 2008; Clemons and
Stark 2009). Harvesting small-diameter trees obtained from forest under-stories or brush
conditions offers a source of wood waste materials for both bio-energy as well as WF for
WPC (LeVan-Green and Livingston 2001; Myers et al. 2003). Short-rotational woody
crops utilizing “fast-growing trees” are another option to obtain woody waste materials
(English and Ewing 2002). Marginal land utilization has been suggested as the potential
site for planting large acreages of bio-energy woody tree crops (English and Ewing 2002;
Berglund and Rowell 2005; Bevill 2011).

Paulownia elongata S. Y. Hu, family Paulowniaceae, a native to China, is an
extremely fast-growing coppicing hardwood that is cultivated in plantations in China and
Japan. Paulownia wood is highly valued in the construction and furniture industries
(Chinese Academy of Forestry Staff 1986; Anonymous 2011). A Paulownia plot
containing 2000 trees per hectare and can yield up to 150 to 300 tons of wood within 5 to
7 years (Joshee 2012). Growth rate of heights up to 3.7-4.6 m and diameters of 3to 5 cm
a year are common (Anonymous 2011; Joshee 2012). Paulownia trees are amenable to
being established on marginal lands and have deep taproots, which make them drought
resistant (Anonymous 2011). Characteristics of Paulownia wood (PW) include: light
weight, insect resistance, pale coloration, and heat resistance (Chinese Academy of
Forestry Staff, 1986; Ashori and Nourbakhsh 2009; Anonymous 2011; Joshee 2012).
Paulownia species such as P. elongata, P. kawakamii, and P. tomentosa, are currently
being grown and evaluated in the United States for their commercial wood properties
(Anonymous 2011; Joshee 2012). Recent studies conducted at Fort Valley State
University, Fort Valley, GA show that two to four-year-old trees can grow to a diameter
of 16.5 cm and achieved a height of 10 m. Such trees offer an inexpensive source of
woody biomass for energy and lumber, which will provide the wood wastes needed to
manufacture WF (Ashori and Nourbakhsh 2009; Joshee 2012).

Because there have been relatively few studies of the use of Paulownia wood as a
fiber reinforcement for thermoplastics (Zahedi et al. 2012; Ayrilmis and Kaymakci
2013), the objective of this study was to evaluate the mechanical, physical, and thermal
properties of WPC obtained from blending Paulownia wood flour (PWF) with high
density polyethylene (HDPE). There is particular interest in the utilization of PWF
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derived from juvenile trees since small diameter short-rotation woody crop trees are
likely to be a source of woody biomass needed by the US in the future. Hence, this study
was conducted utilizing PWF derived from juvenile tree biomass (i.e., 36-month-old).
Coupling agents have been commonly used for wood fiber PE composites (Carlborn and
Matuana 2006; Lei et al. 2007; Clemons 2010; Zahedi et al. 2012), so the use of a
maleated PE was employed as part of the scope of the project. Further, because particle
size may affect the performance of reinforcement, the mechanical and flexural properties
of WPC derived from PW utilizing different sized particles were examined. The mechan-
ical and flexural properties of PW were benchmarked to comparably formulated pine
wood (PINEW) flour composites and neat HDPE to demonstrate how PW compares to an
established WF reinforcement. The mechanical property outcomes were normalized to
the control HDPE for ease of assessing the benefit of various filler treatments. Because
PW is a bio-filler and is subject to degradation by water, water immersion tests were
administered on these PWF composites to evaluate their environmental durability.
Finally, differential scanning calorimetry and thermogravimetric analysis were conducted
on PW composites to evaluate their thermal properties and the implications these may
have on selecting processing conditions for the bio-fiber reinforcements.

EXPERIMENTAL

Materials

The resin matrix material was high-density polyethylene (HDPE) (Petrothene LS
5300-00, Equistar Chemicals LP, Houston, TX). The HDPE had a melt-flow index of 40
9/10 min, a density of 0.950 g/cm®, and a melting point of 129 °C. The binding agent was
a polyethylene-graft-maleic anhydride, or maleated polyethylene (MAPE), (Product code
NE542013, Equistar Chemicals LP). It had a melting point of 104-138 °C with
approximately 1% maleic anhydride by weight grafted on the polyethylene.

Paulownia elongata wood material was obtained from 36-mo-old trees grown in

Fort Valley, GA. PW shavings were milled successively through 4-, 2-, and then 1-mm
screens with a Thomas-Wiley mill grinder, (Model 4, Thomas Scientific, Swedesboro,
NJ). Particles were then sized through a Ro-Tap'™ Shaker (Model RX-29, Tyler, Mentor
OH) employing 203 mm diameter stainless steel screens. Screens employed were #10,
#30, and #40 US Standards (Cole-Parmer/ ThermoFisher Scientific, Waltham, MA). The
PW mixtures consisted of <590 um particles obtained from particles passing through the
#30 mesh sieve and particles collected by the successive sieves were designated as #40
mesh and finer (>#40), thereafter. White pine (Pinus strobus L.) shavings were treated in
the same manner as PW material to produce pine wood (PINEW) flour material
(American Wood Fiber, Schofield, WI). Ball ground PW (BGPW) flour was obtained
from 1-mm milled PWF and ground in a laboratory bench top ball mill (Model 801CVM,
U.S. Stoneware, East Palestine, OH) to obtain fine powder. PWF was ground in alumina
mill jars containing Burundum cylindrical grinding media pellets (13 mm diam, ~7.3 g
wt.) (U.S. Stoneware) at a speed of 50 rpm for 60 h. BGPW flour was sieved through a
#200 screen and designed hereafter as finer than #200 mesh (>#200) and to be composed
of <75 um particle sizes. Each screened fraction was oven dried for 48 h at 100 °C to
obtain a moisture content of ~1 to 2%.
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Preparations
Sample preparations of the various PW and PINEW composites are summarized in
Table 1.

Table 1. Weight Percentages in Test Formulations

PW PINEW
Composition PW (2#40) | (>#200) (2#40) MAPE | HDPE
HDPE - - - - 100%
HDPE-MAPE - - - 5% 95%
HDPE-25BGPW - 25% - - 75%
HDPE-25BGPW-MAPE - 25% - 5% 70%
HDPE-25PW 25% - - - 75%
HDPE-25PW-MAPE 25% - - 5% 70%
HDPE-40PW 40% - - - 60%
HDPE-40PW-MAPE 40% - - 5% 55%
HDPE-25PINEW - - 25% - 75%
HDPE-25PINEW-
MAPE - - 25% 5% 70%

Composite blends were extruded with a Micro-18 30/l L/D co-rotating twin-screw
extruder (American Leistritz Extruder, Branchburg, NJ). The barrel had six different
zones, each 90 mm long, which were controlled at the following temperatures (°C): 30,
60, 90, 125, 135, and 140, respectively. The strand die temperature was set at 138 °C.
The HDPE and MAPE used were in pellet form. The PW and PINEW were in the form of
wood flour.

Premixed weight fractions of PW or PINEW with MAPE were fed into zone 1 at
~4.4 g/min using a volumetric twin-screw gravimetric feeder (Model KCL24KT20,
Ktron, Pitman, NJ). At the same time, HDPE was fed with a single drive feeder (Flex-
Tuff Model 106, Schenck/AccuRate, Whitewater, WI) in the same zone at the rate of ~12
g/min. Extruder screw speed was set at 100 rpm. Extruded strands were cooled on a
conveyor belt equipped with an air stream (Model 2100, Dorner Mfg. Corp., Hartland,
WI) and were processed into pellets with a strand pelletizer (Model 4, Killion, Cedar
Grove, NJ).

An ASTM test specimen mold was used that included cavities for a ASTM D790
flexural tensile bar (12.7 mm W x 127 mm L x 3.2 mm thickness), an ASTM D638 Type
| tensile bar (19 mm W grip area x 12.7 mm neck x 165 mm L x 3.2 mm thickness x 50
mm gage L), and an ASTM D638 Type V tensile bar (9.53 mm W grip area x 3.18 mm
neck x 63.5 mm L x 1.5 mm thickness x 7.62 mm gage length). Impact specimen bars
were obtained by cutting the flexural specimens in half to 12.7 mm W x 64 mm L x 3.2
mm thickness and notched.

Molding was conducted with a 30-ton molding machine (Engel ES 30, Engel
Machinery Inc., York, PA) with set point temperatures (°C) for the four zone injection
molding barrel set at: feed = 160; compression = 166; metering = 177, and nozzle = 191.
The mold temperature was 37 °C.
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Mechanical Property Measurements
Samples were conditioned for approximately 240 h at standard room temperature
and humidity (23 °C and 50% RH) prior to any test evaluations. ASTM D638 Type |
tensile bars were tested for tensile modulus and strength using a universal testing
machine (UTM) (Model 1122, Instron Corporation, Norwood, MA). The speed of testing
was 50 mm/min, which is 1 mm/mm/min strain rate at the start of the test.
Three-point flexural tests were carried out according to ASTM D790 specification
on an Instron UTM (Model 1122). The flexural tests were carried out using Procedure B
with a rate of straining of the outer fiber equal to 0.1 mm/mm/min. In addition, there was
a slight modification in the maximum allowed bending strain because Procedure B failed
to achieve a maximum bending force within the 5% strain limit; the maximum bending
occurred between 5.5 to 8% of strain. The flexural strength om and the modulus of

elasticity in bending E,, were calculated using the following formulas,
o = 3PL/2bd? 1)
Ep, = L3m/4bd? (2)

where P is the maximum applied load, L is the length of support span which was 50.8
mm, m is the slope of the tangent of the load to deflection curve, and b and d are the
width and thickness of the specimen bars, respectively.

Notched impact tests were conducted with an 1ZOD impact tester, Model Resil
5.5, P/N 6844.000 (CEAST, Pianezza, Italy) conformed to ASTM D256-84.

Water Absorption

The Type V tensile bars injection molded for each composite were dried in an
oven for 24 h at 100 + 2 °C and weighed. Tests were conducted in an incubator at 25 +
2 °C under a photosynthetic photon flux density of 180 umol'm*s™ using a photoperiod of
12 h light/12 h dark. Tensile bars were placed in distilled water at room temperature for
672 h. At predetermined time intervals the specimens were removed from the distilled
water, the surface water was blotted off with paper towels, and their wet masses were
determined. Water absorption, measured as weight gain percentage, was computed using
the following formula,

Weight gain (%) = (m¢- mo)/my X100 3
where m, denotes the oven-dried weight and m; denotes the weight after soak time t.

Thermal Properties

Differential scanning calorimetry (DSC) of molded specimens was conducted
with an Auto DSC-7 calorimeter with a TAC/DX controller (TA Instruments, New
Castle, DE). Samples of 5 to 7 mg were weighed and sealed hermetically in aluminum
DSC pans. First, the calorimeter was programmed to increase the temperature from 0 to
180 °C at a rate of 10 °C/min, kept isothermal for 3 min. Second, the samples were cooled
to -50 °C at a rate of 10 °C/min. Finally, the samples were heated to 180 °C from -50 to
180 °C at the same rate. Data from the second heating cycle were used to determine the
melting temperature (Ty,) and enthalpy of melting (AH;,) for PE-PW blended samples.
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Data from the second cooling cycle were used to determine the crystallization tempera-
ture (Tc) and crystallization enthalpy (AH.) for the same samples. The heat flow rate
corresponding to the crystallization of HDPE in composites was corrected for the content
of the WF and MAPE. The value of crystallization heat was also corrected for the
crystallization heat of MAPE. The degree of crystallinity (y.) of the HDPE matrix was
evaluated from the following relationship (Lei et al. 2007),

XC = AHexp/AH X 1/Wf X 100% (4)

where AHeyp is the experimental heat of fusion (AHpy) or crystallization determined by
DSC, AH is the assumed heat of fusion or crystallization of fully crystalline HDPE (293
J/g), and Wt is the weight fractions of HDPE in the composites.

Thermogravimetric analysis (TGA) was performed to determine the thermal
characteristics of the composites. TGA was conducted using a Model 2050 TGA (TA
Instruments) under nitrogen at a scan rate of 10 °C/min from room temperature to 600 °C.
A sample of ~7.5 mg was used for each run. Data were analyzed using the TA Advantage
Specialty Library software (TA Instruments). The derivative TGA (wt %/min) of each
sample was obtained from the software.

Statistical Analysis

Five specimens of each formulation were tested in the mechanical, flexural, and
impact strength tests. The average values and their standard errors were reported.
Experimental data obtained was analyzed statistically by analysis of variance for
statistical significance, and multiple comparisons of means were accomplished with
Duncan’s Multiple Range Test (p < 0.05).

RESULTS AND DISCUSSION

Mechanical Properties

The mechanical properties of tensile strength (oy), Young’s modulus (E), and
elongation at break (%El) of the biocomposites containing various PW and PINEW
formulations are shown in Table 2. Figure 1 graphically summarizes the data in Table 2
by normalizing the outcomes to the HDPE control material. For example, the oy of
HDPE-MAPE is 96% of the neat HDPE, thus the bar graph of the normalized oy for
HDPE-MAPE is 96%. This rendering clearly illustrates the effect of various additives.

The first comparison shown is the effect of wood fiber on the composite’s tensile
strength. Tensile strength is a measure of a material to support a stress load without
generating voids that leads to crazing of the material and ultimate failure. The tensile
strength values for PW and PINEW composites made without the MAPE coupling agent
were comparable to neat HDPE; refer to Table 2 and Fig. 1. Other studies have shown
this trend (Girones et al. 2007, Karmarkar et al. 2007). Inclusion of a MAPE with HDPE
enhanced the tensile strength of the PW and PINEW composites by almost 50%. The
increase in tensile strength is attributed to better transfer of stress between the
hydrophobic wood fiber and the hydrophilic HDPE matrix due to the chemical coupling.
The improved surface contact between the wood and the HDPE also leads to fewer
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locations for microscopic cracks to form and this retards failure due to crack formation

which limits tensile strength.

Table 2. Tensile Mechanical Properties of Composites*

Composition oy (MPa) E (MPa) %EI (%)
HDPE 21.5+0.1a 339+ 10a 105 + 5a
HDPE-MAPE 20.5+0.2b 333+ 15a 103 + 2a
HDPE-25BGPW 20.4+0.2b 563 + 5b 11 +£0.5b
HDPE-25BGPW-MAPE 27.4 £ 0.5¢c 597 £ 20c 12+1b
HDPE-25PW 21.2+0.1d 689 + 20d 8 +0.3c
HDPE-25PW-MAPE 31.3+0.1e 696 + 16d 13+0.2b
HDPE-40PW 21.6+0.2a 872 + 24e 5+0.1e
HDPE-40PW-MAPE 35.6 + 0.4f 925 + 19 9+0.2f
HDPE-25PINEW 20.2+0.1b 640 + 5f 11+£0.1b
HDPE-25PINEW-MAPE 29.9+0.1g 680 £+ 7g 15+ 0.2g

"Treatment values with different letters in the same column were significant (P < 0.05). Means
and standard errors derived from five different replicates are presented.

The inclusion of 25% bio-fiber reinforcements dramatically improved the elastic
modulus. This improvement was due to the presence of the stiffer wood particles that
impeded the deformation of the spherulites in the matrix. Modulus is a low deformation
mechanical property that is not affected by poor adhesion of the filler with the matrix.
Consequently, when MAPE is added, there is relatively little increase in stiffness over the
already improved modulus. The third property summarized in Table 2 and Fig. 1 is the
percentage elongation at break in tension, which is largely a deformation property. The
percent elongations to break for all the wood composites were much lower than the neat
HDPE. Any reduction in the adhesion of material at the matrix/composite interface
provides a location for a microscopic crack to form. This leads to crazing within the
matrix and subsequent failure at relatively low elongations. The addition of MAPE
helped improve the elongation by a modest amount, but apparently there were still
numerous locations where the discontinuity of the hydrophobic wood fiber and the
hydrophilic HDPE existed.

The HDPE-25PW composite yielded comparable tensile strength and elastic
modulus results to the HDPE-25PINEW composite. This suggests that paulownia wood,
PWEF, is at least equivalent to pine, PINEW flour, which is commonly employed in WPC.
Finally, the relatively labor intensive ball ground filler, HDPE-25BGPW, was not found
to be superior to the HDPE-25PW composite. The modulus of the ball ground composite,
25BGPW, is less than the milled wood, 25PW. This is attributed to the high percentage of
small particles in the ball ground filler (<74 um) compared to the broad range of particles
found in the >#40 mesh PW flour (25PW), which also contains larger particles (<590
pm). The larger particles impede the deformation of the spherulites. In a similar way, the
40% loading of PW, 40PW, exhibited a higher modulus than the 25% loading. In
addition, the tensile strength of the ball ground composite was no different than the >#40
mesh flour when no MAPE was used and not as great as the more course 25PW when
MAPE is used. This trend is likely related to the relative surface area of the ball ground
filler compared to the >#40 mesh flour. As the particle size of a filler was decreased with
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the mass loading remaining the same, the surface area inversely increased. Consequently,
the ball ground filler had more interfacial area of the incompatible wood to HDPE than
the 25PW and thus has a greater number of locations at which cracks can form that will
limit the tensile strength.
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Fig. 1. Effect of additives on the tensile mechanical properties when compared to the control
material HDPE

Flexural Behavior

The flexural strength (ow) and flexural modulus or modulus of elasticity in
bending (Ep) of the composites and thermoplastic resins are given in Table 3. Figure 2
illustrates the effect of the additives compared to HDPE. As with the tensile properties,
the PW composite yielded comparable flexural properties to the PINEW composite. In
fact, there was a greater proportional improvement in the flexural strength of the PW
composite than the PINEW with the addition of MAPE. The strength property is related
to the composites ability to transfer a stress load without creating microscopic cracks.
The MAPE improves the interfacial bonding of the wood fiber and the HDPE, which
explains why the strength values increased for the PW and the PINEW composites.
However, the flexural modulus values, unlike those for pure tension, did exhibit a change
with the addition of MAPE. This is attributed to the fact that flexural loading involves
both tensile and compressive stress fields. During a flexural load, two unique modes of
stress transfer are at play. On the tensile side of the specimen there is a stress transfer
without creating micro cracks that depends upon good adhesion. On the compressive side
of the specimen there is a stress build-up by impeding the deformation of spherulites that
does not depend so much on good adhesion of the filler to the matrix. Further, there is
likely a shape factor affecting the results seen in Table 3 for the flexural strength and
flexural modulus because there is not a discernible correlation of strength and modulus.
There have been other studies done (Ehrenstein 2001) utilizing short glass fibers and
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glass spheres as reinforcements in thermoplastics that show glass spheres lowering
strength values but improving both flexural and tensile moduli. The short glass fiber,
conversely, improved all strength and moduli values.

Table 3. Flexural and Impact Properties of HDPE and Composites*

Composition Cim Ep Impact Strength
(MPa) (MPa) (J/m)
HDPE 27.9+0.1a 894 + 15a 38.7+0.7a
HDPE-MAPE 26.1+0.1a 804 + 8b 38.6 + 0.6a
HDPE-25BGPW 51.2 +0.2c 1384 + 15d 39.4 +0.5a
HDPE-25BGPW-MAPE 48.7 +1.2b 2365 + 118c 50.6 + 0.9b
HDPE-25PW 35.0+0.3d 1865 + 38i 36.5+0.9a
HDPE-25PW-MAPE 62.8 £ 0.3e 1638 + 28f 51.8+1.3b
HDPE-40PW 24.7 £ 0.1f 1049 + 7g 36.5 + 0.9a
HDPE-40PW-MAPE 67.8 +4.1g 2809 + 128h 53.9+1.4b
HDPE-25PINEW 32.6 +0.1h 1810 * 16j 39.3+0.5a
HDPE-25PINEW-MAPE 43.7 £ 0.1 1814 + 14i 50.3+1.0b

"Treatment values with different letters in the same column were significant (P < 0.05). Means
and standard errors derived from five different replicates are presented.
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Fig. 2. Effect of additives on the composite’s flexural strength, flexural modulus of elasticity, and
impact strength properties compared to the control material HDPE
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Impact Strength

The notched 1ZOD impact strength for the various composites is listed in Table 3.
The inclusion of filler with the coupling agent (MAPE) increased the impact strength of
the composites by almost 40%. However, even when a coupling agent was not included,
the composite impact strength was comparable to neat HDPE. Some studies have shown
that notched 1ZOD impact strength generally decreases with increasing filler content
(Stark and Berger 1997; Ayrilmis and Kaymakci 2013). However, other researchers have
found that wood fiber polypropylene composites exhibit no reduction in notched 1ZOD
impact strength compared to the neat thermoplastic as the filler content increases (Hristov
et al. 2004; Ramaraj 2007; Karmarkar 2007). Also, contrary to this study, Myers et al.
(1991) found that inclusion of MAPE had a negative effect on notched impact strength of
pine WPC compared to those specimens without MAPE. The observed differences may
be due to the different source of fillers, different matrices HDPE vs. PP, and the coupling
agent employed, making discrepancies in comparisons difficult to resolve.

An apparent anomaly exists when comparing the dramatic reduction in the
percentage elongation at break of the composites to the fact that the composites exhibit
improved impact strength compared to the neat HDPE. However, this trend has been seen
in other studies involving biofiber/polypropylene composites (Hristov et al. 2004;
Ramaraj 2007). The elongation to break is a relatively slow and large deformation
process that is sensitive to the initiation of cracks at the incompatible material interface of
the wood fiber and HDPE. On the other hand, the impact property is a dynamic
phenomenon that depends upon several factors.

The impact strength measured in this study involved the propagation of a crack
due to an existing notch. There are several mechanisms that affect the energy dissipated
during crack propagation (Thomason and VIug 1997): plastic deformation of the matrix
in front of the crack tip, fiber debonding from the matrix, and fiber breakage and pull-out
from the matrix. Another factor is called crack pinning, where a fiber holds the matrix
together as the crack advances because the fiber is either chemically bonded or
mechanically linked to the matrix.

The plastic deformation of the matrix in the area in front of the propagating crack
can be influenced by the degree of crystallinity present in the matrix. The DSC data in
this study, Table 5, shows there is a significant reduction in the degree of crystallinity
present in the matrix as wood fiber is added. Also, the addition of MAPE further lowers
the degree of crystallinity. It is known that a higher percentage of crystallinity in a semi-
crystalline polymer will lower the impact energy (Xu et al. 2001). Thus, one mechanism
to account for this apparent anomaly is that the wood fiber composite lowers the degree
of crystallinity that corresponds to a greater mass of amorphous HDPE that can
plastically deform, as opposed to brittle fracture, and thus absorb more energy during
crack propagation.

The fact that MAPE is shown to improve the impact strength is attributed to the
increased energy required to debond the wood fiber from the matrix. The scope of this
study did not include the use of SEM to document the role of fiber pullout in the impact
data. Therefore, a combination of effects may account for the apparent discrepancy
between the %EIl data and the I1ZOD impact data. These are the change of degree of
crystallinity effects, fiber crack-pinning, and in the case of MAPE, debonding of fiber
with the matrix.
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Water Absorption Responses

Figure 3 shows the long-term water absorption plots of PW-based composites at
room temperature, where weight gain (%) (i.e. water absorption) is plotted against
immersion time (h). HDPE and HDPE-MAPE did not increase in weight after the
immersion incubation time. Inclusion of the MAPE coupling agent to the formulation
generally produces a composite that is more resistant to water absorption. Both untreated
HDPE-PW treatments (25PW and 40PW without coupling agent MAPE) exhibited higher
weight gains than those PW composites with coupling agents (MAPE), as seen in Fig. 3.
For example, at the end of 672 h, the composite composed of HDPE-25PW blends
increased by 3.8% in weight while the composite of HDPE-25PW-MAPE exhibited only
a 1.8% increase in weight (=100% less increase). This observation confirms findings
previously reported by others, who have found that inclusion of MAPE in the composite
considerably reduces water absorption when using bio-fillers of popular wood, loblolly
pine wood, sisal fiber, or wheat straw (Joseph et al. 2002; Zabihzadeh 2010). This can be
attributed to the covalent binding of the anhydride groups in the MAPE to the hydroxyl
groups of the PWF, which results in a composite that has less space in its interfacial
regions to be subjected to water (Zabihzadeh 2010). It is interesting that HDPE-BGPW
composed of smaller particles (<75 um) exhibited considerably less weight gain (2.4%)
than HDPE-25PW (4%) or 40PW (7.2%), which contained larger particles (<590 um).
However, when MAPE was included into the formulation, no difference was found in
weight change values for the HDPE-BGPW-MAPE and HDPE-25PW-MAPE formula-
tions (see Fig. 3 and Table 4).

10
— e HDPE
Q- HDPE-MAPE
g || ———¥—— HDPE-25BGPW
—..—A-—..-  HDPE-25BGPW-MAPE
— - —  HDPW-25PW A
— —0—— HDPE-25PW-MAPE P ~
6 || ——¢— HDPE-d0PW Pre
——O——  HDPE-40PW-MAPE _

Weight Gain (%)

Time (hr)

Fig. 3. Comparative water absorption plots for various PW composites over 672 h of soaking

The response of biocomposites to water soaking is related to the bio-filler’s
chemical and lignocellulosic anatomical properties (Joseph et al. 2002; Zabihzadeh
2010). Clearly, addition of higher PW filler concentrations (i.e., 40PW) resulted in a
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composite that was less resistant to water soaking as evidenced by its ability to gain
weight. Absorption of water by composites is a crucial factor in the determination of the
ability of biocomposite to be commercially utilized (Zabihzadeh 2010). However, as
previously noted, less weight gain occurred in this composite if a coupling agent was
employed, which indicates that additives will much improve the performance of
composites to environmental stresses.

Environmental stresses such as water soaking may cause changes in the
mechanical properties to occur, which needs to be measured in order to assess the
potential commercial value of a composite (Thwe and Liao 2002; Lopez et al. 2006;
Clemons and Stark 2009; Zabihzadeh 2010). For example, flexural properties have been
reported to decrease when lignocellulosic plastic composites are weathered (Thwe and
Liao 2002; Lopez et al. 2006; Clemons and Stark 2009). In this work, the Type V tensile
bars that were not soaked and Type V bars that were soaked in water for 672 h were
tested for their mechanical properties, as shown in Table 4. Soaked HDPE and HDPE-
MAPE blends exhibited reductions in elongation to breaking values while the values for
tensile strength and tensile modulus increased slightly. Tensile strength values increased
about 4 and 6% for HDPE and HDPE-MAPE, respectively. The tensile strength values
for soaked composites were either retained (i.e., HDPE-25BGPW-MAPE, HDPE-25PW,
HDPE-40PW-MAPE) or increased (i.e., HDPE-25BGPW, HDPE-25PW-MAPE, HDPE-
40PW). Young’s modulus values also varied in the blends. In some blends, E-values
declined (i.e., HDPE-25BGPW-MAPE, HDPE-40PW, HDPE-40PW-MAPE), and in
other blends E-values were retained (i.e., HDPE-25BGPW, HDPE-25-MAPE) when
compared to untreated controls (Table 4; Fig. 4). The largest change in tensile values
occurred in the HDPE-BGPW composite, which increased 8%. The HDPE-40PW-MAPE
composite still retained the highest oy and E-values when compared to HDPE, HDPE-
MAPE, or other composite formulations (Table 4). ELO values varied less than other
mechanical properties examined when comparing the soaked composites with the
unsoaked composites.

Table 4. Mechanical Properties of Original and Soaked Type V Tensile Bars

ou (MPa) E (MPa) %EI (%) Wt. Gain %

Composition Original | Soak | Original | Soak | Original | Soak

HDPE 18 19* 152 160* 1716 1014* -0.1
HDPE-MAPE 17 18* 149 158* 1605 1161* -0.2
HDPE-25BGPW 20 21* 243 253 21 21 24
HDPE-25BGPW-MAPE 27 27 288 248* 27 27 1.8
HDPE-25PW 21 22 336 291* 20 18 3.8
HDPE-25PW-MAPE 27 28* 333 304* 19 21 1.8
HDPE-40PW 20 22* 438 392* 10 10 7.2
HDPE-40PW-MAPE 34 35 494 438* 13 14 3.7

Properties are given as "Original" or un-soaked and with “soak” treatment. The asterisk "*" after
a value indicates significant difference between treatments (P < 0.05).
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Fig. 4. Comparative mechanical properties after 672 h of soaking. The asterisk "*" indicates
significant difference between treatments.

Thermal Analysis

The unique chemical and physical properties associated with wood from each
species affect the thermal properties of the composite differently (Avérous and Le
Digabel 2006; Kalia et al. 2009; Khalaf 2010). The thermal properties measured by DSC
of the PW composite blends containing different concentrations of MAPE and PW
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preparations are shown in Table 5. Only a single endothermic (melting) and exothermic
(crystallization) peaks were observed in the DSC curves for all samples.

Table 5. DSC Thermal Data for HDPE-PW Composites

Composition T.(°C) AH. (J/g) Tn (°C) AHp, (J/9) Xe (%)
HDPE 116.72 221.9 128.4 186.9 63.8
HDPE-MAPE 116.73 230.5 128.1 204.4 69.8
HDPE-25BGPW 113.11 166.7 133.1 134.8 61.3
HDPE-25BGPW-MAPE 116.83 163.2 128.2 132.5 60.3
HDPE-25PW 113.02 148.3 132.6 128.8 58.6
HDPE-25PW-MAPE 115.58 134.2 126.6 117.9 53.7
HDPE-40PW 112.11 125.4 132.9 103.8 47.2
HDPE-40PW-MAPE 113.94 122.2 130.6 102.3 46.6

The majority of the composites exhibited a slightly higher T,, compared to the T,
of neat HDPE. This observation has been reported in other lignocellulosic plastic
composites (Avérous and Le Digabel 2006; Kalia et al. 2009). The increase in T, in the
composites may be due to disruption of the HDPE crystal lattice network by the presence
of PW particles. The addition of PW to HDPE resulted in a composite with lower
crystallization (AH¢) and enthalpy (AHp,) levels compared to neat HDPE (refer to Table
5). The lowered degrees of crystallization in composite blends roughly corresponded to
the concentration of the PW filler. For example, a blend containing HDPE-25PW
exhibited a degree of crystallinity 8% lower than neat HDPE; and blend-containing
HDPE-40PW exhibited a degree of crystallinity 26% lower than neat HDPE. The least
change in degree of crystallinity occurred in the HDPE-BGPW and HDPE-BGPW-
MAPE composites, which were 4 and 5% lower, respectively, compared to neat HDPE.
This situation is characterized as a filler size phenomenon.

Other investigators have also observed a decrease in the crystallinity values
associated with various lignocellulosic plastic composites (Kalia et al. 2009; Khalaf
2010). The reduction of crystallinity and enthalpy values can be explained by the amount
of free volume between the polymer chains capable of allowing filler to be intermixed
(Khalaf 2010). Therefore, as the volume of filler increases, less resin polymer
intermolecular free volume is capable of dissipating the filler via the physical interaction
between the filler and resin (Khalaf 2010). The presence of MAPE in the composite had
a slightly negative affect on the crystallinity levels of the composites when compared to
composites without MAPE.

It is important to determine the thermal stability of PW fillers because the
temperatures employed during commercial processing, such as injection molding, may
exceed 200 °C. A thermogravimetric curve is plotted in Fig. 5 to illustrate PW
composites, and all PW composites results are summarized in Table 6.

As shown, the degradation of neat HDPE, occurring in a single stage, begins at
449 °C, with a maximum decomposition rate occurring at 463 °C. HDPE degradation
was 99.1% complete at the end of this stage. The HDPE-MAPE blend mimics these
parameters. In contrast, there were several degradation peaks associated with the PW
composites, as shown in Fig. 5.
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Fig. 5. TGA analysis of HDPE and HDPE-PW composites. A.) TGA profile of HDPE and HDPE-
PW composites. B.) TGA derivative of HDPE and HDPE-PW composites

The insert in Fig. 5B depicts a number of overlapping peaks occurring during the
degradation of PW composites; these degradation peaks obscured specific degradation
events. The initial degradation temperature (Tq) of the PW flour was 215 °C and the
decomposition peak occurred at =270 °C. This degradation peak is associated with the
decomposition of low molecular weight components such as hemicellulose, which
degrades between 225 to 325 °C (Lee and Wang 2006; Clemons and Stark 2009). A
second higher degradation peak occurred with a maximum at 345 °C. This degradation
peak is associated with decomposition of cellulose, which degrades between 300 to
400 °C (Lee and Wang 2006). A third degradation peak corresponds to lignin
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decomposition and is often reported occurring near 420 °C; however it was not seen in
this study (Lee and Wang 2006). It is believed this peak was obscured by the
decomposition of HDPE. The increase of residual weight for the composites is due to the
heterogeneous ingredients in the wood flour. Based on the TGA analysis and since the
injection molding temperatures did not exceed 200 °C, the PW composites were
thermally stable for the temperatures they were subjected to in this study.

Table 6. TGA Data for PW Composites

Composition Ist 2nd Peak Temp. (°C)** | Residual

T4(°C) | T4(°C) | Peak1 | Peak 2 (%)
HDPE - 449 - 463 0.9
HDPE-MAPE - 444 - 461 4.4
HDPE-25BGPW 294 448 346 467 6.6
HDPE-25BGPW-MAPE 309 443 354 465 8.7
HDPE-25PW 299 447 347 467 7.6
HDPE-25PW-MAPE 303 449 347 468 6.1
HDPE-40PW 301 446 345 465 10.1
HDPE-40PW-MAPE 306 447 347 467 10.5

:1nitial thermal degradation temperature (Tg)
Maximum degradation temperature

CONCLUSIONS

1. Paulownia wood flour filler produced composites that had comparable or superior
mechanical, flexural, and impact strength properties to composites of pine wood flour
filler.

2. The inclusion of a MAPE coupling agent improved the mechanical properties of the
HDPE-PW composites with MAPE accounting for almost a 50% improvement in
tensile strength.

3. All HDPE-PW composite blends exhibited impact energy properties that were
comparable to neat HDPE. The addition of 5% by weight of a MAPE coupling agent
accounted for an increase in the impact energy by as much as 30% to composites
made without MAPE.

4. Particle size tests comparing blends of 25BGPW composed of particles of <75 pum
with 25PW composed of particles of <590 um showed no or little differences in terms
of their mechanical or flexural properties.

5. All HDPE-PW composites soaked in water for 28 days exhibited an increase in
weight gain but only slight changes to the mechanical properties occurred. Inclusion
of MAPE in the composite blend decreased weight gain.
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