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ABSTRACT

Wood-plastic composites (WPCs) were made from recycled
polypropylene (rPP) and rubberwood flour (RWF) as reinforcement. Post-consumer
polypropylene and rubberwood waste were used as main materials. Some
formulations of WPCs were also produced with virgin polypropylene (vPP) for
comparative studies. WPC panels were manufactured by using twin-screw extruder
based on formulations designed with mixture experiment, the components being rPP,
RWF, maleic anhydride-grafted polypropylene (MAPP), ultraviolet (UV) stabilizer, and
lubricant (Lub). Mechanical properties, morphology, durability, and dimensional
stability of WPCs were studied. These characterizations of WPCs were investigated to
optimize the mixture ratios for composites made from rPP and RWF, and to assess
effect of compositions. Likewise, to develop composites as buitding products creep,
lifetime prediction, and extruded density effect were also examined.

Long-term water immersion test of the PP/RWF composites over a
period of 10 weeks revealed that both water absorption (WA) and thickness swelling
(TS) increased with wood flour content. rPP gave higher WA and TS than vPP, for the
composites with 45 wt% RWF. An addition of MAPP at 3 wt% reduced WA and TS,
with no further benefit reached at 5 wt% MAPP. In contrast, addition of 1 wt% UV
stabilizer increased the WA and TS of composites. The flexural strength (MOR) and
modulus (MOE) of composites reduced significantly with moisture uptake; however,
at WA less than 3% its effects on MOR were not significant. From natural weathering
test, PP/RWF composites sharply changed lightness (L*) and discoloration, and
slightly lost in MOR and MOE after the weathering. VPP gave lower percentage
change of L* and loss percentage of hardness, MOR and MOE than rPP. Increasing
RWF content from 25 to 45 wt% in composites increased the change of L* and loss
of MOR, MOE, and maximum strain. Addition of 1 wt% UV stabilizer reduced change
of L* and loss of hardness, MOR, MOE, and maximum strain.

Creep reduced as the wood flour level increased. The neat vPP and
composites based on VPP exhibited lower creep than those based on rPP. The

additions of 5 wt% MAPP and 1 wt% UV stabilizer contents increased the creep strain



of composites. Furthermore, strengths (flexure, compression, and tension) of RWF
reinforced rPP composites could be enhanced with increasing wood flour contents
beyond 25 wt%. The modulus and hardness of composites (both virgin and recycled
plastics) increased linearly with wood flour loadings in range of 25-45 wt%. The
unfilled rPP and composites based on rPP exhibited lower mechanical properties
than those based on vPP. The addition level of 4.0 wt% MAPP in the rPP/RWF
composites is suggested for economical benefit and good mechanical properties. The
strength, modulus, and hardness of composites were reduced by an addition of 1
wt% UV stabilizer content. Besides, the optimal formulation based on the
mechanical properties found was 50.3 wt% rPP, 44.5 wt% RWF, 3.9 wt% MAPP, 0.2
wt% UV stabilizer, and 1.0 wt% lubricant. This optimal composite formulation was
used to investigate creep, lifetime prediction, extruded density effect, and cost
estimation. Creep increased with time, temperature, and stress. The _Burger, Power
law, and HRZ models fit the creep profiles well in general, but at high temperature
and stress levels the Power law and HRZ models could not performed well. Time-
temperature superposition (TTS) and time-stress superposition (TSS) principles were
used to model long-term creep. The master curves from TTS and TSS principles were
in good agreement with each other. TSS predicted that the lifetime limitation by
long-term creep exceeds 10 years for 15 MPa stress at 25 °C. In addition, properties
of hardness, flexure, tension, compression, and screw and nail withdrawal strengths
decreased with the decrease of extruded density. Estimated cost of decking product

with dimension of 25 mm x 50 mm x 1000 mm is approximately 388 baht per piece.
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CHAPTER 1

Introduction

1.1 Background

Nowadays, wood-plastic composites (WPCs) have become popular
due to recyclability, low density, low cost, low maintenance, and eco-friendliness
with good mechanical properties. WPCs are produced by mixing wood fiber into
molten plastic matrices as well as coupling agents or thé other additives, and then
composite materials form through various processing methods such as compression,
extrusion or injection molding [1]. WPCs are extensively used in automotive industry
as door inner panels, seat backs, and headliners; in construction business as decking,
cladding, and fencing; and in infrastructure as marina and boardWalk. Moreover,
softwood lumber is increasingly replaced as WPCs and plastic lumber in applications
of deck-building because of having better durability than softwood lumber [2, 3], and
demand of WPCs is also expected to expand nearly 12% each year between 2000
and 2010 in the United States [3]. Likewise, in comparing the decking demand
produced from wood, WPCs, and neat plastic in Table 1.1, it was found that
tendency clearly increased the demand of WPCs decking but steadily decreased in
the demand of wood decking due to ability to resist water absorption, and providing
positive response to environmental issues of WPCs materials [4-6]. As comparing to
the neat plastics, WPCs exhibited better thermal stability, mechanical properties, and
more degradable resistance to the ultraviolet light [1, 7]. Therefore, they have
stimulated a great interest in developing WPC materials for structural applications.

Wood fiber is one of the major materials in WPCs. There are many
species of wood that found to produce WPCs such as pine, jute, oil palm empty fruit
bunch, bamboo, curaua, including rubberwood. Rubber treé (Hevea brasiliensis) is
widely planted in the South and the Northeast of Thaitand. It is major economic

important plant because the latex extracted from the tree is the primary source of



natural rubber. However, when it becomes unproductive at about 25 years of age, it
is cut down [8]. The cut rubber tree is generally produced as wood wastes about
34% and plantation wastes about 54%. Only 12% of the rubberwood ends up as the

goods [9, 10]. In addition, rubberwood lumber and root could be mainly utﬂized to
manufacture furniture, toys,-and packing materials. In these rubberwood industries, a
large amount of wood waste in the forms of flour, sawdust, and chips is generated at
different stages of processing. Generally, some of the wood waste can be used as
raw material to manufacture plywood, partideboard_, and medium-density fiberboard
{11], but most of such waste is disposed in landfills (dump in space areas) or burning,
resulting in pollution issues. Therefore, the utilization of rubberwood waste as filler in
polymer composites is great interest, which decreases environmental impacts but
increases value of waste. The wastes in the forms of flour, sawdust, and chips have
primarily been used as inexpensive filler in plastic industries, to reduce raw material -
costs and to increase the strength and modulus of various thermoplastics. Moreover,
the rubberwood waste reinforced thermoplastics also offers many advantages
including biodegradability, renewable character, absence of associated health
hazards, and low equipment wear during their processings [12], when compared to

synthetic fillers.

Table 1.1 Percentage of decking demand by material [5]

1992 2.3 97 2 1

2002 3.4 91 7 2
2005 5.1 77 19 4
2006 55 73 22 5
2011 (Forecast) 6.5 66 30 a4

The other major material of WPCs is plastic acting as a matrix. It was
found that the global production of plastics was approximately 1.5 million tons in

1950 but reached 245 million tons in 2008 [13], resulting in a significant contribution



to municipal solid waste. For example, in 2008 post-consumer plastics were
generated at least 33.6 million tons in the United States, of which 28.9 million tons
went to landﬁlls, 2.6 million tons to combustion and energy recovery, and only 2.2
million tons. to recycling [14, 15] - only a tiny fraction of plastic wastes. is recycled.
Thé most plastic wastes are typically consisted of polyethylene (PE), polypropylene
(PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polystyrene (PS)
[16]. Of all these plastic types, PE and PP are large component in landfills and have
similarities in their structures and properties [17); however, when PE (virgin and
recycled) was blended with sawdust, it showed lower stiffness and strength than PP
{virgin and recycled) mixed the sawdust [18]. In-addition, the increasing worldwide
production and consumption of plastics have caused serious public concerns about
effective and safe disposal [19]; however, plastic wastes could-be.a promising raw
material source for WPCs [18]. The use of recycled plastics for prolecing WPCs would
not only offer an effective disposal of plastic wastes, but also reduces the
consumption of natural resources [14, 20]. Therefore, increasing the use of recycled
plastics by blending with rubberwood wastes provides the chance of lessening
wastes going to landfill, decreasing solid waste disposals, and reducing the costs of
making the WPCs [19, 21]. However, to have an effective study, experimental design
has to be adopted.

A D-optimal mixture experimental design is a special type of statistical
approach to experimentally find the individual effect and interaction of components
in a mixture, and the fitted models can be used to find the optimal formulation of a
composite materiat [22]. A D-optimal design can considerably reduce the number of
experiments needed for scientific and technical information on the composition ratio.
However, recent several publications have asséssed the effects of each materiat
component on the thermal and mechanical properties. Mixture designs and factoriat
designs have been rarely used in experiments on WPCs. For example, a four-factor
central composite design was applied to develop a response surface model and to
study the foamability of rigid PVC/wood-flour composites [23]. A 2" factorial design

was used to determine the effects of two hindered amine light stabilizers, a colorant,



an ultraviolet absorber, and their interactions on the photostabilization of wood
flour/high-density polyethylene composites [24]. A Box-Behnken design with
response surface method was adopted to determine variables influenced board
performance significantly [25]. Prior studies: on the componeht effects and
| interactions, and optimization of the formulation for WPCs, seem not to have used a
D-optimal mixture design. Therefore, a D-optimal design was applied to model
mechanical and physical characteristics of WPCs.

The usage of WPCs is mostly limited to non-structural interior
applications due to the decrease of WPCs stability when exposed to exterior
conditions [1]. The main factors affected WPCs properties are humidity, sunlight, and
temperature, resulting in change of physical and chemical properties {1, 26, 27]. Due
to the hydrophilic nature of lignocellulosic filler, this is a disadvantage impacting the
performance of the WPCs [28, 29]. The water absorption charécteristics WPCs limit
their end-use applications [30], as several mechanical and physical properties, such
as dimensional stability, are affected. In addition, the environmental parameters,
such as temperature, are the most important variables influenced the creep behavior
of WPCs due to the temperature accelerating the creep deformation of WPCs that
are subjected a constant load for long term. The evaluation of the creep
deformation with temperature is necessary because most polymeric materials exhibit
different behaviors under different temperatures [31]. Therefore, when WPCs are
applied in different environmental conditions, they are necessary to study the
durability and stability of WPCs products as well as effects of the material
compositions and environmental conditions [1].

In this research, development of new material for building products
needs to be examined the mechanical, physical, dimensional stability, and durability
properties of WPCs. The effects of material compositions (including different grades
of plastic and the contents of rubberwood flour, coupling agent, and UV stabilizer)
on the mechanical and physical properties of composites were also investigated. The

new information will facilitate - informed decisions regarding manufacture of



composites and helps target the most suitable end-use applications of such

composites.

1.2 Objectives
The specific objectives of the research explained in this work are to:
1) Find the optimal mixture ratio of recycled potyprbpylene/rubbenNood
flour composites.
2) Predict the creep behavior of recycled polypropylene/rubberwood flour
composites. , _
3) Analyze the effect of extruded density on mechanical and physical

properties of recycled polypropylene/rubberwood flour composites.

1.3 Scopes of research
The scopes of the research described in this work are:

1) The ranges of compositions applied in this research were recycled
polypropylene 50-70 wt%, rubberwood flour 25-45 wt%, cbupling agent 3-5 wt%,
ultraviolet stabilizer 0-1 wt%, and lubricant 1 wt%.

2) Mixture experimental design and response surface methodology were
used to statistically optimize the formulation of composites and to statistically
evaluate the effect of compositions. The design and analysis were generated by
Design-Expert software (8.0.6, Stat-Ease, Inc.), according to D-optimal mixture design.

3) Optimal formulation based on the mechanical properties was used %o
predict the creep behavior for long terms, to analyze the effect of extruded density,
and to produce the pfoduct of the recycled polypropylene/rubberwood flour
composites.

4) Testing for creep behavior prediction of temperature dependence was
applied at temperatures of 25, 35, 45, 55, and 65 °C with constant loads 19 MPa,
which calculates from 40 percentage of ultimate flexural strength. Likewise, testing of
load dependence applied at loads was 3, 7, 11, 15, 19, 23, 27, 31, 35, and 39 MPa

with temperature at 25 °C. The time duration used of each test was 100 minutes.



5) The optimal formulation based on each property, such as water
absorption, weathering resistance, creep behavior, and mechanical properties, was
produced using a twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd,
Nonthaburi, Thailand). The extruding conditions were as follows: (1) temperature
profiles: 130-190 °C; (2) screw rotating speed: 50 rpm; (3) vacuum venting at 9
temperature zones: 0.022 MPa; and (4) melt pressure: 0.10-0.20 MPa. The samples
were extruded through a rectangular die with the dimensions of 9 mm x 22 mm and
cooled in ambient air. A

The overview of this research to the responses and results associated
to each stage and chapter is shown in Figure 1.1, as explained below:

1) Stage 1: to study the effect of rubberwood flour content and cooling
rate on mechanical and physical properties of recycled polypropylene (rPP)Y
rubberwood flour (RWF) composites. The formulations for the investigation included
with the recycled polypropytene and rubberwood flour, as shown in Figure 1.1. Then
each formulation was produced using a twin-screw extruder, which extruded through
a rectangular die with the dimensions of 9 mm x 22 mm and cooled in ambient air
and water.

2) Test the mechanical and thermal properties, such as flexure, tension,
differential scanning calorimeter (DSC), and dynamic mechanical thermal analysis
(DMTA) of rPP/RWF composites.

3) Conclude the effects of rubberwood flour content reinforced rPP
composites on the mechanical and physical properties. -

4) Stage 2: to investigate the optimal mixture ratio of rPP/RWF composites
on water absorptioh, weathering resistahce, creep behavior, and mechanical
properties.

5) Design the experiment by using a D-optimal mixture design principle. The
experimental D-optimal mixture design and statistical analysis were done with
Design-Expert software (version 8.0.6, Stat-Ease, Inc.). The experimental optimized
design had mixture compositions for the manufacture of WPCs, the components

being rPP, RWF, maleic anhydride-grafted polypropylene (MAPP), ultraviolet (UV)



stabilizer, and lubricant. The ranges of PP and RWF contents were used to
experimental design obtained from preliminary study and the other compositions
were determined following the literature review. Then the software generated the
formulations for the experiment.

6) Produce the panel samples following the designed formulations. They
were manufactured using the twin-screw extruder, which extruded through a
rectangular die with the dimensions of 9 mm x 22 mm and cooled in ambient air.

7) Test the properties of water absorption, thickness swelling, and flexure to
optimize formulation based on the water absorption.

8) Test the properties of color change, hardness, and flexure after the
specimens exposed to the weathering, and then optimized the formulation based on
the weathering resistance. '

9) Test creep property of the composites for 100 minutes under a constant
stress of 19 MPa and temperature 25 °C, and then optimized the formulation based
on the creep behavior.

10) Test the properties of flexure, compression, tension, and hardness, and
then optimized the formulation based on the mechanical properties.

11) Conclude the optimal formulation of each property. The application of
WPCs always decides based on the mechanical properties, so the optimal
formulation based on the mechanical properties was used to study in the next stage.

12) Stage 3: to examine creep behavior and effect of extruded density of
optimal formulation based on mechanical properties. The evaluation _of creep
behavior and extruded density is necessary in application for long term and in
expanding the product to large sizes, respectively.

13) To investigate the creep behavior at different stress and temperature
levels as well as predicting the long-term creep, the panel samples were produced
using a twin-screw extruder, which extruded through a rectangular die with the
dimensions of 9 mm x 22 mm and cooled in ambient air.

14) The creep tests were conducted at 25 °C ambient temperature at ten

different stress levels: 3, 7, 11, 15, 19, 23, 27, 31, 35, and 39 MPa. Five levels of



temperature in the range from 25 to 65 °C were used with constant 19 MPa stress to
assess temperature effects.

15) The Burger, Power law, and HRZ models were used to fit the creep
curves. Likewise, the time-temperature superposition (TTS) and the time-stress
superposition (TSS) principles were used to model long-term creep.

16) To investigate the effects of extruded density, the panel samples were:
produced using a twin-screw extruder, which extruded through rectangular 9 mm x--
22 mm, 17 mm x 36 mm, and 25 mm x 50 mm dies with density of 1.085 g/cm3,
1.029 g/cm3, and 0.963 g/cm3, respectively. '

17) Test the mechanical and physical properties, such as flexure, tension,
compression, hardness, and screw withdrawal strength of rPP/RWF composites.

18) Conclude the effects of the different. stress and temperature levéls on
the creep behavior and the extruded density .on the mechanical and physical
properties.

19) Stage 4: to estimate the cost of rPP/RWF composites. When the new
materials are successfully developed, the cost calculation of the products
manufactured from such materials is necessary. This research particularly explores
the direct material cost and energy cost in processing of decking board produced

from new composite materials with dimensions of 25 mm x 50 mm x 1000 mm.
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CHAPTER 2

Theory and Literature Review

2.1 Theory
2.1.1 Natural fiber reinforced plastics

A composite is a combination of two or more materials, which
properties of components are different such as polymer: ductite and wood: rigidity,
and they are made to become a single material [1]. In composite systems including
plastics (both thermoplastic and thermoset) and natural fiber materials, plastic
molecules have the role in close contact with surfaces of natural fiber, and then
there are some interactions between the surfaces of the two materials [2]. Basically,
the reinforcing fibers are the main load-carrying component in the composites, which
offers high strength and stiffness as well as resistance to bending and breaking under
the applied stress [3]. However, the nature of plastics is nonpolar, which is not
compatible with polar wood fibers, thus poor adhesion between plastic and fiber in
wood-plastic composites (WPCs) is a result [4]. The strong adhesion between the
surfaces of the materials is one of great important factors, which affects the
mechanical, physical, and thermal properties. The interface bonding between the
plastic matrix and natural fiber can be improved by using coupling agents to achieve
the required properties [3]. Another problem affected the properties of WPCs is the
processing temperature. Plant fibers are consisted of various chemical components
(cellulose, hemicelluloses, and lignin) and therefore their thermal treatments
contribute to the changes of physical and chemical properties [4]. Thermal
degradation of those fibers affects poor organoleptic properties such as odor and
colors and deterioration of their mechanical properties of the composites [4]. In
addition, to achieve the desired properties and high performance of the composites,
the properties of both the fibers and the matrix are very important factors [3] to be

concermned before applying.
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'2.1.2 Thermoplastic matrices

Nowadays, thermoplastics are considered to be the most important
class of plastic materials commercially available [5] in which their consumptions are
approximately 80% or more of the total plastic consumption [6]. They have chemical
independent macromolecules and the simplest molecular structure [6.
Thermoplastics are softened or melted when heated to a flowable state, and under
high pressure they can be pushed or transferred into a cool mold {7]. Thermoplastics
do not cure or set, they can be repeated the cycles of heating and cooling without
severe damage and allow reprocessing and recycling [6, 7). In addition, the
thermoplastics are often added the additives or fillers to improve specific properties
such as mechanical and thermal properties, UV resistance, etc [6].

The thermoplastics have many advantages including recyclability, very
short processing cycles, ease of processing, and the melting or softening by heating
allowing thermoforming and welding [6]. In contrast, the disadvantages are a
decrease in strength and stiffness and high creep and retaxation behaviors with
increasing temperature. However, the thermoplastics are popular in the application

with WPCs including polyethylene, polypropylene, and polyvinyl chloride.

2.1.2.1 Polyethylene (PE)

Polyethylene is one of the polyolefin family resins and the best-
known thermoplastic [7]. It is very few crystalline plastics and will float on water [8].
Polyethylene has excellent chemical resistance, high toughness and ductility, low
water vapor permeability, and very low water absorption [7]. Its density is in range of
0.91 to 0.96 g/cm3 [8], and the increasing density of polyethylene increases the
stiffness, yield strength, and melt temperature [7, 9]. However, polyethylene is
limited by its low modulus, yield stress, and melting point (melt at 105-130 °C) [7],
which an increase of temperature reduces their properties [9]. Applications of the
polyethylene are generally used to make packaging film, bottles, bags, pails, and
crates, etc. Furthermore, the most of polyethylene grades is commercially

manufactured in three main types: low-density polyethylene, linear low-density
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polyethylene, and high-density polyethylene [9]. Chain molecular structures of each
polyethylene type are shown in Figure 2.1 [7].

S e S B

HDPE LLDPE

LDPE

Figure 2.1 Chain molecular structures of each polyethylene type [7]

Low-density polyethylene (LDPE) has macromolecules including
numerous short branches, which reduce the crystallinity, melting point, and tensile
strength [6]. Its property combines high impact strength, ductility, and toughness, it
has therefore used widely in the packaging fitlm industries such as shrink fitm, thin
film for automatic packaging, heavy sacking, and multitayer films [7].

Linear low-density polyethylene (LLDPE) has higher toughness, tensile
strength, elongation at break, and puncture resistance than LDPE for the same
density [5, 7]. Likewise, LLDPE also has higher production economies than LDPE due
to lower temperatures and polymerization pressures [7]. Generally, LLDPE has long
linear chain without long side chains or branches, and the density of LLDPE is in
range of 0.915 to 0.940 g/cm3 [7], and it is produced to use in film applications [5].

High-density polyethylene (HDPE) is one of plastics produced the
highest-volume goods [7]. Products produced from all polyethylene are approximate
86% having applications of HDPE as raw materials [6]. The most methods of
processing HDPE are extrusion, injection molding, compression molding, and blow
molding; for example, blow molding is used to manufacture house wares, bottles,
drums, bags, toys, pails, and automotive gas tanks and injection molded is used to

produce food containers, house wares, garbage pails, toys, and milk cases [71.
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2.1.2.2 Polypropylene (PP)

Polypropylene exhibits a similar chemical structure to polyethylene
but has better strength, stiffness, and heat resistance [7]. At lower temperatures its
impact strength is quite poor [9]. The density of PP is in range of 0.900 to 0.915
g/cm3, which has the lowest value when compared with the other plastic materials
(7.

The properties of the PP will generally depend on the size and type
of crystal structure formed, which controlled by varying the rate of cooling and by
the incorporation of nucleating agents [5]. Polypropylene has the marked properties
such as chemical resistance, dimensional stability, heat resistance, rigidity, toughness,
surface gloss, and low cost [7]. However, pure PP generally is not appropriate for use
in load-bearing applications due to rapid plastic creeps [7]. In addition, the specific
heat of PP is lower than polyethylene. Therefore, the plasticizing capacity of an
injection molding machine using PP is higher than a HDPE [5). Further, due to their
excellent quality and versatility, the PP provides the manufacture of products
through injection molding, extrusion, and compression molding [7]. PP has
extensively used in the textile industry, and the largest use of PP extruded is in thin-
film packaging [7].

2.1.2.3 Polyvinyl chloride (PVC)

Polyvinyl chloride is plastics extensively used in the vinyl family and is
produced by the polymerization of vinyl chloride in a free radical reaction {7]. In
theory the PVC contained by chlorine content is approximate 57% [6] and has the
main linear chain branches, but short chain branches may lightly remain [7]. Besides,
the glass transition temperature of PVC varies in range of 60 to 80 °C, which depends
on the polymerization method [7].

The raw PVCs are usually unsuitable for desired applications.
Therefore, it is necessary to compound the raw PVCs with numerous additives such
as fillers, plasticizers, stabilizers, pigment, and lubricant, to satisfy the requirements

of customers and applications [1, 6]. PVC has many applications in the field of flame
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resistant wire, cable, reinforced hose, conveyor belting and heavy-duty fabrics {1, 7].
In addition, PVC can be generally distinguished into two basic forms: plasticized and
rigid. Plasticized PVC is improved by the filling of low-molecular-weight plasticizers to
increase flexibility of the polymer. It is used in applications such as floor mats,
flexible tubing, garden hose, bottles, and shrink wrap {7]. Rigid PVC exhibits higher
rigidity, stronger and stiffer than polypropytene and polyethylene, and therefore is
mainly used in products such as extruded pipe, house siding, and thermoformed and

injection-molded parts [7].

2.1.3 Natural fiber reinforcement

Natural fibers have been used as reinforcement for over 3000 years,
which combine with polymeric materials [10]. They are generally divided into two
main types: from animals and plants. Animal fibers are composed of proteins while
plant fibers consist of cellulose [4]. Plant fibers are subdivided into three main
categories, which depend on the part of the plant: (1) leaf fibers (sisa!, henequen,
banana, istle, manila hemp, piassava, pine apple, etc.); (2) seed or fruit fibers (cotton,
sponge gourd, coir, kapok, oil palm, etc.); and (3) stem or bast fibers (jute, roselle,
flax, isora, hemp, nettle, ramie, kenaf, etc.) [10]. Nowadays, many types of natural
fibers are popular to reinforce plastic matrix such as pine, jute, oil palm empty fruit
bunch, bamboo, curaua, pineapple, rubberwood, etc. Because they offer several
advantages including biodegradability, nonabrasive nature, low density, low cost,
ecological character, safe fiber handling, high possible filling levels, and low energy
consumption [4], when compared with inorganic fillers such as glass fiber and carbon
fibers [11].

The natural fiber is one of the great important factors affecting the
mechanical, physical, and thermal properties of the WPCs due to the various fiber
species, which consist of different contents and components such as cellulose,
hemicelluloses, and lignin [12]. The property of each component affects the overall
properties of the fiber [13]. The cellulose in the form of cellulose microfibrils

presents the framework substance, the hemicelluloses are the matrix substances,
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which link between cellulose microfibrils, and the lignin is the encrusting substance
of the cell wall associated with the matrix substances [2]. The roles of these three
chemical substances in the cell wall are compared to the reinforced plastic in which
cellulose, hemicellulose, and lignin corresponds, respectively, to the natural fiber
core, plastic matrix, and coupling agent to improve their adhesions [2]. Therefore, the
effects of the natural fibers due to species, size, and content are important factor to
examine. However, most of the experiment on composite formulations is still
conducted by changing the contents of each composition at a time, and the other
compositions are constantly fixed in order to investigate the effects of such specific
composition. To achieve this study, statistical experimental design is an efficient tool
to investigate the effect and interaction of the compositions in WPCs, and it also
decreases the number of experiments but increases the scientific information of

compositions [14, 15].

2.1.4 Mixture experimental design
A mixture experiment is a special method of response surface
experiment in which the variables are the compositions or ingredients of a mixture
[16]. The mixture experimental designs are appropriate when the fractions of
components in a mixture cannot be changed independently, and their amounts
must add up to 100% [17]. For example, if x;, X,,..., X, denote the fractions of (
components of a mixture, then [18]

O<xx<1 i =1,2,..,1
and X1 + Xp Hot X = 1 (i.e., 100 percent)

Figure 2.2 shows the constrained experimental region on trilinear
coordinate system of three components of the mixture [18]. Each of the three sides
of the graph is a mixture, and the nine grid lines in each direction mark off 10%

increments in the respective components [16].
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Figure 2.2 Constrained experimental region for a simplex mixture design {18]

In addition, the mixture models differ from the general potynomials
applied in response surface work due to the constraint}_ x; = 1 [18]. The standard
mixture models of linear, quadratic, full cubic, and special cubic are expressed in

equations 2.1, 2.2, 2.3, and 2.4, respectively [16].

{
Y =2 Bix; 2.1

i=1

{ L
Y=Y B+ ;ﬁﬁxixj 2.2)
i<j

i=1

Y = ZBIX,+ZZBux,xJ+ZZSUx,xJ(x X;)
+2 Z Zﬁ.,kx

i<j<k

(2.3)

L L
Y=Zﬁixi+zzﬂijxixj+2,z ZBijkxixjxk (2.8)
i=1 i<j i<j<k

where Y is the predicted response, £ is the model response to a pure component in
the blend, each f§; scales an interaction between components, each G scales an
interaction of three components, x; x;..., x; are the fractions of components, and xx;

XX-.., XX are the quadratic interactions of the fractions.
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2.1.5 Manufacturing processes
Manufacturing processes are methods converting raw materials into
products. The processes used to manufacture the wood-plastic composites have
several methods; however, the processes are popular and important in the

applications including compression molding, injection molding, and extrusion.

2.1.5.1 Compression molding

Compression molding of thermoplastics includes four stages. The first,
thermoplastic material is placed in an open heated mold. The second, thermoplastic
is compressed at high pressure to fill the hot cavity space between the two parts of
the heated mold and is softened and shaped, and then the mold is cooled to
solidify [6]. Finally, the upper mold as shown in Figure 2.3 is opened to remove the
product. In addition, the compression molding process has advantages such as no
sprues or runners in compression molding and few investments. However, it also has
some disadvantages including small outputs, high labor costs, and low output rates
because of the long time needed to heat and then to cool the thermoplastic parts

before demolding [6, 19].

7/7//////</////////

\

Figure 2.3 Compression molding machine [6]
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2.1.5.2 Injection molding

During the injection molding process, the softened or melted
thermoplastic is forced into a mould cavity, and then cooled until the melt solidifies
as the shape of the cavity [6, 7]. When the melted plastic is sufficiently cooled, the
mold is opened, the solid plastic is then pushed from the mold, and the mold is
again closed to repeat this cycle [7]. The injection molding process has several
advantages such as automatic process, high output rates, the cheapest labor costs,
and good finishing surface, but it has the highest mold and press prices and is
difficult to optimize the process parameters [6]. An injection-molding machine is

shown in Figure 2.4 [6].

Figure 2.4 Injection molding machine [4]

2.1.5.3 Extrusion

Extrusion is a process used to create objects fixed cross-sectional
profiles. In the extrusion process, plastic or polymer is continuously pushed with a
screw through regions of high temperature and pressure [7], and then melted plastics
are forced through a die shaped to give the final section of the profile [6, 7]. The
extruder machine in Figure 2.5 has many types for applications in plastic industries,
for example, single-screw used commonly to extrude profiles and multiple-screw
used typically to compound and to extrude the profile in a single step [6]. Generally,

an extrusion line included the important equipment is [6]:
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1) the extruder including a rotating screw, heats, plasticizes, homogenizes
and pressurizes [6].

2) the die and the punch or internal mandrel, which will produce the
desired form of the profiles [6].

3) the cooling fixtures that precisely and permanently define the shape of
the profiles [6].

Figure 2.5 Extrusion machine [6]

In this study, the extrusion was adopted because of its continuous

process to produce longer WPC panels which were focused in this research.

2.1.6 Mechanical properties

The mechanical properties are the most important properties because
all service conditions and the majority of end-use applications relate some degree of
mechanical loading [8]. The mechanical properties of plastic materials depend on
the type of plastic, rate of crystallization, molecular structure, molecular weight,
reinforcements, chemical additives, type and amount of colorant, and impact
modifier [20]. Likewise, they also depend on the test procedures, testing methods,
reporting of the property values, and manufacturing process of the plastic materials
[20]. In addition, the mechanical properties are considered in the design of goods and
process of material selection because almost all applications require the resistance
of the mechanical loading. The plastic materials responding the mechanical
properties within a region of elasticity are generally applied [20]. The design and

selection of material for various applications are often considered based on
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mechanical properties such as tensile properties, flexural properties, and

compressive properties.

2.1.6.1 Tensile properties

Measurements of tensile strength and modulus are the most
important indications of stiffness in a material and are the widely specified properties
of plastic materials [8]. Tensile test is a measurement of the ability of a material to
withstand forces that tend to pull it apart and to determine what extent the material
stretches before breaking [8]. To operate a tensile test, the specimen is gripped at
each end and pulled apart [21]. The pulling is continuously done for measuring the
force that develops as the test specimen is elongated at a constant rate of extension
[20]. From this test a stress-strain curve is generated which serves to define the
following terms such as tensile stress and strain, percentage of elongation, yield
point, proportional limit, yield strength, and modulus of elasticity [20], as shown in
Figure 2.6. However, the grips hold the specimen by exerting a clamping force, they
always punish some damage to the specimen [21]. Further, an increase in pulling
speed typically results in an increase of yield point and ultimate strength [1]. The

ultimate tensile strength and the tensile modulus are calcutated:

{ \
‘ Maximum load N
Ultimate tensile strength = - (2.5)
Cross—section area 2
\mm )
4 A
) Tensile stress N
Tensile modulus = Tensie strain - (2.6)
ensile strain Lmm? )
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Figure 2.6 Stress-strain curve of tensile test [20]

2.1.6.2 Flexural properties

Flexure of plastic materials is interest to designers as well as plastic
manufacturers [8]. Flexural test is a measurement of the ability of a material to
withstand bending forces applied perpendicular to its longitudinal axis and is a
combination of tensile and compressive stresses [8, 20] as shown in Figure 2.7. When
a specimen is subjected under load, the side of the material opposite the loading
undergoes the tensile stress, but the side of the specimen being loaded undergoes
compressive stress [1]. These stresses linearly reduce to the center of the specimen;
therefore, a flexural specimen is not in a state of uniform stress on the specimen.
Theoretically, the center is a plane, called the neutral axis, which is not the stress [1].
Flexural properties are calculated and reported in terms of the maximum stress and
strain that occur at the outside surface of the testing specimen, and many plastics do
not break under flexure even after a large deflection [8]. Simple beam equations

used to determine the flexural stress and modulus are:

3P L N

Ultimate flexural strength = —™- (2.7
2bdf mm’
P N

Flexural modulus - B (2.8)

48plbd3 mm?
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where P, is the maximum load (N), L is the span (mm), b is the width of the
specimen (mm) and d is the thickness of the specimen (mm), Py is the incremental
load in the range of linear line of graph (N), and dy is the incremental bending

distance in the range of linear line of graph (mm) [22].

Figure 2.7 Three-point bending test and tensile and compressive stresses occurred on

a flexural specimen [1]

2.1.6.3 Compressive properties

The compressive properties of plastic materials are very important for
product design analysis, and one of the basic product design rules is the application
of compressive structural loads and distribution of the loads uniformly across the
entire product structural area [20]. Compressive properties are the behavior of a
material, subjected under a compressive load at a uniform rate of loading, which
tends to crush or squeeze the specimen [8, 20], as shown in Figure 2.8. For plastics
that do not damage by shattering fracture, the compressive strength is an arbitrary
value and not a fundamental property of the material tested [23]. Likewise, when
there is no brittle failure, compressive strength is reported at a particular deformation
level such as 1 or 10% [23]. In addition, the compressive properties include
compressive strength, modulus, yield stress, deformation beyond yield point, and
compressive strain; however, compressive strength and modulus are the onty two
values most widely specified in product design [8, 20). The ultimate compressive

strength and compressive modulus are calculated:
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. , Maximum load N
Ultimate compressive strength = - — 29
Cross—section area 2
mm
. Compressive stress N
Compressive modulus = - - —1(2.10)
Compressive strain mm>

Specimen

Force

Figure 2.8 Compressive test

2.1.7 Thermal properties

The thermal properties of plastic and wood-plastic composite
materials are equally as important as the mechanical properties because plastics are
very sensitive to changes in temperature [8]. Therefore, in designing a plastic part or
selecting a plastic material for applications, the study in effects of temperature on
the properties of plastic material are necessary [8]. The design and selection of
plastics and wood-plastic composites for various applications are often considered
the thermal properties such as differential scanning calorimeter, thermogravimetric

analysis, and dynamic mechanical thermal analysis.

2.1.7.1 Differential scanning calorimeter (DSC)
Differential scanning calorimeter is thermal analysis technique widely
used to measure the energy absorbed (endotherm) or produced (exotherm) as a

function of time or temperature [8, 23]. It is commonly used to measure
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crystallization, melting, loss of solvents, resin curing, and other processes involving an
energy change [23]. In addition, DSC measurements can be regularly operated in two
methods. Firstly, the electrical heaters located or placed below the pans necessary
to maintain the two pans at the same temperature [23]. Secondly, the heat flow

measurement (heat flux) occurs as a function of sample temperature [23].

2.1.7.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a test procedure that involves
measurement of the weight gain or loss of a material as a function of temperature
and time [8, 23]. The components of a polymer or polymer composite formulation
volatilize or decompose at different temperatures, which lead to weight-loss steps
[8]. The applications of TGA are mostly used to assess the thermal stability of the
materials [23]. Likewise, TGA can also be applied to measure moisture, volatile, and
filler contents, to examine the effects of additives, and to separate some

compositions [23].

2.1.7.3 Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis is normally used to assess the
viscoelastic properties of polymer materials [23]. From this test can be calculated the
storage and loss modulus, viscosity, and compliance, which show a function of
applied frequency, stress, and strain as well as temperature [8]. Measurements of
DMTA can be operated in several modes including flexure, tension, compression,
shear, and torsion [23]. Moreover, DMTA is not regularly used as a failure analysis

technique, but it offers information of valuable materials [23].

2.1.8 Creep behavior
Nowadays, designers have accepted that understanding in the
deformation behavior of plastics and WPCs under varying temperatures and long-
term load is importance, which such behavior is creep properties [8]. Creep is the

time-dependent deformation of plastic and WPCs when it is subjected under a
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constant load or stress at room temperature for long terms. Continuous loading
slowly leads strain accumulation in creep as the chain molecular structure of the
polymer rotates and unwinds to accommodate the load [24]. WPCs that have
significant time sensitivity at the temperature of use will have limited value for
structural applications [25]. The creep curves will depend not only on stress but also
on: (1) temperature; (2) humidity; (3) type of stress; and (4) presence of solvents in
the atmosphere [5]. In addition, the general creep behavior of plastics and WPCs is
composed of four continuous stages in Figure 2.9 [8]. Initially, when the stress is
applied, the instantaneous elastic deformation occurs in the first stage (OP), and then
strain occurs rapidly but at a decreasing rate in the second stage (PQ), which is
referred as primary creep. The third stage (QR) is considered constant strain rate
(straight portion of the curve; steady state). The final stage (RS) represents an

increase of creep rate until the creep fracture occurs (tertiary stage) [8].
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Figure 2.9 Generalized creep curve of plastic and WPCs [8]

2.1.9 Time-temperature superposition principle
Basically, the behavior of polymeric materials such as plastics and
WPCs is dependent on time, temperature, and stress [26]. The determination of the
long-term performance of such materials has limited by cost and time used in the

experiments [27]. Therefore, a time-temperature superposition principle (TTSP) is
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utilized to predict lifetime using a master curve that is constructed from short-term
testing creep data at different temperatures and shifting of the measured curves on
the log-time scale to generate a long-term master curve {24], as shown in Figure 2.10.
At a reference temperature 120 °C each curve above 120 °C is shifted to the right,
whereas below 120 °C is shifted to the left so as to form a continuation of longer
time for the 120 °C compliance curve [24]. The TTSP was initially developed in the
mid-1950s for solid plastics, and then in 1970’s this theory was applied with fiber-
reinforced composites [27-29]. By the principle of TTS, the effect of temperature on
the time-dependent behavior of materials is assumed as equivalence for stretching

or shrinking of the real time of the creep response by a certain shift factor [27, 30].

Compliance D(t) (1/psi)
Compliance D(t) (1/MPa)

el —b
10* 102 10° 10’ 10
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Figure 2.10 Creep compliance master curve for an epoxy at 120 °C [24]

2.2 Literature review
2.2.1 Wood-plastic composites -
Wood-plastic composites have been extensively developed and used

for non-structural application [31]. WPCs are manufactured by mixing wood flour and



32

plastics, which can use the same process as 100% plastic-based products [32].
Normally, the plastic matrix (either thermoplastics or thermoset) is the material that
holds the reinforcements (wood or other natural fibers) together and has lower
strength and stiffness than the reinforcements [3]. WPCs have found commercial
applications including profiles, sheathings, decking, roof tiles, parquet flooring, and
window trims [32, 33]. Other commercial items include billiard cues, golf clubs,
archery bows, musical instruments, knife handles, and office equipments [33]. Over
the last decade, the applications of WPCs have been increasingly seen in
construction industry due to their high specific strength and stiffness and lower
density [34]. Further, due to low cost of the composite materials, WPCs are being
considered as a replacement to the conventional steel in reinforced concrete
structures [34]. In addition, comparing to wood, WPCs exhibit better dimensional
stability and durability, require less maintenance and lower water absorption, and
provide superior fungal resistance [35-37]. However, WPCs is not suitable for
applications where strength and stiffness are critical due to having lower mechanical

properties than solid wood [3].

2.2.2 Applied polymer in wood-plastic composites

Polymers applied extensively in WPC industries are typically virgin
thermoplastics such as PP, PVC, polystyrene (PS), and PE both high density and low
density. Bledzki et al. [38] studied the potential of grain by-product such as barley
husk, coconut shell as reinforcements for polypropylene. Kociszewski et al. [39]
assessed the effect of particle size on the mechanical properties of softwood-PVC
composites, and found that the flexural and tensile properties as well as the impact
strength reduced with increasing cross-section size and enhanced with an increase of
particle size. Petchwattana et al. [40] investigated the influences of rice hull (RH)
contents and particle sizes on the mechanical properties of HDPE/RH composites.
They found that the flexural and tensile strengths were increased upon raising the
silica-rich RH contents, whereas the addition of RH in the composites became brittle

as was reflected by the lower impact strength. However, few studies of WPCs based
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on recycled plastic have been revealed. Lisperguer et al. [41] compared WPCs
manufactured from wood flour and virgin and/or recycled PS. They reported that the
mechanical properties of the composites based on virgin PS were not better than
those based on recycled PS. Najafi et al. [42] studied the mechanical properties of
WPCs produced from sawdust and virgin or recycled plastics, namely HDPE and PP.
The composites containing HDPE (recycled and virgin) exhibited lower stiffness and
strength than those made from PP. Ashori and Sheshmani [43] investigated the
effects of weight fraction of fibers in hybrid composites made from combinations of
recycled newspaper fiber, poplar wood flour, and recycled PP. The composites with
a high fraction of recycled newspaper fiber showed maximum water absorption
during the whole duration of immersion. Nourbakhsh et al. [44] also concluded that
PP waste and wood waste are promising alternative raw materiats for making tow
cost WPCs. In addition, PP is one of the most well-known plastics that have been
widely used in plastic industries due to its high strength and ease of manufacturing
and recycling. Hence, both virgin and recycled PP has become popular for blending
with natural fibers. For example, Ndiaye et al. [45] studied PP-wood flour composites
that were blended with different contents of maleic anhydride-grafted
polypropylene (MAPP) and clay. They found that the addition of MAPP or clay in the
formulation greatly improved the dispersion of the wood flour in the composites.
Butylina et al. [46] examined the effect of wood fiber source on the physical and
mechanical properties of wood fiber-PP composites and found that the density of
the composites was a key factor governing water absorption and thickness swelling.
Ghahri et al. [47] improved the impact strength of wood flour-recycled PP
composites and found that the addition of ethylene vinyl acetate up to 9 wt%
doubly increased the impact strengths of the composites made with PP recycled.
Spinace et al. [48] studied the mechanical and thermal properties of composites
made from curaua fibers and post-consumer PP and found that the properties of

composites based on recycled PP are similar to those of composites using virgin PP.
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2.2.3 Applied wood fillers in wood-plastic composites

Natural organic fibers are potential replacements for glass or carbon
fibers, inorganic fillers, and other traditional materials in composites [49, 50]. The
several advantages of natural fibers include low cost, low density, low energy
consumption, biodegradability, and non-abrasive nature {49, 51]. Likewise, they
improve the specific strength and modulus, allowing the production of low-density
composites with high filler content [52, 53]. Recent advances in natural fillers create
opportunities for improved materials from renewable resources and supporting
global sustainability [54]. There have been numerous studies on producing
thermoplastic composites with plant fibers, plant flour, or wood flour: including
eastern red cedar [55], flax [56], maple [57], oak [55], pine [58], and rubberwood [59].
However, the type of natural fibers is also an important factor affecting the
mechanical, physical, and thermal properties of the WPCs. Because its pore
penetration, surface roughness, surface morphology, and chemical compositions,
such as cellulose, hemi—ellulose, lignin, ash, may seriously affect the extent of
interaction between the matrix and filler phases in a composite {12, 22, 55, 60].
Hence, several researchers investigated the effect of natural fibers on the
mechanical, physical, and thermal properties of the WPCs. Yemele et al. [61] mixed
bark and HDPE to examine the effect of species and fiber content on flexural and
tensile properties. They found that black spruce bark composites gave better
strength than aspen bark composites. The result also showed that increasing the
fiber proportion decreased the tensile strength. Prachayawarakorn et al. [62]
investigated the effect of rubberwood sawdust loading in PVC/LDPE blend on
mechanical properties. They reported that elastic and flexural moduli of the
composite materials increased with increasing sawdust loading, but tensile and
flexural strengths slowly decreased. Panthapulakkal and Sain [63] used agro-residues
such as wheat straw, comstalk, and corncob as reinforcement for HDPE. They
reported that the wheat straw reinforced HDPE exhibited superior tensile and flexural
strengths and also tensile and flexural modulus compared with cornstalk and

corncob. Rahman et al. [64] also investigated the effects of jute fiber content on the
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mechanical properties of reinforced PP. The tensile strength of the composites
decreased with an increasing jute fiber loading, but the Young’s modulus decreased
only slowly. Reddy et al. [65] reported that an increase in the wheat straw and clay
contents in a PP hybrid composite increased the flexural modulus and water

absorption.

2.2.4 improvement of interfacial adhesion in wood-plastic composites

Major limitation of using natural fibers as reinforcement in plastic
matrices is poor interfacial bonding between the polar-hydrophilic natural fibers and
the nonpolar-hydrophobic plastics [66, 671, which affected negatively the mechanical
and physical properties of the composite materials [48]. The interfacial adhesion
between fiber and polymer can be improved through modification of either the fiber
surfaces or the polymeric matrix [48]. A few studies have treated the fillers or wood
fibers using the chemical modifications. Ichazo et al. [68] treated the wood flour with
sodium hydroxide and vinil-tris{2-metoxietoxi)-silane and found that the composites
treated showed the same tendency to slightly increase the tensile strength and
modulus, but they did not affect their melt flow indexes. Gwon et al. [69]
investigated the effect of NaOH treatment of wood fibers on the mechanical strength
of WPCs. NaOH treated wood fibers reduced the natural impurities (hemicellulose,
lignin, and extractives) of the wood fibers and decreased the possible cracks and
microvoids at the interfaces between the fibers and polymer matrix. Furthermore, a
coupling agent is generally used to improve the interfacial bonding of the composite
materials. Kuo et al. [35] reported that addition of maleic anhydride-grafted
polypropylene (MAPP) 3-4.5 wt% gave the optimal increase in mechanical properties
of the WPCs. Bengtsson et al. [70] found that the addition of MAPP in the composites
increased significantly the stiffness and strength but decreased the elongation break
due to an improvement in dispersion of the cellulose fibers in the polypropylene
matrix. Adhikary et al. [58] reported that both the stability and mechanical properties
were significantly improved by addition of MAPP 3-5 wt% in the composite

formulation. Increasing the polymer content or addition of coupling agent can
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improve the dimensional stability and strength properties of the composites.
Nachtigall et al. [71] explained that the degradation temperature of PP/wood-fiber
composites increased with the addition of coupling agents. However, the commercial
coupling agents give the different effect on WPC performances. The important
parameters that determine the efficiency of the additive are the molecular weight
and amount of maleic grafted [72]. Therefore, the selection of coupling agent used is

very important to application and processing requirement of the WPCs [72].

2.2.5 Production of wood-plastic composites

Usually, the composite materials based on thermoplastic are
manufactured through a two-stage process: (1) compounding of the natural fiber and
the plastic with the additives and (2) injection molding, compression molding, or
extrusion of the mixing compositions to produce the products [58, 73]. For example,
Doan et al. [74] compounded jute yarn, PP granules, and MAPP granules on a co-
rotating twin-screw extruder into WPC granules, and then an injection molding
machine was used to make the specimens. Gao et al. {75] dried the wood fibers to
the moisture content below 1% before the extrusion process. Wood fiber, PP/PE
blends, and additives were compounded in a high speed mixer, and then mixed in a
co-rotating twin screw extruder to manufacture the WPC pellets, and finally the
pellets were extruded by using a single screw extruder machine through a
rectangular die. Wechsler and Hiziroglu [32] compounded the compositions of the
composites by using mixer rotating. Mixed samples then were pressed in a
compression molding. The press was cooled off while the samples were still under
compression before removal. Adhikary et al. [58] compounded wood flour and HDPE
granulates in a co-rotating twin-screw extruder, and the extruded strand passed
through a water bath and was subsequently palletized. Before producing the WPC
panels, the mixed pellets were dried to reduce the moisture content. The WPC
pellets were then molded in a heated compression and transferred to a cold press.
Bouafif et al. [76] produced the WPCs in a two-step process. In the first step, wood

particle and HDPE were compounded using a co-rotating twin-screw extruder. In the
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second stage, WPC specimens were produced using an injection molding machine.

From the literature reviews, the compounding and producing of the WPC materials

was used the various and different methods. The hot platen compression system is

appropriate for manufacturing flat and curved composite panels [3], whereas the

extruder system is suitable for producing the continuous long composite panels.

Therefore, the appropriate mixing of wood filler and plastic matrix with additives and

suitable manufacturing process of the WPCs is very important to each application.
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CHAPTER 3

Effect of Wood Flour Content and Cooling Rate on Properties of

Recycled Polypropylene/Rubberwood Flour Composites

3.1 Chapter summary

The present chapter summarizes an experimental study on the
mechanical and thermal properties of recycled polypropylene composites reinforced
with rubberwood flour. Different compositions were varied to investigate mechanical
strengths, melting temperature, storage modulus, and loss modulus. It was observed
that the tensile and flexural strengths decreased with an increase of wood flour
content. Furthermore, the air cooled composites showed an improvement of
properties in comparison with the water cooled composites. The melting and
crystallization temperature results presented a weak influence of increasing wood
flour content on composites; however, dynamic mechanical thermal analysis showed

an increase in the storage and loss modulus.

3.2 Introduction

Fiber reinforced polymers is significantly growing in construction-
materials due to their light weight, ease of installation, low maintenance, tailor made
properties, and corrosion resistance [1]. Wood flour has been primarily used by the
plastic industries as an inexpensive filler to increase the strength and stiffness of
thermoplastic and to reduce raw material costs {2]. However, the use of wood flour
reinforced plastics affects mechanical and thermal properties. Polypropylene is one
of the most well-known plastics that have been widely used in wood-plastic
composite (WPCs) industries because of its high strength and ease of manufacturing
and recycling. Extrusion is basically used to fabricate WPCs. The extruder of the
plastic is heated to a temperature above its glass transition point before extruding

through the open die. The extrudate is consequently cooled down to lower its
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transition temperature while the molecules are still under stress. The molecules will
become frozen whilst in an oriented state. Such an orientation significantly affects
the properties of the extruded plastic [3].

There are numbers of published studies on the reinforcement of virgin
polypropylene (PP) with wood flour relating to the results of mechanical and thermal
properties; however, studies on WPCs based on recycled PP are very limited. Ndiaye
et al. [4] studied PP/wood flour composites that were blended with different
contents of maleic anhydride-grafted polypropylene (MAPP) and clay. They found
that the addition of MAPP or clay in the formulation greatly improved the dispersion
of the wood flour in the composites. Lisperguer et al. [5] showed that the glass
transition values of the recycled polystyrene (rPS) and rPS/wood composites were
higher than those of the virgin PS and virgin PS/wood composites. The use of rPS
increased the stiffness and flexural modulus of the composites. Adhikary et al. [6]
found that mechanical properties of wood-based recycled plastics of high-density
polyethylene (HDPE) were as good as the composites made from virgin-based HDPE.
Therefore, wood flour content and oriented state of cooling significantly affect on
the properties of composites. This research aims to study the use of rubberwood
flour (RWF) and Post-Consumer Recycled PP (PCR-PP) for the production of the
composites. The effects of the RWF content and the oriented state of cooling on the

mechanical and thermal properties were also investigated.

3.3 Experimental
3.3.1 Materials and sample preparation

Rubberwood flour from S.T.A Furniture Group Co., Ltd (Songkhla,
Thailand) was used as lignocellulosic filler. The important chemical compositions are
listed in Table 3.1. The recycled PP was supplied by Withaya Intertrade Co., Ltd
(Samutprakarn, Thailand) in the pellet form. Prior to blending, the RWF was sieved
through 80 mesh and dried in an ox)en at 110 °C for 8 h. The dried wood flour was
stored in a sealed plastic container to prevent the absorption of water vapor. Each

formulation in Table 3.2 was weighed and stirred for 5 min to obtain uniform
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dispersion. A twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi,
Thailand) was used to produce the WPC panels with dimensions of 9 mm x 22 mm.
The temperature profiles in the extruding process were 145-180 °C with a screw
rotating speed of 100 rpm. The temperatures of extruding composites were lower
down in atmospheric air cooling (AC) and water cooling (WC). Subsequently, the

specimens were machined corresponding to ASTM for mechanical testing.

Table 3.1 Chemical compositions of rubberwood [7]

Chemical constituent ~ ~ Cellllose ~ Hemicellulose. ~ Lignin ~ Ash

Composition (%) 39 29 28 a4

Table 3.2 Compositions of the wood-plastic composites

SampleiD ~ 1PRWFO  (PRWF28  PRWF33  (PRWF37  PRWFA1  rPRWFd4

PP (wt%) 100 71.4 66.7 62.5 58.8 55.5
RWF (wt%) O 286 33.3 37.5 1.2 44.5
3.3.2 Mechanical testing

The tensile and flexural properties were measured on the Instron
Universal Testing Machine (Model 5582 from Instron Corporation, Massachusetts,
USA). Tensile tests were carried out according to ASTM D638-91 Type | at a testing
speed of 5 mm/min. Three-point bending tests were performed in accordance to
ASTM DT790-92. Tests were conducted at a cross-head speed of 2 mm/min. AU the

tests were carried out at room temperature (25 °C) with five replications.

3.3.3 Morphological observation
The state of dispersion, interfacial adhesion, and voids of the wood
flour in the polymeric matrix was analyzed with scanning electron microscope (SEM).
A FEl Quanta 400 microscope (FEI Company, Oregon, USA) working at 15 kV was used

to obtain microphotographs of the composite surfaces.
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3.3.4 Thermal testing

The effects of filler concentration on melting and crystallization
temperatures (T, and T, respectively), and the heat of fusion (Ahy) were ascertained
from differential scanning calorimetry (DSC-7, PerkinElmer, Massachusetts, USA). The
DSC was typically operated at heating and cooling rates of 10 °C/min, respectively.
The dynamic mechanical thermal analysis (Rheometric scientific DMTA V, USA) was
also performed to measure storage (E) and loss (E”) modulus as a function of
temperature at smatl strain amplitudes and a fixed frequency of 10 Hz in the linear
viscoelastic limit. The specimen size of 10 mm x 35 mm x 3 mm was prepared and

investigated.

3.4 Results and discussion
3.4.1 Mechanical properties

The effect of different amounts of wood flour on the mechanical
properties of rPP/rubberwood composites was shown in Table 3.3 and Figure 3.1. it
was found that an increase of rubberwood flour content resulted in a decrease of
tensile strength (TS) and flexural strength (MOR) for both in air and water cooling.
The result is in good agreement with Prachayawarakorn et al. [8] and Sombatsompop
et al. [9]. The decreases in the tensile and flexural strengths, due to the addition of
wood flour, were associated with poor dispersion and weak adhesion of the wood
particles in the plastic matrix. From the SEM micrographs shown in Figure 3.2, it was
clearly seen that the wood particles (fibers) tended to cling together due to strong
interfiber hydrogen bonding and resist dispersion as an individual fiber while the fiber
content was increased from 28.6 to 44.5 wt% [9]. Likewise, the enlarging wood flour
content increased the poor interfacial adhesion and void amounts, and thus reduced
mechanical strengths of the composites.

The tensile modulus (TM) and flexural modulus (MOE), as shown in
Table 3.3 and Figure 3.1, of the composites enhanced with an increase of RWF
content. The increase of the modulus with wood flour content was caused by the

fact that the wood flour is more rigid phase compared to the polymer matrix [8].
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Furthermore, the air cooled composites appeared to give higher mechanical
properties (both tensile and flexural properties) than that of the water cooled
composites. The reason is the polypropylene matrix instantaneously cooled below
its glass transition temperature while the molecule was still under stress. The
molecules therefore became frozen whilst in an oriented state [3]. Likewise, the
composites cooled in the air revealed higher crystallinity than cooling in the water,

as shown in Table 3.4.

Table 3.3 Effects of rubberwood flour loading on the mechanical properties

~ Aircooling(AQ) - " Water cooling (WC)
Wood ﬂour TS TM MOR MOE | TS TM v MOR : MOE
content Wi%) (MPa) - (MPa)  (MPa) (MPa)  (MPa)  (MPa)  (MPa)  (MPa)
0 25.9 317 448 1446 22.6 308 41.2 1387
28.6 22.3 420 39.1 1927 20.2 356 36.4 1619
33.3 209 586 38.2 1959 17.8 431 34.8 1644
37.5 19.5 626 34.9 2171 17.4 a42 31.1 1760
41.2 18.6 773 34.1 2403 17.0 524 31.6 1854
445 18.2 708 30.5 2583 16.0 557 30.5 2004

3.4.2 Morphological analysis

The SEM micrographs of rPRWF28, rPRWF37, and rPRWF44 composites
are given in Figures 3.2(a), 3.2(b), and 3.2(c), respectively. it clearly showed that
rubberwood flour exhibited the shape of irregutar short fibers in the composites. The
analysis of the rubberwood flour dispersion shows that the addition of higher wood
flour content to rPP matrix [Figures 3.2(b) and 3.2(c)] seems to present a higher
number of agglomerations. This behavior probably means that poorer particle
dispersion in the rPP matrix has occurred [10]. It is known that wood flour has a great
tendency to form agglomerates, in fact, agglomeration is a well-known phenomenon,
and its probability increases with decreasing particle size. The occurrence and extent

of agglomeration are determined by the relative magnitude of the forces, which
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either bind together the particles or try to separate them [11l. This result is in

accordance with the mechanical results found in this work.
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than 5%. However, the crystallinity of the polypropylene was unaffected by wood
flour content. in good agreement with the findings of Xu et al. [12] who studied
ultra-high-molecular-weight polyethylene (UHMWPE) composites containing carbon
black (CB), they reported that the crystallinity of UHMWPE was unaffected by the
presence of CB and infer from these results that the polymer crystal size is
independent of the filler loading level. Similar behavior was also observed in the
present of HDPE/UHMWPE blends filled with CB, in which the crystallinity varies by
less than 5% [13]. However, the cooling rate insignificantly affected T, and T, but
significant crystallinity. The plastics that were heated to a temperature above its glass
transition and then were slowly cooled below its transition temperature gain higher

crystallinity than the instantaneous cooling.

Table 3.4 Thermal properties of the WPCs containing different concentrations of

wood flour and cooling orientation state

Woodfow  T.C0 . TCQ  _Gystallnity 09

content(w%) AC WC  AC WC - AC WC  AC WC
0 1602 1568 1199 1168 772 685 468 415
286 1600 1592 1199 1193 566 524 480 445
375 1597 1592 1193 1193 454 425 440 412
445 1598 1587 1193 1188 443 390 484 426

‘Calculated from the ratio of the measured Ahf to that of a 100% crystalline polypropylene (165 J/g).

3.4.3.2 Dynamic mechanical thermal analysis

The variation of storage (E') and loss modulus (E”) for unfilled rPP and
rPP/RWF composites was shown in Figures 3.3(a) and 3.3(b), respectively. It showed
that composites had higher E and E’ than unfilted rPP through the whole
temperature range of the study due to the reinforcement effect of rubberwood flour.
The wood flour can cautiousty carry in decreasing of E and E”. Likewise, the
enlarging wood flour content can increase the storage and loss modulus. This is
consistent with the results reported in the literature [14]. The addition of wood flour
leads to the increase in both elastic and viscous abilities of composites under the

dynamic load [14]. The E" and E* gradually decreased in the range of 50 °C to 160 °C,
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but instantaneously decreased at 160 °C to 210 °C. This was due to the melting
effect of the PP matrix. Furthermore, WPCs with air cooling had higher storage and
loss modulus than the one with water cooling. Because melting temperature and
crystallinity of WPCs with air cooling affected greater than that of water cooling
based on DSC analysis.
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Figure 3.3 Variation of (a) storage and (b) loss modulus with temperature for air
cooling; rPRWF0 (0), rPRWF28 (1), rPRWF37 (A), rPRWF44 (x), and water cooling;
rPRWFOQ (*), rPRWF28 (.O), rPRWF37 (+), and rPRWF44 (=), the solid lines serve to

connect the data
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3.5 Conclusions

Natural rubberwood flour can be simply blended with recycled
polypropylene to produce cost-competitive and woodlike composites with
satisfactory properties {15]. The mechanical and themmal properties of composites
were affected by the concentration of rubberwood flour. It was found that the
mechanical properties of rPP/RWF composites decreased with an increase of RWF
loading due to poorer interfacial adhesion between the hydrophilic filler and the
polymer matrix [16]. The mechanical results were corroborated with morphological
evidence. DSC analysis also showed that the increase of rubberwood flour content
insignificant affected the degree of crystallinity because of stability of the crystalline
portion in the material. However, the degree of crystallinity was dependent on
methods of the cooling. Furthermore, plots of storage and loss modulus with
temperature showed an increase in the magnitude of the peaks with the enlarging
wood flour reinforcement and air cooling. On the basis of these studies, it can be
concluded that wood flour decreased mechanical properties of composites, but it
increased the stability of composites. The cooling rate significantly affected the

mechanical and thermal properties.
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CHAPTER 4

Long-Term Water Absorption and Dimensional Stability of Composites

from Recycled Polypropylene and Rubberwood Flour

4.1 Chapter summary

This study aims to investigate the wmoisture absorption of
polypropylene/rubberwood flour (RWF) composites and its effects on dimensional
stability. The compositions included different grades of plastic (virgin and recycled);
and the amounts of wood flour, maleic anhydride-grafted polypropylene (MAPP) and
ultraviolet (UV) stabilizer were varied. The composite materials were manufactured
into panels by using a twin-screw extruder. Long-term water absorption (WA), long-
term thickness swelling (TS) and failure of flexural properties of the composites were
studied for a range of water immersion times. The WA and TS increased with RWF
content and immersion time. Recycled polypropylene (rPP) gave higher WA and TS
than virgin polypropylene (VPP), for the composites with 45 wt% RWF. Increasing
MAPP content from 3 wt% to 5 wt% had no significant effect on WA and TS, but the
addition of 1 wt% UV stabilizer did. A MAPP content of 3 wt% is recommended for
moisture resistance, while the amount of UV stabilizer should be kept as low as
possible. Flexural strength and modulus of composites also decreased with moisture
uptake; however less than 3% WA did not significantly affect the flexural strength. in

contrast, the maximum strain of composites consistently increased with WA,

4.2 Introduction

Natural organic fibers are potential replacements for glass or carbon
fibers, inorganic fillers, and other traditional materials in composites [1, 2]. The
advantages of natural fibers include low cost, low density, low energy consumption,
biodegradability, and non-abrasive nature [1, 3]. Likewise, they can have high specific

strength and modulus, allowing the production of low-density composites with high
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filler content [4, 5. Recent advances in natural fillers create opportunities to improve
materials from renewable resources, supporting global sustainability [6]. Natural
wood fibers in the forms of flour, sawdust and chips are available as waste streams
from sawmills and furniture factories. In plastics industries, they have been primarily
used as inexpensive reinforcement to enhance the modulus of several
thermoplastics, and as fillers substituting for more costly raw materials. There have
been numerous studies on producing thermoplastic composites with plant fibers,
plant flour, or wood flour: including eastern red cedar [7], flax [8], maple [9], oak [7],
pine [10], and rubberwood [11]. In addition, the increasing global production and
consumption of plastics significantly contributes to municipal solid waste [12]. In
2008, at least 33.6 million tons of post-consumer plastics were generated in the
United States, of which 85.8% went to landfills, 7.7% to combustion and energy
recovery, and only 6.5% to recycling [13, 14] - only a tiny fraction of plastic wastes
are recycled. Effective and safe disposal has also become a serious public concern
[15]}; however, plastic wastes could be raw materials for wood-plastic composites
(WPCs) [16]. increasing the opportunities to make use of plastic wastes has motivated
the current study. The WPCs produced from recycled plastic would not only provide
effective disposal of plastic wastes, but also the consumption of energy and natural
resources would be reduced [13, 17]. There is clearly potential for both
environmental and economic benefits in recycling combinations of wood ana plastic
wastes (10, 15].

Rubberwood (Hevea brasiliensis) is used in large amounts by sawmills
and furniture industry in southern Thailand, and these produce large quantities of
waste in the forms of sawdust and wood chips. In these industries only 12% of the
rubberwood ends up in the products, while the rest is wood waste (about 34%) and
plantation wastes (about 54%) [18]. Most of the wood waste (sawdust) is used to
produce medium-density fiberboard and particteboard [19]. However, the utilization
of wood waste as reinforcement in plastic composites is great interest, with both
environmental and economic benefits. Wood as reinforcement of plastic composites
has many advantages over synthetic fillers [20], but its hydrophilic nature is a

disadvantage impacting the performance of the WPCs [12, 21]. The water absorption
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characteristics WPCs limit their end-use applications {2], as several mechanical and
physical properties, for example, an effect of dimensional stability. The water
absorption of the WPCs varies by the wood species, partly because they have
different contents of cellulose, lignin, hemicelluloses, and extractants [22]. Hence,
the effects of filler (rubberwood flour; RWF) and grade of plastic (virgin or recycled)
on the composite properties need to be characterized. The goal of current work is to
determine the effects of material compositions (including different grades of plastic
and contents of RWF, coupling agent, and ultraviolet stabilizer) on the long-term
water absorption, and the thickness swelling and failure of flexural properties, of RWF
reinforced polypropylene composites. The new information would help target the

most suitable end-use applications of such composites.

4.3 Experimental
4.3.1 Materials

Rubberwood flour supplied by a local fumiture factory (Songkhla,
Thailand) was used as reinforcement. The main chemical constituents were:
cellulose (39%), hemicellulose (29%), lignin (28%), and ash (4%) [18]). The wood flour
was sieved through a standard sieve of mesh size 80 (passing particles smaller than
180 pm) and was dried in an oven at 110 °C for 8 h before compounding. Recycled
polypropylene (rPP) pellets, WT170 with a melt flow index of 11 ¢/10 min at 230 °C,
were supplied by Withaya Intertrade Co., Ltd (Samutprakam, Thailand). Virgin
polypropylene (vPP) granules, HIPOL J600 with a melt flow index of 7 ¢/10 min at
230 °C, were procured from Mitsui Petrochemical Industries Co., Ltd (Tokyo, Japan).
The coupling agent used was maleic anhydride-grafted polypropylene (MAPP),
supplied by Sigma-Aldrich (Missouri, USA), with 8-10% of maleic anhydride. Hindered
amine light stabilizer additive, chosen as the UV stabilizer (UV), was supplied by TH
Color Co., Ltd (Samutprakarn, Thailand) under the trade name MEUV008. A paraffin

wax lubricant (Lub) was purchased from Nippon Seiro Co., Ltd (Yamaguchi, Japan).
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4.3.2 Composite preparation

WPCs were manufactured in a two-stage process. In the first stage to
produce WPC pellets, rubberwood flour and polypropylene were mixed and
pelletized using a twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd,
Nonthaburi, Thailand). Barrel temperatures of the ten zones were controlled at 130-
170 °C from feeding to die zones, to reduce degradation of the compositions, while
the screw rotation speed was controlled at 70 rpm. In the second stage to produce
WPC panels, the WPC pellets were carefully dried prior to use, in an oven at 110 °C
for 8 h. The WPC pellets, MAPP, UV stabilizer, and lubricant (formulations in Table
4.1) were then dry-mixed and added into the feeder of a twin-screw extruder. The
extruding conditions were as follows: (1) temperature profiles: 130-190 °G; (2) screw
rotating speed: 50 rpm; (3) vacuum venting at 9 temperature zones: 0.022 MPa; and
(@) melt pressure: 0.10-0.20 MPa depending on wood flour content. The samples
were extruded through a rectangular die with the dimensions of 9 mm x 22 mm and
cooled in ambient air. After cooling the specimens were cut according to ASTM for

physical and mechanical tests

Table 4.1 Wood-plastic composite formulations (percent by weight)

Composite sample code PP vPP. RWF  MAPP LUV Lub  Density (cm)

rP100 100 0.886 (0.065)*
vP100 100 0.816 (0.092)
rPTOR25M3U1 70 25 3 1 1 0.986 (0.070)
vP70R25M3U1 70 25 3 1 1 0.953 (0.069)
rP60R35M3U0.5 60.3 353 3 05 1 1.015 (0.036)
vP60R35M3U0.5 603 353 3 05 1 0.985 (0.063)
rP50R45M3U1 50 45 3 1 1 1.085 (0.033)
vP50R45M3U1 50 45 3 1 1 1.009 (0.060)
rP68R25MS5U1 68 25 5 1 1 0.972 (0.089)
TP69R25M5U0 69 25 5 0 1 0.914 (0.072)

Note; The sample codes summarize the formulation, as in rPT0R25M3U1 having 70 wt% PP, 25 wtd% RWF, 3 wt%

MAPP, and 1 wt9t UV. *The values in parentheses are standard deviations from five reptications.
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4.3.3 Testing
Density. All samples were oven-dried at 50 °C for 24 h. After oven drying,
the samples were cooled in a desiccator containing calcium chloride and then
weighed (a precision of 0.001 g). After that, the dimensions of the composite samples
were measured using a digital vernier caliper (a precision of 0.01 mm) and the
volume were calculated. The full dry density of PP/RWF composites was computed
using Equation (4.1).

Density = My s (a.1)

A an’

where M, is the full dry weight (g) and V, is the volume (cm’) of the composites.

Water absorption and dimensional stability. Water absorption test was
carried out according to ASTM D570-88 specification. Specimens (4.8 mm x 13 mm x
26 mm) were cut from the extruded panels and used to measure the water
absorption and thickness swelling. Five specimens of each formulation were dried in
an oven at 50 °C for 24 h. The weight and thickness of dried specimens were
measured to a precision of 0.001 g and 0.01 mm, respectively. The specimens were
then immersed in water at ambient room temperature. After one week, soaked
specimens were removed from the water, thoroughly dried with tissue papers, and
immediately weighed and measured to determine the weight and thickness. Then
the specimens were immersed in water again and stored at ambient room
temperature for ten weeks. The data collection was weekly repeated. The

percentage of water absorption (WA) can be calculated using equation (4.2):

= t 0100 % (4.2)
WA ¢ W (%)

0

where WA, is the water absorption at time t, W, is the initial dry weight, and W, is the
soaked weight of specimen at a given time t.
The percentage of thickness swelling (TS) was calculated using

equation (4.3):

TS, = -TLT"Jxloo (%) (@.3)

0
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where TS, is the thickness swelling at any time t, T, is the initial dry thickness, and T;
is the soaked thickness of specimen at a given time t.

Flexure testing. Three-point flexure test was carried out on an Instron
Universal Testing Machine (Model 5582 from Instron Corporation, Massachusetts,
USA) at a cross-head speed of 2 mm/min with nominal dimensions of 4.8 mm x 13
mm x 100 mm, a span of 80 mm in accordance with ASTM D790-92. The testing was
performed at ambient room temperature of 25 “C with five samples of each
formulation to obtain an average value. In addition, the measurements of flexural
strength and modulus were weekly repeated. The failure of the flexural properties
was determined for a total of six weeks, at which time the samples were water

saturated and no longer absorbing.

4.3.4 Analysis

Morphological analysis. Morphological studies with a scanning electron
microscope (SEM) were carried out to assess the interfacial adhesion and phase
dispersion of wood flour in the polymeric matrix. SEM imaging with a FE! Quanta 400
microscope (FEI Company, Oregon, USA) used an accelerating voltage of 20 kV. Prior
to SEM observations, all samples were sputter-coated with gold to prevent electrical
charging during the imaging. Specimens were imaged at magnifications of 150x and
1000x.

Statistical analysis. The effects of water absorption on the bending
properties of RWF reinforced polypropylene composites were evaluated by anatysis
of variance (ANOVA) and Tukey's multiple comparison test. The ANOVA revealed
significant differences between water absorption amounts, failure of flexural
properties in each week, and a comparison of the mean values was done with
Tukey's multiple comparison test. Results, such as mean values and standard
deviations from five samples of each test, were statistically analyzed. All the

statistical analyses used a 5% significance level (a = 0.05).
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4.4 Results and discussion
4.4.1 Density of wood-plastic composites

Densities of the WPCs at various mix ratios and different plastic grades
are shown in Figure 4.1. The density of the composites ranges from 0.816 g/cm3 for
the entire vPP-panel to 1.085 g/cm3 for the 45 wt% rubberwood-rPP composite
panels with 3 wt% MAPP. The density of WPCs increased linearly with the wood fiber
loading; the R® values of linear fits are 0.992 and 0.943 for virgin and recycled
polypropylene composites, respectively. As the density of produced WPCs is over 0.8
g/cm3, which is comparable to high-density fiberboard (0.8-1.040 g/cm3). These are
high-density boards that could be interest as structure materials, among other
applications. Generally, the bulk density of most wood species is in the range of 0.32
to 0.72 g/cm3. Wood with density exceeding 0.8 g/cm3 is considered high density
wood {23]. Furthermore, the WPCs from recycled polypropylene had higher densities
than with virgin polypropylene at all mix ratios, although both types of
polypropylene gave a similar trend for the density increase with wood flour loading.
The effect of UV stabilizer was to increase the density of PP/RWF composites, at 1
wt% addition level. This is probably because the UV stabilizer has higher density than
the recycled polypropylene.
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Figure 4.1 Averages of density as a function of wood flour loading, for the PP-

rubberwood flour composites
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4.4.2 Long-term water absorption behavior

The long-term water absorption of the PP/RWF composites was
monitored by full water immersion over a period of 10 weeks (70 days) as shown in
Figure 4.2. Composites made from virgin and recycled polypropylene with 45 wt%
RWF absorbed the most water, having moisture ratios of 9.80% and 10.33% (relative
to solids by weight), respectively, after 70 days. Generally, the water absorption
increased with wood flour content [24] because of an increase of free OH groups
with wood cellulose content. These free OH groups interact with polar water
molecules, leading to the weight gain of the composites [12]. During immersion the
wood flour absorbed a significant quantity of water, while the plastics absorbed very
little [12]. At the same wood flour contents up to 35%, the composites based on
virgin and recycled polypropylene had very similar water absorption. However, at 45
wt% RWF the two types of plastic seem to give different absorption behavior. This
may be due to better encapsulation of wood flour into virgin polypropylene, with
good dispersion and strong interfacial bonding between wood particles and polymer,
and consequently slower water absorption. Theoretically, the penetration of
moisture into wood-plastic composites takes place by three different mechanisms.
The main processes are capillary transport of water in the pores, and flows at the
interfaces between polymer and fibers, due to poor wettability and impregnation.
The third common mechanism is the diffusion of water molecules in the micro gaps
between polymer chains, and transport by microcracks in the matrix [25, 26].

The effects of MAPP and UV stabilizer contents on the water
absorption are atso shown in Figure 4.2. MAPP addition of 5 wt% in rPP/RWF
composites containing 25 wt% RWF (rP68R25M5U1) gave a lower water absorption
(not statistically significant) than the addition of 3 wt% MAPP (rP70R25M3U1). Similar
results have been reported by Adhikary et al. [12]: the coupling agent increased
adhesion in WPCs, by improving compatibility between the wood particles and the
polymer. Then the plastic can cover more of the wood surfaces, resulting in lower
water absorption. Furthermore, adding 1 wt% UV stabilizer (rP68R25M5U1) increased
the equilibrium moisture content (EMC) to 3.13%, from 2.78% without UV stabilizer
(rP69R25M5U0), as shown in Figure 4.3. This may be attributed to‘ the nonuniform
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spatial distribution of wood flour, polymer, and UV stabilizer {19, 27], which results in
higher water absorption. In Figure 4.3, the linear correlation between EMC and wood
flour content is high, for both virgin and recycled polypropylene composites (R2 =
0.995 and 0.999, respectively). However, the relationship between composite board
density and EMC is low, with the R’ value being 0.781. The water absorption behavior
is complex and can be influenced by several factors, for example wood content,

virgin or recycled plastics, UV stabilizer, and coupling agent.
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Figure 4.2 Effect of composition contents and plastic grades on long-term water

absorption for PP-rubberwood flour composites

4.4.3 Long-term thickness swelling behavior

The thickness swelling (TS) of virgin and recycled polypropylene
composites with various contents of rubberwood flour is represented in Figure 4.4.
The TS of virgin and recycled composites was the highest with 45 wt% RWF at 3.20%
and 3.51%, respectively, corresponding also to the highest water absorption.
However, the recycled polypropylene composites containing 45 wt% RWF had more
thickness swelling than the virgin polypropylene composites. These results can be
compared to the scanning electron micrographs of PP composites with 45 wt% RWF

in Figure 4.5; Figures 4.5(a) and (b) for vPP and Figures 4.5(c) and (d) for rPP. Irregular
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short fibers were spread in the plastic matrix. The PP composites showed less
homogenous morphological structure, poorer dispersion of the fibers in the matrix
and weaker interfacial bonding between the wood flour and the polymer matrix,
than the vPP composites. Therefore, the rPP composites allow easier access of water
to the cellulose [12]. With a similar trend to the water absorption, the TS of rPP/RWF
composites increased with wood flour content and immersion time, until saturation
at equilibrium. For example, the rPP composites containing 25, 35, and 45 wt% RWF
with addition of 3 wt% MAPP displayed equilibrium thickness swelling (ETS) values of
0.89%, 1.73%, and 3.51%, respectively. Likewise, the TS of VPP/RWF showed the
same trends and qualitative behavior; the equilibrium TS of VPP composites with 25,
35, and 45 wt% RWF were 0.69%, 2.0%, and 3.20%, respectively.

O rPP composites
10 4 Y = 0.347x - 5.302 a

3 vPP composites

Equilibrium water absorption (%)

6
"« 1 W% UV incorporated (rP68R25M5U1)
< Without UV stabilizer incorporated (P69R25M5U0)
2 T T T T ¥
20 25 30 35 40 45 50

Rubberwood flour content (wt%)

Figure 4.3 Averages of equilibrium water absorption is a practically linear function of

wood flour loading, for the PP-rubberwood flour composites
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Figure 4.4 Thickness swelling as function of water immersion time, for PP-rubberwood
flour composites. Solid and dashed lines represent virgin and recycled polymer,

respectively

The effects of MAPP and UV stabilizer contents on the thickness
swelling of WPCs are also shown in Figure 4.4. As can be seen, the rPP/RWF
composites with 3 wt% MAPP (rPT0R25M3U1) yielded the same thickness swelling as
the composites with 5 wt% MAPP (rP68R25M5U1), and had similar water absorption
trends. In the range 3-5 wt%, changes in MAPP content had no effect on the water
absorption and thickness swelling of PP/RWF composites, so using MAPP in excess of
3 wt% may be unnecessary. However, at the same wood flour content, the WA and
TS significantly decreased with addition of 3-5 wit% coupling agent to the
composites, compared to the composites without MAPP [12, 26]. The coupling agent
improves the interfacial adhesion between wood flour and polymer matrix, and this
restricts the water absorption and thickness swelling of the composites [28]. In
addition, the change in the thickness swelling with different UV stabilizer
concentrations is similar to that found in the water absorption. The composites with
25 wt% RWF show an insignificant increase in ETS with an increase in UV stabilizer
from 0 wt% (rP69R25M5U0) to 1 wt% (rP68R25M5U1), as shown in Figure 4.6. The

mechanisms causing this phenomenon were discussed earlier in relation to water
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absorption. Using 1 wt% of UV stabilizer may be unnecessary, and to reduce the
negative effects on the TS and WA, the amount of UV stabilizer should be

minimized.

Rubberwood flour  vPP matrix

(a) (150x) (b) (1000x)

(c) (150%) (d) (1000x)

Figure 4.5 Scanning electron micrographs of 45 wt% RWF composites based on (a),
(b) virgin polypropylene; and (c), (d) recycled polypropylene. Magnifications 150x and
1000x from left to right
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Figure 4.6 Averages of equilibrium thickness swelling of the PP-rubberwood flour

composites as a function of wood flour loadings

The relationships between ETS and wood flour content of the virgin
and recycled polypropylene composites are also shown in Figure 4.6, with strong
linear correlations (R2 = 0.999 and 0.958, respectively). When the wood flour content
in the composites is increased, the number of free OH groups contributed by wood
cellulose is also increased. Therefore, the water absorption increases, resulting in
increased thickness swelling [2, 12, 29]. The relationship between the ETS and EMC of
the PP/RWF composites is also linear with R’ value of 0.997. The empirical equation
obtained from the linear correlation between equilibrium thickness swelling (ETS)

and equilibrium water absorption (EMC) was:
ETS (%) = 0.334EMC(%) - 0.208 (for EMC > 0.63%) (4.9)

Since the ETS should be positive value, the minimum EMC should be greater than
0.63%.

4.4.4 Failure in mechanical properties
The flexural properties are important for decision-making on WPCs

applications. The failure of flexural strength and modulus of the composites, with
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virgin or recycled polypropylene and different amounts of rubberwood flour, are
shown in Figures 4.7 and 4.8. Both the flexural strength and modulus of vPP or
rPP/RWF composites decreased with immersion time and moisture uptake. Moreover,
the composites with high wood flour contents lost flexural properties sharply. The
water molecules reduced the strength of interfacial adhesion between rubberwood
flour and polypropylene [2]. When water molecules infiltrate into the composites,
the wood flour tends to swell, resulting in localized yielding of the polymer matrix
and loss of adhesion between the wood flour and matrix [2, 30]. The flexural
modulus also decreased, more significantly than the strength. In fact, wood flour as
hard filler in comparison to the plastic matrix increased the stiffness of the
composites. When wood flour plasticizes and becomes ductile, the stiffness of

composites is decreased [30].

50
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Figure 4.7 Effect of water immersion time on flexural strength of virgin (solid lines)

and recycled (dashed lines) PP composites containing different RWF loadings
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Figure 4.8 Effect of water immersion time on flexural modutus of virgin and recycled

PP composites containing different RWF loadings

These qualitative observations were assessed for statistical validity by
analysis of variance (ANOVA). According to one-way ANOVA of data in Tables 4.2 and
4.3, the water absorption does not significantly affect the flexural strength of VPP or
PP composites containing 25 wt% RWF. In contrast, with 35 and 45 wt% RWF the
flexural strength is significantly affected by water absorption. Initially for up to 2
weeks, the flexural strength decreases only slightly (not statistically significant), but
after 2 weeks it decreases significantly and then stabilizes. The flexural strength
depends on crack formation or fracture mechanisms of the composites. When WPCs
are soaked in water, the wood flour absorbs water and swells, while polypropylene
hardly absorbs water or swells [30]. Hence, the swelling of wood flour mainly causes
microcracks, and reduces adhesion of wood particles to the plastic matrix. However,
the initial water absorption (for up to 2 weeks) is only around 1-3%, and the swelling
of wood flour is not sufficient to generate microcracks [30]; in the current study, less
than 3% absorption did not significantly affect flexural strength. Tukey’s test in Table
4.3 also indicates that, for vPP composites with 45 wt% RWF (vP50R45M3U1), for up

to 2 weeks the decrease in flexural strength was not significant (suffix a), but these
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initial flexural strengths were significantly higher than that of the value at 3 to 6
weeks (suffix b).

An increase of maximum strain (max. €) of the vPP or rPP composites
with different amounts of rubberwood flour is also shown in Figure 4.9. The
maximum strain increased significantly with immersion time and water absorption:
the initial increase was rapid, and then stabilized after two weeks. The reason for this
phenomenon is probably similar as described earlier. When wood flour wets, it
plasticizes and becomes ductile [30], and this increases the maximum strain. The
composites with high wood flour contents have sharper increases in the maximum
strain because of this. The composites based on vPP had higher maximum strains
than those based on rPP, at equal wood contents. Virgin polypropylene being stiffer
than recycled polypropylene may be the reason for this. The molecular weight of
recycled plastic decreases with repeated recycling. Short chains have more chain
ends per mass than long chains, and these ends act as crystal defects that initiate

failure during flexural loading, at comparatively lower elongation [31].

Table 4.2 Effect of moisture content on flexural properties of the rPP-rubberwood

flour composites

R

0 369° 1767 3.09° 0 40.2° 218 279° 0 39.7° 269" 207

5 ;
1 067° 369° 179° 3387 148" 399° 194" 3157 358 368" 184° 307
2 106" 364" 155° 3767 244> 366~ 164° 382° 571" 355 153 345
3 146 357 150° 4307 343 345 153 400° 746 334° 153 3.60™
4 176" 356" 159" 426° 398 347" 156 407" 8637 328° 1.60™ 3.60”
5 210° 355" 1547 431" 458 347" 1507 429°  941° 3115 154° 3517
6 228" 354° 164 415 5007 342 152 414" 980" 31.0° 167 346

p-value 0.000 0.879 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.00¢ 0.000 0.000
Note; Means within each column with the same letter are not significantly different (Tukey’s test, a. = 0.05).
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Table 4.3 Effect of moisture content on flexural properties of the vPP-rubberwood

flour composites

VPTOR25M3U1 VP6OR35M3U0.5 VP50RA5M3U1

Time WA MOR MOE Maxe WA MOR MOE Max.e WA MOR MOE Maxe
(week) (%) - (MPa) .(GPa) : (%) (%)  (MPa) (GPa} (%) (%)  {MPa) - (GPa) (%)

0 0 443" 193" 3.99° 0 448" 231° 323 0 43.4" 266" 2.36
1 074" 43.7° 200" 4.18" 1337 44.1% 224" 372° 267 431 231° 342°
2 105" 44.1° 168" 466" 230" 440" 181° 444’ 444" 422° 186 4.00°
3 151° 424" 175 486 328" 413 187° 456 615 3747 192° 392
a 1.70° 4217 164" 516 3967 405 183 460" 7.23° 367° 186 390
5 2017 413" 1757 4.99° 4.69% 399 188 459"  815° 362° 190" 3777
6 222° 415" 176 s520° 507° 3997 189 446 882° 366 187 387"

p-value0.000 0.050 0.001 0.000 0.000 0.001 0.000 0.000  0.000 0.000 0.000 0.000

Note; Means within each column with the same letter are not significantly different (Tukey’s test, a = 0.05).
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Figure 4.9 Effect of water immersion time on maximum strain of virgin and recycled

PP composites containing different RWF loadings

4.5 Conclusions
Wood-polymer composites (WPCs) were prepared from rubberwood
flour (RWF) and recycled or virgin polypropylene (rPP or vPP). The density of WPCs
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increased linearly with wood flour content, because these natural fibers have a
higher density than the polymer matrix. Long-term water absorption (WA) and
thickness swelling (TS) behavior of vPP or rPP/RWF were experimentally observed.
Both WA and TS increased with wood flour content because wood cellulose absorbs
water while the plastic matrix in the composites does not. At 45 wt% RWF, the PP
composites had initially higher WA and TS than the vPP composites; however, after 6
weeks of immersion the vPP and PP composites had closely similar saturation
values. The initial absorption rate difference between the two types of plastic was
attributed to poorer encapsutation of wood flour into the rPP matrix, with poor
dispersion and weak interfacial adhesion. The coupling agent MAPP at 3 wt% reduced
WA and TS, with no further benefit reached at 5 wt% MAPP: using more than 3 wt%
MAPP may be unnecessary and uneconomical. The WA and TS of composites were
increased by an addition of 1 wt% UV stabilizer. These negative effects of the UV
stabilizer on the WA and TS of the composites should be minimized, by minimal use
of the stabilizer. The flexural strength and modulus of composites decreased
significantly with moisture uptake; however, at WA less than 3% its effects on flexural
strength were not significant. The composites with high wood flour loadings suffered
a sharp decrease in the flexural properties with absorption of water, which reduced
the interfacial adhesion between wood flour and plastic matrix. The maximum strain
of composites significantly increased with absorption due to the water plasticizing

wood particles.
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CHAPTER 5

Optimizing the Formulation of Polypropylene and Rubberwood Flour
Composites for Moisture Resistance by Mixture Design

5.1 Chapter summary

D-optimal mixture experimental design was used to determine the
optimal mixture of composites from rubberwood flour (RWF) and recycled
polypropylene (PP} and to systematically analyze the effects of composition,
namely of rPP, RWF, maleic anhydride-grafted polypropylene (MAPP), and ultraviolet
(UV) stabilizer fractions. The overall compositions significantly affected water
absorption, thickness swelling, flexural strength and modulus, and maximum strain.
Water absorption and thickness swelling increased with the fraction of RWF. At long
immersion times, flexural strength and modulus decreased but maximum strain
increased with high fraction of RWF. The fraction of MAPP only slightly affected water
absorption and flexural properties while the UV stabilizer fraction had a clear
negative effect increasing water absorption and decreasing flexural properties. The
models fitted were used for optimization of a desirability score, substituting for the
multiple objectives modeled. The optimal formulation found was 68.9 wt% rPP, 25.0
wt% RWF, 5.0 wt% MAPP, 0.1 wt% UV stabilizer, and 1.0 wt% lubricant.

5.2 Introduction

In recent decades, plastic waste has globally become a significant
contributor to municipal solid waste [1]. In 2008, at least 33.6 million tons of post-
consumer plastics were generated in the United States, of which 28.9 million tons
went to landfills, 2.6 million tons to combustion and energy recovery, and only 2.2
million tons to recycling [2]. The plastic waste typically includes polyethylene (PE),
polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and
polystyrene (PS) [3]. Of all these plastic types PE and PP significantly contribute to
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landfills and have similarities in their structure and properties [4]. However, when PE
(virgin or recycled) was blended with sawdust, it had lower stiffness and strength
than similar composites with PP (virgin or recycled) [5]. Due to availability of plastic
waste and increased environmental awareness, there have been many studies on
natural fiber reinforced recycled thermoplastics. For exampte, Cui et al. [1] fabricated
composites from post-consumer high density polyethylene and wood fiber, and
found that wood fiber content affected the flexural strength, modulus, and impact
strength. Kazemi et al. [4] produced composites from wood sawdust and post-
consumer PE and PP. The wood flour in composites increased tensile, flexural, and
torsion moduli in comparison to the recycled plastic blends. Nourbakhsh et al [8]
also concluded that polypropylene waste and wood waste are promising alternative
raw materials for making low cost wood-plastic composites (WPCs). Hence, the use of
recycled plastics may effectively dispose of plastic waste and also reduce the cost of
products [6].

The rubberwood industries of Thailand generate a large amount of
wood waste in the forms of flour, sawdust, and chips at different stages of wood
processing. Generally, rubberwood waste is dumped in landfills or burned, but some
is used in medium-density fiberboard and particleboard [7]. Rubberwood waste as
reinforcement in plastic composites is great interest, both for economic and for
environmental reasons. Natural fiber (wood waste) reinforced thermoplastics also
offers many advantages including biodegradability, renewable character, low cost,
absence of associated health hazards, and low wear of processing equipment [8-10],
when compared with synthetic fillers [11]. Natural fibers have successfully improved
the mechanical properties of plastic composites, as the following examples
demonstrate. Homkhiew et al. [7] investigated the effects of rubberwood flour
content on the mechanical properties of recycled PP composites and found that the
modulus and hardness of composites increased linearly with wood flour loadings in
range of 25-45 wt%. Karmarkar et al. [12] also reported that the tensile strength and
modulus linearly increased with an increase from 10 to 50 wt% wood fiber in PP
composites. However, the hygroscopic nature of natural fibers is a disadvantage

influencing the performance of the WPCs, when exposed to environmental
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conditions. The water absorption characteristics WPCs limit their end-use applications
[13], as several mechanical and physical properties, such as dimensional stability, are
affected. The water absorption of WPCs varies by the wood species, partly because
they have different contents of cellulose, lignin, hemicelluloses, and extractants [14].
Hence, the effects of filler on the composite properties need to be characterized,
and this has not been done previously for rubberwood flour (RWF) in relation to
moisture resistance.

Designs of statistical experiment, such as mixture design, factorial
design, and Taguchi method, is a well-established concept for planning and
execution of informative experiments [15]. Recently, WPCs have been studied with
designed experiments. For example, Jun et al. [16] used a Box-Behnken design with
response surface method to determine which variables influenced board
performance significantly. Matuana et al. {17] used a four-factor central composite
design to develop a response surface model and to study the foamability of rigid
PVC/wood-flour composites. Stark et al. [18] applied a 2" factorial design to
determine the effects of two hindered amine light stabilizers, a colorant and an
ultraviolet absorber, and their interactions on the photostabilization of wood
flour/high-density polyethylene composites. However, the fractions of components in
a mixture cannot be changed independently since they must add up to 100%, and
the methods for mixture designs have been created with this in mind [19]. Mixture
designs have been successful in many applications, particularty in food and
pharmaceutical industries, whereas prior studies on WPCs seem not to use a mixture
design.

Experiments with mixture design enable statistical estimation of
individual effects and interactions of components in a mixture, and the fitted models
can be used to find the optimal formulation of a composite material [20]. Hence, this
work used a mixture experimental design to model selected physical and mechanical
characteristics of WPCs. The main objective of this work is to optimize the mixture
ratios for composites made from recycled polypropylene and rubberwood flour,

based on experimentally determined water absorption and flexural failure.
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5.3 Experimental
5.3.1 Materials

Recycled polypropylene (rPP) pellets, WT170 with a melt flow index
of 11 ¢/10 min at 230 oC, were purchased from Withaya Intertrade Co., Ltd
(Samutprakarn, Thailand) and used as the polymer matrix. Rubberwood flour
obtained from the cutting process in local furniture industry (Songkhla, Thailand) was
used as reinforcement. Maleic anhydride-grafted polypropylene (MAPP) with 8-10%
of maleic anhydride was supplied by Sigma-Aldrich (Missouri, USA) and used as a
coupling agent to improve the interfacial adhesion between filler and matrix.
Hindered amine light stabilizer (MEUV0O08) was purchased from TH Color Co., Ltd
(Samutprakarn, Thailand), chosen as ultraviolet (UV) stabilizer. Paraffin wax was

procured from Nippon Seiro Co., Ltd (Yamaguchi, Japan), and used as lubricant (Lub).

5.3.2 Experimental design to optimize formulation

The region of interest for the current experiments has constraints
imposed on the component fractions [19], and these can be incorporated in a D-
optimal mixture design. The experimental results were used to statistically evaluate
the effects of component fractions on water absorption and flexural failure, and the
identified models were used to optimize the formulation. The experimental D-
optimal mixture design and statistical analysis were done with Design-Expert software
(version 8.0.6, Stat-Ease, Inc.). The formulations for the manufacture of WPCs were
defined by component fractions for rPP (x,), RWF (x;), MAPP (x;), UV stabilizer (x,),
and Lub (xs). The upper and lower limits of experimental range are shown in Table
5.1. The ranges of rPP and RWF contents obtained from preliminary study (Chapter 3)
and the other compositions were determined following the literature review. For
example, Kuo et al. [8] reported that the optimal content of MAPP was 3-4.5 wt%.
Despite the fraction of Lub being held constant, it is included as a variable because it.
contributes to the 100% in the mixture. The design included 15 different
formulations and 5 replications to evaluate reproducibility and variances. Thus, the

total number of runs was 20, as shown in Tables 5.2 and 5.3. After data collection,
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linear, quadratic, and special cubic models (see equations 2.1, 2.2, and 2.4) were

used to model the responses.

Table 5.1 Constraints for the mixture design of experiments

Component Fraction restrictions (wt%)
PP (x,) 50 < x, < 70

RWF (x.) 25 < x, < 45

MAPP (x.) 3 x5 25

UV stabitizer (x,) 0 <x, 21

Lub (x5 =1

5.3.3 Preparation of composites

Prior to compounding, the wood flour was sieved through a standard
sieve of mesh size 80 (passing particles smaller than 180 um) and was dried in an
oven at 110 °C for 8 h, to minimize the moisture content. The WPCs were then
manufactured in a two-stage process. In the first stage WPC pellets were produced:
PP and RWF were dry-blended and melt-blended into wood-plastic composite
pellets using a twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi,
Thailand). The 10 temperature zones of the extruder were set to a profile in range of
130-170 °C, to reduce degradation of the mixture components, while the screw
rotating speed was maintained at 70 rpm. The extruded strand passed through a
water bath and was subsequently pelletized. In the second stage WPC panels were
produced: the WPC pellets were again dried at 110 °C for 8 h. WPC pellets, MAPP, UV
stabilizer, and lubricant compositions indicated in Table 5.2 and 5.3 were then dry-
mixed and fed into the twin-screw extruder. The processing conditions for extruding
were as follows: (1) temperature profiles: 130-190 °C; (2) screw rotating speed: 50
rom; (3) melt pressure: 0.10-0.20 MPa depending on wood flour content; and (4)
vacuum venting at 9 temperature zones: 0.022 MPa. The WPC panels were extruded
through @ 9 mm x 22 mm rectangular die and cooled in ambient air. These
specimens were machined following the standards of American Society for Testing

and Materials (ASTM) for physical and mechanical testing.
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Table 5.2 Compositions based on mixture experimental design and responses of WA

and TS at 1, 5, and 10 weeks

Run  Mixture component fraction (wt%) Water absorption (%) Thickness swelling (%)

No. x X Xy X4 X Wi W5  WI0 W1 W5 W10
1 639 299 45 07 10 097 297 477 024 070 128
2 700 250 30 1.0 10 077 222 364 028 058 0.89
3 500 430 50 10 10 265 728 987 049 163 272
4 549 389 45 07 1.0 199 612 859 043 139 260
5 595 345 50 00 10 206 513 756 030 100 199
6 554 399 35 02 10 194 580 834 050 143 253
7 595 345 40 10 1.0 106 467 690 040 111 191
8 595 345 50 00 1.0 155 475 710 031 117 215

9 500 443 43 05 10 258 114 945 066 192 307
10 68.0 250 50 10 10 056 19 3.13 026 056 085
11 500 450 30 10 10 339 892 1050 075 239 315
12* 500 430 50 10 10 3.08 805 9.0 043 192 263
13 603 353 30 05 10 1.48 458  6.81 0271 096 173
14 649 304 35 02 1.0 097 339 528 029 089 1.60
15* 700 250 30 10 10 067 210 339 023 058 093
16 510 450 30 00 10 270 177 1002 060 211 337
17* 510 450 30 00 10 291 812 1031 061 227 347
18* 500 450 30 10 1.0 3.58 941 10.33 0714 2715 351
19 700 250 40 00 10 068 180 295 028 048 0.75
200 690 250 50 00 10 0.61 169 278 020 044 067

Note; *duplicate experiments

5.3.4 Water absorption and dimensional stability tests
Water absorption and thickness swelling tests were carried out
according to ASTM D570-88 specification. Before testing, five replication specimens of
each formulation were dried in an oven at 50 °C for 24 h. The weight and thickness
of each specimen were measured to a precision of 0.001 g and 0.01 mm,
respectively. The specimens were then submerged in water at ambient room

temperature. After 1, 5, and 10 weeks, soaked specimens were removed from the
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water, thoroughly surface dried with tissue papers, and immediately weighed and
measured to determine the weight and thickness. The percentage of water
absorption (WA) at any given time was calcutated following equation 4.2. Likewise,
the percentage of thickness swelling (TS) at any given time was calculated following

equation 4.3.

Table 5.3 Compositions based on mixture experimental design and responses of

flexural properties at 1 and 6 weeks

Run  Mixture component fraction (Wt%) ~ MOR(MPa) ~ ~ MOE (GPa) Max. &%)
No. x; 'xzv X Xe x5 WL W6 Wi W6 ) W
1 639 29.9 4.5 0.7 10 38.7 36.8 1.90 1.677 3.23 3.80
2 70.0 25.0 3.0 1.0 10 37.2 35.8 1.76 1.65 3.03 3.81
3 50.0 430 5.0 1.0 1.0 375 29.7 2.10 1.63 2.92 3.11
4 54.9 38.9 4.5 0.7 1.0 39.7 34.2 2.03 1.62 3.12 3.66
5 59.5 345 5.0 00 10 419 32.5 1.87 1.50 3.52 3.74
6 55.4 39.9 3.5 02 10 40.7 325 1.96 1.59 3.41 3.61
7 59.5 34.5 4.0 1.0 10 36.3 32.8 1.94 1.49 2.82 3.67
g* 59.5 34.5 5.0 00 1.0 40.1 319 1.82 1.47 3.63 3.79
9 50.0 443 4.3 05 1.0 40.3 335 204 1.70 3.09 3.60
10  68.0 250 50 10 10 36.8 36.6 1.75 1.65 3.14 3.78
11 50.0 45.0 30 1.0 1.0 359 30.7 1.85 1.65 297 3.20
12* 500 43.0 5.0 10 10 374 28.6 2.10 1.64 2.75 277
13 60.3 353 3.0 05 10 39.9 34.2 1.94 1.52 3.15 414
14 649 30.4 35 02 10 40.8 37.0 1.86 1.53 370 442

15%  70.0 250 30 10 1.0 369 354 1.79 1.64 338 415
16 510 450 30 00 10 446 333 212 1.63 349 390
17* 510 450 30 00 10 43.1 34.6 2.11 1.65 350 394
18*  50.0 450 30 1.0 10 36.8 310 1.84 1.67 3.07 346
19 700 250 40 00 10 389 389 1.81 1.54 350 481
20  69.0 250 50 00 10 38.6 38.1 1.83 1.75 359 490

Note; *duplicate experiments
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5.3.5 Flexural test of wood-plastic composites

Flexural properties of the samples were determined with an Instron
Universal Testing Machine (Model 5582 from Instron Corporation, Massachusetts,
USA) in accordance with ASTM D790-92. In the destructive flexural tests (three point
bending) specimens with nominal dimensions of 4.8 mm x 13 mm x 100 mm, a span
of 80 mm, and a cross-head speed of 2 mm/min were used. The testing was
performed at ambient room temperature of 25 °C with five samples of each
formulation to obtain an average value. The measurements of flexural strength
(MOR), modulus of elasticity (MOE), and maximum strain (max. £) at maximum stress,
were done at 1 and 6 weeks, and at the latter time water absorption had reached its

equilibrium so further testing was considered unnecessary.

5.4 Results and discussion

The D-optimal mixture design of experiments, with five fractions as
(mutually dependent) variables (that sum to one), had 20 runs in a randomized
order. The twelve determined responses were the values of the water absorption
and thickness swelling at 1, 5, and 10 weeks; and flexural strength, modulus, and

maximum strain at 1 and 6 weeks. The results are summarized in Tables 5.2 and 5.3.

5.4.1 Statistical analysis of the response models

Analysis of variance (ANOVA) of the altermative types of response
models revealed that WA at 1, 5, and 10 weeks, TS at 1 and 5 weeks, and MOR at 1
and 6 weeks were best fit with quadratic models, instead of linear, special cubic, or
cubic models, whereas MOE at both 1 and 6 weeks was best fit with special cubic
model. The MOE at 6 weeks is shown as an éxample in Table 5.4. The sequential
model sums of squares for quadratic and special cubic models are significant
(p<0.05), but not for the other model types. Moreover, the lack of fit is clearly
insignificant for the special cubic model, suggesting this model performs well. it also
has the highest adjusted coefficient of determination (adj—R2 = 0.9726) and predicted
coefficient of determination (pred-R2 = 0.9484), further indicating good fit.
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Table 5.4 Fitted model summary for MOE at 6 weeks

Sequential  Lack of fit

Source pvalue pvalue Adj—R2 Pred-R’

Linear 0.6971 0.0002*  -0.0884 -0.4177

Quadratic 0.0056* 0.0023* 0.6382 -0.6377

Special cubic  0.0004* 0.9391 09726 0.9484 Suggested
Cubic 0.9391 - 0.9672 - Aliased

*P-value less than 0.05 is considered significant.

The detailed ANOVAs in Tables 5.5 and 5.6 document the significant
quadratic or cubic terms in models for each response, in terms of their p-values. The
ANOVA shows statistical significance (p<0.05) of these terms supplementing linear
models of the fractions, namely of rPP, RWF, MAPP, and UV stabilizer. No interaction
term was significant in models of WA, MOR, and MOE at 1 week, or TS at 5 weeks.
However, other modeled responses had significant interactions, for example,
between MAPP and UV stabilizer for WA at 5 weeks and between rPP and RWF, PP
and UV stabilizer, RWF and UV stabilizer, MAPP and UV stabilizer for MOR at 6 weeks.
The frequent interactions with UV stabilizer might indicate that UV stabilizer reacted
chemically with the other components, or affected its distribution and interaction. In
addition, the ANOVA also showed that lack of fit was not significant for any of the
response surface models at 95% confidence level. The regression models fit the data

in a statistically sound manner.
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Table 5.5 Analysis of variance and model adequacy for WA and TS responses

Water absorption Thickness swelling
Source wi W5 w10 w1 W5 Wlo
Model <0.0001*  <0.0001* <0.0001* <0.0001*  <0.0001* <0.0001*

Linear Mixture  <0.0001*  <0.0001*  <0.0001* <0.0001* <0.0001* <0.0001*

XXz 0.1380 0.9034 0.0042* 0.0005* 0.0925 -

XX3 0.1107 0.3851 0.4548 0.0007* 0.6560 -

XgXq 0.7164 0.0701 0.0246* 0.1941 0.2073 -

XoX3 0.1097 0.3679 0.5153 0.0010* 0.7388 -

XoXg 0.7422 0.0746 0.0242* 0.1839 0.2088 -

X3Xq 0.2698 0.0205* 0.0065* 0.2339 0.1190 -

Lack of Fit 0.4366 0.4456 0.2319 0.1650 0.5991 0.2126
R’ 0.9703 0.9906 0.9959 0.9810 0.9749 09727
Adj—R2 0.9435 0.9821 0.9921 0.9639 0.9524 0.9675
Pred-R’ 0.8245 0.9526 0.9800 0.8801 0.8898 0.9584
CV. % 13.29 6.65 3.54 8.14 11.79 8.39

*P-value less than 0.05 is considered significant.

Tables 5.5 and 5.6 also include the coefficient of determination (Rz),
adj—Rz, pred—Rz, and coefficient of variation (C.V.). The R values of the twelve
response fits are in the range from 0.8354 to 0.9959. The R values of maximum
strain at 1 week (0.8354) and WA at 10 weeks (0.9959) indicate that only 16.46% and
0.419%, respectively, of the total variability in observations are not explained by the
models; R’ values close to 1 indicate good fits [21]. Also the adj-R2 values in the
range from 0.8045 to 0.9921 suggest good fits; and the same goes for pred-R2 values.
The pred-R2 value of WA at 10 weeks was 0.9800 meaning that the fitted model
would explain about 98% of the variability in new data. The coefficients of variation
of all response fits based on the replications of experiments show low values in the
range from 0.78 to 13.29%. The low C.V. values indicate that the determinations of
material characteristics had a good precision, and could serve the fitting of

parametric models.
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Table 5.6 Analysis of variance and model adequacy for flexural properties

, MOR MOE Max. €
Source w1 W6 wi W6 w1 W6
Model <0.0001*  <0.0001* <0.0001*  <0.0001* <0.0001*  <0.0001*

Linear Mixture  <0.0001*  <0.0001* <0.0001* 0.0018* <0.0001*  <0.0001*

XiX5 0.9169 0.0067* 0.1091 0.5197 - -

XiX3 0.2973 0.0726 0.3808 0.2568 - -

XXy 0.1474 0.0124* 0.2373 0.0007* - -

XX3 0.3236 0.0952 0.3308 0.5825 - -

XXy 0.1700 0.0127* 0.2523 0.0008* - -

X3Xq 0.0968 0.0020* 0.8386 0.7737 - -

XyXX3 - - 0.5757 0.3760 - -

XXXy - - 0.0619 0.0039* - -

X1X3X4 - - 0.7685 0.5580 - -

XaX3Xy - - 0.6719 0.3347 - -

Lack of Fit 0.6701 0.1192 0.7600 0.9391 0.6122 0.2335
R 0.9499 0.9514 0.9936 0.9913 0.8354 0.8382
Adj—R2 0.9048 0.9077 0.9799 09726 0.8045 0.8079
Pred-R* 0.8310 0.8449 0.7753 0.9484 0.7360 0.7354
CV. % 1.86 251 091 0.78 3.86 5.90

*P_value less than 0.05 is considered significant.

5.4.2 Model adequacy checking

Model adequacy checking is performed to verify that the fitted model
is an appropriate approximation [22]. Figure 5.1(a) displays normal probability plots of
the residuals for water absorption at 10 weeks (WAW10). The good linear fit in this
plot indicates that the residuals (approximation errors remaining in the model) are
close to normally distributed. Normally distributed residuals are a requirement for
validity of least squares regression, so the model is adequate. Likewise, there is no
indication of possible outliers, such as faulty experiment cases with particularly large
residuals [19]. The plot of residuals vs. predicted values in Figure 5.1(b) exhibits no
obvious patterns that would suggest adding a term to the model, to account for that

pattern. If the residuals had such structure, the model would not appropriate [19].
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Figure 5.1(c) shows model predictions vs. observations. The modet outputs fit the

actual observations quite well, with WAW10 model deviating from actual by less

than about 5%. These adequacy checks of the WAW10 response model indicated no

problems with the model type or its fit to data. Similar checking for the other

modeled responses gave no indications of problems with the fitted models either.

This type of checking cannot guarantee predictive capability, but suggests that the

models are able to approximately interpolate within the experimental range.
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Figure 5.1 Model adequacy checking for water absorption at 10 weeks; (a) normal

probability plot of residuals, (b) plot of residuals versus predicted values, and (c) plot

of predicted versus actual values
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5.43 Effect of composition on the water absorption and optimal

formulation
The quadratic regression models for WAW1, WAW5, and WAW10 were:
WAW1L = 0.73x; + 2.99x;, + 120.23x5 + 115.96x, — 1.18x;x, — 129.92x;x3 -
121.13x;x5 — 129.82xx3 — 109.74xx4 — 346.98x3x4 (5.1
WAWS5 = 1.8x; + 8.23x, + 91.78x3 + 907.58x, + 0.13x;x; — 96.75x1x3 —
942.92x,x4 — 100.05x2x3 — 926.36x2xq — 1171.62x3%4 (5.2
WAWI10 = 2.99x; + 10.38x, + 57.33x; + 861.54x, + 2.80xxz — 60xpx3 -

890.01x:xs —~ 51.83x2x3 — 894.58x2xq — 1056.74x3x4 (5.3)

These equations show a positive coefficient for all the individual components,
namely rPP (x;), RWF (x,), MAPP (x;), and UV stabilizer (x,), and the coefficients of rPP
and RWF increased with immersion time. The PP has the smallest coefficient in the
fit for the water absorption due to hydrophobicity of this matrix polymer. Contour
plots of WAW1 and WAW10 are shown in Figures 5.2(a) and 5.2(b), respectively. In
these triangular plots the three pure components (PP, RWF, and MAPP) are
represented by the comers, while the additive levels were fixed (UV stabilizer at 0.5
wt%, and Lub at 1 wt%). The contours in the colored areas that include the
experimental observations, present the WAW1 and WAW10 regression fits varying
from 0.5 to 2.5% and 2.9 to 9.5%, respectively. Both WAW1 and WAW10 clearly
increase with an increase of the RWF content; the free OH groups of RWF cellulose
increase the water absorption of the composites [23]. Increasing the MAPP addition
from 3 to 5 wt% slightly affects the water absorption. This is because the coupling
agent increases bonding in WPCs, by improving compatibility between the wood
particles and the polymer. Then the plastic can cover more of the wood surfaces,
resulting in a lower water absorption [24). Furthermore, adding 1 wt% UV stabilizer
increased the moisture content in the rPP/RWF composites. This may be attributed
to nonuniform spatial distribution of wood flour, polymer, and UV stabitizer [7, 25].
Figure 5.3 displays the numerically optimized composition, based on these model

fits. Since three models are optimized simultaneously, the software actually uses a
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single surrogate called “desirability” to balance them. This is reasonable because the
three characteristics are not competing, but are in a good mutual agreement. The
model-based optimal formulations are shown in Table 5.7, and the “overall” water
absorption represented by the desirability was minimized by 69.3 wt% rPP, 25.0 wt%
RWF, 4.6 wt% MAPP, 0.1 wt% UV stabilizer, and 1 wt% Lub, with a high desirability
score of 0.992 that indicates the agreement of the multiple objectives.

Design Expart® Sotvare A BP Design Exper® Sofvare

Component Coding: Actual 3.0 Componernt Coding: Actual
WA W1 WA W10

|056 IZ’ 78

Xt =A PP Xt=A PP
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X3 = C: MAPP X3=C: MAPP
Actual Components 33 Actual Components
D:UV=05 D:Uv=05
E:lub=10 E:lub=10

(@ (b)
Figure 5.2 Contour plots for effects of the compositions on water absorption at (a) 1

and (b) 10 weeks, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%
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Figure 5.3 The optimal formulation for water absorption
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Table 5.7 Predicted optimal formulations and their responses, from multiobjective

optimizations. For example, the formulation in first row is optimal for a desirability

score that balances WA at times W1, W5, and W10

Mixture component fraction (wt%)

Predicted response

Property Xq X X3 Xq X5 Wi W5 W6 WI0 Desirability
WA (%) 69.3 250 46 0.1 1.0 0.63 1.67 - 278 0992
TS (%) 68.9 250 5.0 0.1 1.0 022 049 - 0.78  0.969
MOR (MPa) 69.4 264 3.1 0.1 1.0 404 - 3T - 0.678
MOE (GPa) 50.0 441 4.2 0.7 1.0 203 - 174 - 0.862
Max. £ (%) 69.8 262 3.0 0.0 1.0 370 - 477 - 0.968

54.4 Effect of composition on the thickness swelling and optimal

formulation

The regression fits for the thickness swelling (TS) at 1, 5, and 10 weeks

were:

TSW1
TSW5

TSW10

0.093x; + 0.67x, — 43.45x; + 63.68x; — 0.52x,x; + 49.74x,x3 -
63.11X1X4 + 47.51xx3 ~ 64.78x2x4 - 5262)(3X4

(5.9)

0.33x, + 2.33x, — 17.17x3 + 273.76x5 - 0.87xpx + 21.95x,x3 —

281.51x;%g + 16.33x:%; — 280.78xxq ~ 326.1Tx5%4

0.95x; + 3.45x, - 0.71x; — 1.10x4

(5.5)

(5.6)

The equations of TS at all immersion times show positive coefficients for fraction of
PP (x;) and RWF (x,) but negative coefficient for fraction of MAPP (x;), so MAPP
addition should be maximized. When the positive coefficients between rPP and RWF
were compared, the RWF showed higher coefficients than the rPP due to the

hydrophilic filler. Figure 5.4 shows that TS at 10 week (in range of 1 to 3%) increases

with an increase of the rubberwood flour fraction. The wood flour expands and

keeps absorbing water until the cell walls are saturated [13]. The addition of MAPP

from 3 to 5 wt% affected the thickness swelling of composites, so that the swelling

decreased with MAPP fraction. The reason is probably similar to what was discussed

in relation to the water absorption. The optimal formulation based on these
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numerical models, combined by a desirability score for optimization, is also included

in Table 5.7.
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Figure 5.4 Triangular contour plots for effects of composition on thickness swelling at

10 week, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%

5.4.5 Effect of composition on the flexural strength and optimal
formulation
The quadratic regression models fitted for the flexural strength (MOR)

at 1 and 6 weeks were:

MOR W1 = 40.35x; + 43.78x, + 247.09x; — 1498.46x, + 0.24x;x, — 247.39x:x3
+ 1542.49x:x4 — 232.Tx2x3 + 1453.86x,x4 + 1649.2x3x, (5.7

MORW6 =  37.82x, + 33.70x, — 437.66x; — 3328.49x, — 8.79x,X, + 526.16x,x;
+ 3484.81x,x4 + 481.2xx5 + 3468.82xx4 + 4344.19x5%4 (5.8)

The coefficients of rPP (x;), RWF (x;), MAPP (x3), and UV stabilizer (x,) decrease with
immersion time. The UV stabilizer fraction has the largest negative coefficients in the
model fits, so it should be minimized. UV stabilizer in WPCs is known to decrease the
flexural properties due to non-homogeneous spatial distribution of wood flour,
polymer, and UV stabilizer [25]. The triangular contour plots in Figures 5.5(a) and
5.5(b) illustrate that an increase of wood flour loading slowly increased MOR at 1
week but greatly decreased MOR at 6 weeks, respectively. The water molecules

reduced interfacial adhesion between rubberwood flour and polypropylene [13].
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When water molecules infiltrate into the composites, the wood flour tends to swell,
resulting in localized yielding of the polymer matrix and loss of adhesion between
the wood flour and matrix [13, 26]. The optimal composition based on the quadratic

regression models is shown numerically in Table 5.7.
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Figure 5.5 Triangular contour plots for effects of composition on MOR at (a) 1 and

(b) 6 weeks, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%

5.4.6 Effect of composition on the flexural modulus and optimal
formulation
The special cubic models fitted for the flexural modulus MOE at 1

and 6 weeks were:

MOE W1 = 1.88x; + 2.15x, + 19.67x35 — 64.10x4 — 0.43x,x, — 20.28x:x3 +
66.89x,x5 — 21.35x5x3 + 62.9x5x5 — 149.38x3x5 + 1.61x1x0X3 +
16.71xx%g + 235.95x.x3x4 + 332.38X,X5%, (5.9)

MOE W6 = 1.24x; + 1.67x, — 10.92x5 — 211.79x, — 0.11x;x, + 19.33x;x5 +
232.5Tx1Xq + 8.43x,x5 + 224.01xx5 — 151.98x3x4 + 1.87x1xoXx3 —
23.9x:x2%4 + 381.82x:x3%4 + 563.41x%5%4 (5.10)

These equations show kind of coefficients as flexural strength (MOR), decreasing with
immersion time. Figure 5.6(a) shows that MOE at 1 week (in range of 1.85 to 2.05 GPa)
increased for high fractions of wood flour, and high fractions of MAPP at about 4-5
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wt%, giving high flexural modulus. However, in Figure 5.6(b) when composites were
soaked in water for 6 weeks, MOE at high 45 wt% RWF fraction was comparable to
composites with 25 wt% RWF. The wood flour as hard filler, in comparison to the
plastic matrix, increased the stiffness of the composites. However, when wood flour
plasticizes and becomes ductile, the stiffness of composites is decreased [26]. Figure
5.7 shows the optimal formulation based on the special cubic models for MOE, and
a desirability score combining their outputs. The optimal formulation is also included
in Table 5.7.
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212 l‘s 75
I 175 147
A X1=A PP
X1 : AP oo b e
2= B RWE X3 =C: MAPP
3= C: MAPP =C
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Actual Components
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MOE W1 © MoEwe
(a) (b)
Figure 5.6 Triangular contour plots for effects of composition on MOE at (a) 1 and

(b) 6 weeks, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%
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Figure 5.7 The optimal formulation for MOE
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5.4.7 Effect of composition on the maximum strain and optimal

formulation
The linear regression models for the max. € at 1 and 6 weeks were:
Max. e W1 = 3.72x; + 3.48x, + 2.63x; — 1.75x, (5.11)
Max. e W6 =  4.82x; + 3.87x, + 1.23x5 - 9.29x, (5.12)

The fraction of rPP (x;) has the largest coefficients in the fit, so the maximum strain
increases with high fraction of rPP. In contrast, it decreases with the fraction of UV
stabilizer (x,) that has a negative coefficient. Again the maximum strain increases with
the water absorption and immersion time. The reason for this is probably similar as
described earlier: ductile wet wood increases the maximum strain. Figure 5.8 shows
that the maximum strain decreases with RWF content. This is due to increases in the
stiffness and brittleness reducing the maximum strain. The stress concentrations at
the fiber ends have been recognized as the leading cause for embrittlement [6]. The
composition optimized based on these linear regression models is shown

numerically in Table 5.7.

Max. strain W6

277

Xi=A PP

X2 =B: RWF
X3 =C MAPP
Actuat Components 80

D W=05
E:lub=1.0

Figure 5.8 Triangular contour plots for effects of composition on the maximum strain

at 6 weeks, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%
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5.4.8 Optimal formulation of the overall properties based on water
absorption
An optimal formulation for rPP/RWF composites was determined to
minimize water absorption and thickness swelling, and maximize flexural strength,
modulus, and maximum strain. This multiobjective optimization, using all of the
regression models, was performed with the Design-Expert software by constructing a
desirability score that balances all of the fitted models. The plot in Figure 5.9 shows
the formulation that was optimal, along with contours of the desirability score. The
optimal formulation was 68.9 wt% rPP, 25.0 wt% RWF, 5.0 wt% MAPP, 0.1 wt% UV
stabilizer, and 1.0 wt% Lub. The optimal formulation is given in Table 5.8, along with
the model based responses. The formulations in Table 5.7 overall closely agree with

this optimum.
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DW=01 " REMOE Wi
e MOE V :
ELub=10 MOE W8:

" Max strain 441241

iy, & \ e \
\ 9 X1 689 ! 02 5.0
3.4 BRwr, 20 by C: MAPP
Dessirability X3 50

Figure 5.9 The optimal formulation for overall desirability

Table 5.8 Predicted responses with the formulation optimized jointly for all

properties

~ Mixture component fractions (Wt%) Predicted response
Property x; Xz ' X3 X4 k Xs Wl W5 W6 W10
WA (%) | 0.85 1.81 - 2.82
TS (%) 0.22 0.50 - 0.78
MOR (MPa) 689 250 5.0 0.1 1.0 38.9 - 38.5 -
MOE (GPa) 1.84 - 1.79 =

Max. € (%) 3.56 - 4.41 -
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5.5 Conclusions

Mixture experimental design, statistical modeling, and optimization
were used to quantify the effects of rPP/RWF composite formulation, and to
optimize the formulation for moisture resistance. Analysis of variance revealed that
all the component fractions experimentally varied, namely of rPP, RWF, MAPP, and
UV stabilizer, significantly affected the water absorption, thickness swelling, flexural
strength and modulus, and maximum strain. In general, a high fraction of RWF
increased the WA and TS across immersion times. The free OH groups in wood flour
contribute to WA [23]. When the composites were soaked in water for 1 week, high
fractions of RWF increased MOR and MOE but reduced maximum strain. In contrast,
at 6 weeks the MOR and MOE decreased but maximum strain increased with RWF
loading. At the longer immersion time water reduced the interfacial adhesion
between RWF and rPP, and moisture plasticized the wood flour making it ductile: this
decreased strength and stiffness but increased the maximum strain of composites
[13, 26]). Therefore, the optimum found had 25 wt% RWF which was the minimum in
the experimental design. The compatibilizer MAPP slightly affected WA and TS, which
decreasd with MAPP content. The fraction of UV stabilizer also had negative effects
on the WA, MOR, and max. &. This study demonstrated design and analysis of mixture
experiments as an efficient tool to optimize the formulation of rPP/RWF composites,

for minimum water absorption and for maximum flexural properties.
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CHAPTER 6

Effects of Natural Weathering on the Properties of Recycled

Polypropylene Composites Reinforced with Rubberwood Flour

6.1 Chapter summary

The effects of natural weathering on the physical and mechanical
properties of polypropylene (PP)/rubberwood flour (RWF) composites were
investigated for various compositions, with different grades of plastic (virgin and
recycled) and varied contents of wood flour and ultraviolet (UV) stabilizer.
Composite panels were manufactured using a twin-screw extruder. Weathering
sharply changed lightness (L*) and discoloration, and slightly reduced flexural
strength (MOR) and modulus (MOE) of the PP/RWF composites. Virgin PP had smaller
relative changes of lightness and smaller relative loss of hardness, MOR, and MOE
than recycled PP (rPP), both in composites and as unfilled plastic. Increasing RWF
content from 25 to 45 wt% in composites increased the change of L* and loss of
MOR, MOE, and maximum strain. Addition of 1 wt% UV stabilizer reduced change of
L* and loss of hardness, MOR, MOE, and maximum strain, compared to composites
without UV stabilizer.

6.2 Introduction

Wood-plastic composites (WPCs) have been gaining popularity in
several applications, including door inner panels, seat backs, and headliners in
automotive industry; decking, cladding, and fencing in construction; and in
infrastructure as marina and boardwalk. Among these, structural applications are the
largest and fastest-growing market for WPCs [1, 2] that offer low density, low cost,
low maintenance, recyclability, and eco-friendliness with good mechanical
properties. Moreover, softwood lumber is increasingly reptaced by WPCs and plastic
lumber in applications of deck-building because this improves durability [3, 4], and
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the demand for WPCs is expected to have increased nearly 12% annually between
2000 and 2010 in the United States [4].

The increasing use of WPCs in construction has resulted in concerns
about long-term weatherability and durability [5]. Generally, the WPC products that
are used in ground contact or in aboveground exterior are subjected to accelerated
material deterioration [1]. In ground contact, biological agents such as fungi and
subterranean termites affect degradation [1, 6], while in aboveground exterior there is
exposure to ultraviolet (UV) rays and moisture [1, 7]. Likewise, WPCs have been
reported to discolor when exposed to weathering, affecting aesthetics, and to lose
mechanical properties critical to performance [8-12]. The loss of mechanical
properties can stem from matrix crystallinity changes, composite surface oxidation,
and interfacial degradation caused by moisture absorption [13]. Therefore, when a
new WPC material is developed, it is important to evaluate changes in its properties
under a variety of environmental conditions, to assess effects influencing useful
service life [1, 14].

A number of studies on the properties of WPCs under service
conditions have focused on weathering (e.g. aging effects of temperature, moisture,
UV light, and biological decay), and its relation to wood content, processing method,
and type and content of UV stabilizer and pigments [9, 11, 14, 15]. The addition of
wood flour (WF) into plastics accelerates the photodegradation of WPCs [14]. This is
attributed to the deterioration of wood’s components (namely lignin, cellulose,
hemicellulose, and extractives) {15, 16]. Likewise, the UV component of sunlight
affects primarily the photodegradation of wood. The degradation rates of wood
components greatly depend on their abilities to absorb UV light [17]. Because most
wood chromophores are in lignin, it accounts for 80-95% of light absorption by
wood, making its photodegradation a significant contributor to wood discoloration
(17, 18]. In addition, when WPCs are exposed long-term in outdoor applications,
moisture or water negatively affects their properties. Moisture can accelerate photo-
oxidation and mechanical property loss in WPCs by causing the wood fibers to swell,
facilitating deeper light penetration into the wood, and inducing cracks in the plastic

matrix {11, 14]. As a result the flexural strength and modulus decrease with the
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deterioration of interfacial bonding between natural fibers and the matrix [14, 19].
Moisture absorption can be influenced by the wood flour loading, wood particle size,
and wood species [19].

Chaochanchaikul et al. [14] studied the effects of natural and
accelerated weathering conditions on the structural and physical characteristics of
polyvinyl chloride (PVC) and wood/polyvinyl chloride (WPVC) composites. The PVC
and WPVC composites had more photodegradation under accelerated weathering
conditions than under natural weathering conditions. Stark and Matuana [8]
investigated the influence of UV radiation with and without water spray on the
photodegradation and mechanical properties of WF-filled high-density polyethylene
(HDPE) composites, and found that the composites were more photobleached and
lost more flexural strength and modulus, than when exposed to UV radiation without
water spray. Du et al. [20] examined the effects of color pigments on the durability
of HDPE/WF composites, and found that the composites containing pigments
exhibited less deterioration, less surface discoloration, and less cracks on surface
than those without pigment. Zhang et al. [21] also reported that the changes in
lightness of HDPE/WF composites decreased with an increase of pigment dosage. Beg
and Pickering [22] studied degradation of unbleached and bleached kraft fiber
reinforced polypropylene (PP) composites under accelerated weathering conditions.
Tensile strength and Young’s modulus as well as thermal stability of both
unbleached and bleached fiber composites decreased with accelerated weathering.
Selden et al. [12] also found that the color of PP/WF composite plates changed from
brown to chalky white. Although the photodegradation and mechanical property loss
of WF-einforced plastics have been extensively examined, little information is
available on WF-reinforced polypropylene, and there is no prior report on the
photodegradation and mechanical property loss of rubberwood flour (RWF)
reinforced postconsumer polypropylene that was the focus of this research.

Rubber tree (Hevea brasiliensis) is widely planted in South and
Northeast Thailand. It is major economic importance because the latex extracted
from these trees is the primary source of natural rubber. However, the trees become

unproductive at about 25 years of age and are cut down [23]. Rubberwood lumber
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and root are mainly utilized to manufacture furniture, toys, and packing materials. in
these rubberwood industries, a large amount of wood waste in the forms of flour,
sawdust, and chips is generated at different stages of processing. Generally,
rubberwood waste is dumped in landfills or burned, resulting in pollution issues, but
some of the waste is also used to produce medium-density fiberboard and
particleboard [24]. The utilization of rubberwood waste as a reinforcement in
polymer composites could decrease environmental impacts from the waste, as well
as increase value of the waste material. Moreover, rubberwood waste reinforced
thermoplastics also offer advantages including biodegradability, renewable character,
absence of associated health hazards, and low equipment wear during their
processing [25], when compared to synthetic fillers.

The quality of filler (wood flour or wood fiber) is an important factor
affecting the photodegradation and mechanical properties of WPCs, because
different wood species have different contents of cellutose, lignin, hemicelluloses,
and extractants [26]. Hence, the effects of filler (rubberwood flour) and the selected
grade of plastic (virgin or recycled PP) on the composites need to be characterized.
The ultimate goal of this work is to determine the effects of material compositions
(including different grades of plastic; and contents of RWF and UV stabilizer) on the
physical and mechanical properties of RWF reinforced PP composites exposed to
weathering tests. The new information helps target the most suitable end-use

applications of such composites.

6.3 Experimental
6.3.1 Materials

Recycled polypropylene (rPP) pellets, WT170 with a melt flow index
of 11 ¢/10 min at 230 °C, were purchased from Withaya Intertrade Co., Ltd
(Samutprakamn, Thailand). Virgin polypropylene (WPP) granules, HIPOL J600 with a
melt flow index of 7 ¢/10 min at 230 °C, were supplied by Mitsui Petrochemical
Industries Co., Ltd (Tokyo, Japan). Rubberwood flour obtained from the cutting
process in local furniture industry (Songkhla, Thailand) was used as reinforcement. Its

main chemical constituents were cellulose (39%), hemicellulose (29%), lignin (28%),
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and ash (4%) [27]. Before compounding, the RWF was sieved through a standard
sieve of mesh size 80 (passing particles smaller than 180 pm) and was dried in an
oven at 110 °C for 8 h. Maleic anhydride-grafted polypropylene (MAPP) with 8-10% of
maleic anhydride was supplied by Sigma-Aldrich (Missouri USA), and used as a
coupling agent to improve the interfacial adhesion between filler and matrix.
Hindered amine light stabilizer (HALS) additive, chosen as the UV stabilizer, was
supplied by TH Color Co., Ltd (Samutprakarn, Thailand) under the trade name
MEUV008. A paraffin wax lubricant (Lub) was purchased from Nippon Seiro Co., Ltd

(Yamaguchi, Japan).

6.3.2 Composite processing

WPCs were produced in a two-stage process. In the first stage to
produce WPC pellets, RWF and PP were dry-blended, melt-blended, and pelletized
into wood-plastic composite pellets using a twin-screw extruder (Model SHJ—36 from
En Mach Co., Ltd, Nonthaburi, Thailand). The 10 temperature zones of the extruder
were controlled at 130-170 °C from feeding to die zone, to reduce degradation of
the compositions, while the screw rotating speed was maintained at 70 rpm. In the
second stage to produce WPC panels, the WPC pellets were again dried prior to use,
in an oven at 110 °C for 8 h. The WPC pellets, MAPP, UV stabilizer, and lubricant
(formulations in Table 6.1) were then dry-mixed and fed into the twin-screw extruder.
The processing conditions for extruding were as follows: (1) temperature profiles:
130-190 G @ screw rotating speed: 50 rpm; (3) melt pressure: 0.10-0.20 MPa
depending on wood flour content; and (4) vacuum venting at 9 temperature zones:
0.022 MPa. The WPC samples were extruded through a rectangular die with the
dimensions of 9 mm x 22 mm and cooled in ambient air. After cooling, the
specimens were cut according to American Society for Testing and Materials (ASTM)

for physical and mechanical testing.

6.3.3 Natural weathering testing
The unfilled PP and PP/RWF composite specimens were cut from

extrudates to dimensions dependent on the type of testing. The composite
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specimens were placed on the roof of 4™ floors building in Hat Yai, Songkhla,
Thailand, for 360 days (from July 1% 2012 to June 25" 2013). All the specimens were
placed on wood exposure racks according to ASTM D1435-03, and were attached on
the racks at a 45° angle, facing in a southerly direction [14]. The samples were then

removed for characterizations after 60, 120, 180, 240, 300, and 360 days.

Table 6.1 Wood-plastic composite formulation (percent by weight)

Composite sample code PP WP RWF  MAPP UV Lub
tP100 100

vP100 100

rP70R25M3U1 70 25 3 1 1
vP7TOR25M3U1 70 25 3 1 1
rP60R35M3U0.5 60.3 353 3 0.5 1
vP60R35M3U0.5 60.3 353 3 0.5 1
rP50R45M3U1 50 45 3 1 1
vP50R45M3U1 50 45 3 1 1
rP51R45M3U0 51 45 3 0 1

Note; The selected formulations from the mixture experimental design were carried out. The PT0R25M3U1
means 70 wt96 rPP, 25 wt% RWF, 3 wt% MAPP, and 1 wt% UV stabilizer.

6.3.4 Characterizations

Color measurements. A Hunterlab Color Standard (Hunter Associates
Laboratory, Inc., Virginia, USA) was used to measure color parameters of the unfilled
PP and PP/RWF composite samples before and after weathering, according to the CIE
L*a*b* color system. L* represents the lightness, whereas a* and b* are the
chromaticity coordinates. A higher L* -value means an increase in lightness. The a*
coordinate represents red-green hue, while b* coordinate represents yellow-blue
hue. Three replications of each formulation and time condition were measured, and
each specimen was measured at three locations. The total color changes or
discolorations (AF) of the un-weathered and weathered PP and PP/RWF composite

specimens were measured by Euclidean distance in the parameter space:
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AE = AJW,-L))? +(a) —a))* + (b, b)) 6.1)

where subscript 1 denotes the values of unexposed PP and PP/RWF composite
specimens, and subscript 2 denotes the values of exposed PP and PP/RWF
composite specimens. These discoloration comparisons with equation (6.1) were only
done to contrast between exposed and unexposed, for otherwise similar samples at
similar age.

Hardness. Hardness measurements were performed according to ASTM
D2240-91 specification, using two Durometers (Shore D scales) for the composites.
The dimensions of the specimens tested were approximately 16 mm x 16 mm x 6.5
mm. The measurements were performed at room temperature (25 ‘0.

Flexure testing. Before testing, the specimens were dried in an oven at 50 °C
for 24 h. Three-point flexure test was carried out on an Instron Universal Testing
Machine (Model 5582 from Instron Corporation, Massachusetts, USA) at a cross-head
speed of 2 mm/min, with nominal sample dimensions of 4.8 mm x 13 mm x 100
mm, and a span of 80 mm in accordance with ASTM D790-92. The testing was
performed at ambient room temperature of 25 °C, with five specimens of each
formulation at each aging time, to obtain an average value. The flexural properties of
composite samples were determined both before exposure and after outdoor
exposure for 60, 120, 180, 240, 300, and 360 days. The maximum stress, modulus of
elasticity, and maximum strain at maximum stress were calculated according to the

above-mentioned standard.

6.3.5 Analysis
Morphological analysis. Morphological studies with a scanning electron
microscope (SEM) were carried out to assess the formation of surface cracks. SEM
imaging with FEl Quanta 400 microscope (FEI Company, Oregon, USA) used an
accelerating voltage of 20 kV. Prior to SEM observations, all samples were dried in an
oven at 50 °C for 24 h and were sputter-coated with gold to prevent electrical
charging during the imaging. All specimens were imaged perpendicular to the surface

with a 150x magnification.
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Statistical analysis. The effects of weathering on the color change, hardness,
flexural strength and modulus, and maximum strain of unfilled PP and PP/RWF
composites were evaluated by Student’s t-test using a 5% significance level (a =
0.05). Results, such as mean values and standard deviations from three and five
samples for color measurements and flexural properties, respectively, of each
formulation and time condition, were statistically analyzed. Comparisons were only
conducted within each formulation between unexposed and exposed (360 day)
samples. Superscript letters were used to denote significance in tabulations: if the
letters are the same, the means that are not significantly different; different

superscripts indicate significant difference [28].

6.4 Results and discussion
6.4.1 Color analysis

The physical appearances of unfilled PP and PP/RWF composites with
and without UV stabilizer, after exposure to natural weathering for a total of 360
days, were evaluated from lightness and discoloration. Figure 6.1 shows an overall
increase in lightness (L*) for all formulations (based on virgin and recycled PP), but
this increase was not monotonic with exposure time for filled samples. The highest
L* -values were at 60 days of exposure, then they gradually decreased up to 180
'days, but again increased slightly after 240 days for filled samples. However, for
unfilled rPP lightness L* steadily increased with exposure time. Photographs of virgin
and recycled PP with different RWF contents are shown in Figure 6.2. Discoloration
occurred in three stages. The samples were quickly photobleached by exposure to
weathering for 60 days, then darkened up to approximately 180 days, and finally the
composites again lightened with further exposure. The photobleaching mainly
affected the wood component, particularly lignin [8], while darkening may have been
caused by surface oxidation [29]. An increase in RWF content from 25 to 45 wt% in
VPP and rPP composites increased the lightness (in Figure 6.1), and increased the
percentage change in Table 6.2. With a high wood flour content, some of it was
exposed at the sample surface where complete encapsulation by the matrix is less

likely [29]. Furthermore, the composites based on vPP show lower lightness than
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those based on rPP, for the same plastic to wood ratio. This may be due to better
encapsulation of wood flour in virgin polypropylene, with good dispersion and strong
interfacial bonding between wood flour and polymer, and consequently stower
photobleaching of the wood component. For the effect of UV stabilizer, it was
observed that the addition of 1 wt% UV stabilizer (fP50R45M3U1) in rPP/RWF
composites decreased the L* value, when compared with the composites without
UV stabilizer (rP51R45M3U0). This is because UV stabilizer (HALS) prevents
photodegradation in polymer [15].

-~Q-- IPTOR25M3U1  —@— VPTOR25M3U1 -~ A-- rP60R35M3U0.5

40

—&— WP60R35M3U0.5 --{3-- P50RE5M3U1  —gi— VPS0R45M3U1
--X-- P51RA5M3U0  --@-- P100 —e— VP100
30 1 T T 1 T 1 T
0 60 120 180 240 300 360
Natural weathering time (day)

. Figure 6.1 Effect of weathering on lightness of unfilled PP and PP composites (both
virgin and recycled) with various RWF loadings, with and without UV stabilizer

The effects of the natural weathering on lightness were also verified
by statistical analysis, and Student’s t-test is shown in Table 6.2. With all the
formulations (based on virgin and recycled PP) lightness was significantly increased by
360 days exposure, with the exception of unfilled vPP that had an insignificant

increase.



113

Agingtime | rP100 rP7OR2ZS | rPSOR4S | rPSIR4S | vPIGO vP7OR2S | vPIORAS
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*The composites were fixed MAPP at 3 wt% and UV stabilizer at 1 wt%. **The composites were fixed MAPP at 3
wit% and without UV stabilizer.

Figure 6.2 Digital photographs of virgin and recycled polypropylene containing various
RWF loadings

Table 6.2 Effects of weathering on physical properties of unfilled PP and PP

composites with various RWF loadings

Formulaton

0D 360D™* 9hchange  OD™ 360

rP100 449°  s57.1° i 725°

vP100 - 568" 640" 1265 756" 659" 1282
rPT0R25M3U1 385 684> 7172 732° 692"  5.49
VP7OR25M3U1 429" 653" 5228 764"  7123° 532
rP60R35M3U0.5 39.4° 71.2° 80.92 74.3° 706 5.00
VP6OR35M3U0.5  43.0°  67.4°  56.69 778 745" 467
rP50RA5M3U1 37.9° 7.7 89.26 75.2° 72.7° 3.29
vP50R45M3U1 41.0° 69.6° 69.81 783" 748" 447
rP51R45M3U0 389" 753 9382 761° 1200 541

Note; Means within each formulation with the same letter are not significantly different (Student’s t-test, o =
0.05). 0D** unexposed and 360D*** exposed for 360 days.
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The total color changes or discolorations are shown in Figure 6.3. The
trend is similar to lightness. The AE sharply increased up to 60 days of weathering
and then clearly decreased up to 180 days, after which it slowly increased. Switching
vPP to rPP increases AE. This is probably due to stronger structure (chains) of virgin
polypropylene. During exposure to natural weathering water facilitated the removal
of degraded wood components and formation of cracks [17], and a stronger
structural plastic reduces these effects. Likewise, the vPP (vP100) gave the lowest AE
value with insignificant change in AE, but rPP composites containing 45 wt% RWF
without UV stabilizer (rP51R45M3U0) had the highest AE value with significant change

by weathering. This is caused by high wood flour content and omission of UV

stabilizer.
50
--O-- PTO0R25M3UT _—@— VPT0R25M3U1 —-A-- P60R35M3U0.5
—&— W60R35M3U0.5  --.@-- rPS0RA5SM3U1L — @ VP50RA5M3U1
40 [-..x-- rP51RA5SM3U0 --O-- 1P100 —— WP100

60 120 180 240 300 360
Natural weathering time (day)
Figure 6.3 Effects of weathering on discoloration of unfilled PP and PP composites
with various RWF loadings, with and without UV stabilizer

6.4.2 Hardness analysis
Hardness generally decreased with weathering as shown in Figure 6.4.
The hardness of unfilled vPP was only insignificantly reduced at 60 days of
weathering, and decreased significantly after 120 days, whereas the hardness of

unfilled rPP decreased significantly with exposure time. This was caused by polymer
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chain scission, which results in surface cracks, and the number of chain scissions
increased with the exposure time [20]. In addition, the vPP and rPP composites with
RWF loading lose less hardness with exposure time than unfilled vPP and rPP. These
results indicate that the addition of wood flour can efficiently improve the
degradation resistance of plastic composites. Besides, unfilled vPP and composites
based on vPP show higher hardness than those based on rPP for the same plastic to
wood ratio, through the experimental duration. This is probably because vPP has
lower melt flow index than PP, leading to lower flexibility. Usually, composites with
a less flexible matrix have a higher hardness [24, 30]. Furthermore, the loss
percentage of hardness after 360 day exposure to weathering is also shown in Table
6.2. An increase in RWF content decreases the relative loss of hardness. This is
because the number of polymer chain scissions on the surface decreases. Likewise,
the composites with 1 wt% UV stabilizer (3.29 %loss) lost less hardness than that the
composites without the UV stabilizer (5.41 %loss). Student’s t-test (in Table 6.2)
demonstrates that the effects of exposure to weathering for 360 days were

statistically significant, except with 45 wt% RWF (loss less than 5%).

~- -~ PTOR25M3U1 —@— VPTOR25M3U1 --A-- rP60R35SM3U0.5

80 —&— vP60R35M3U0.5 --3-- rP50R45M3U1 —@— vP50R45M3U1
--@-- 1P100 —e— 100

Hardness (shore D)

0 60 120 180 240 300 360
Natural weathering time (day)

Figure 6.4 Effects of weathering on hardness of unfilled PP and PP composites with

various RWF loadings, with and without UV stabilizer
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6.4.3 SEM morphological analysis

Microphotographs of unexposed and exposed vPP and rPP composites
are shown in Figure 6.5. Prior to exposure, the VPP and rPP composites with different
wood flour loading [Figures 6.5(a), (), (e), (g), ()] have smooth surfaces. The
composites with 45 wt% RWF [Figures 6.5(c), (g), ()] have more RWF on the surface
than the composites with 25 wt% RWF [Figures 6.5(a), (e)]. This substantiates that a
larger amount of wood flour was exposed on the surfaces of WPCs with high filler
loading [29]. Moreover, the VPP and rPP composites exposed for 360 days [Figures
6.5(b), (d), (f), (h), ()] show large surface cracks. The cracks are related to polymer
chain scission, which results from wetting and drying cycles [5]. Fabiyi et al.
demonstrated three main stages of WPC degradation. First the surface was eroded
with many cavities, second the size and frequency of cavities increased, and finally
small cracks on the weathered surface developed following the second stage [5].
The composites with 25 wt% RWF [Figures 6.5(b), ()] clearly exhibit less surface
cracks than the composites with 45 wt% RWF [Figures 6.5(d), (h), (1. The WPCs with
high wood flour content had strong swelling when exposed to moisture or water. As
cracks accumulate, they contribute also to deeper light penetration [8]. In addition,
rPP composites show higher cracking on the surfaces than those based on vPP, for
the same plastic to wood ratio. This is probably due to the virgin plastic being stiffer
than recycled plastic. The recycled plastic had a lower melt viscosity, which is
attributed to decreased molecular weight [24, 31] and shorter polymer chains.
Furthermore, on comparing the rPP composites with 45 wt% RWF with and without
UV stabilizer, deeper cracking was found without UV stabilizer [Figure 6.5()] than with
UV stabilizer [Figure 6.5(h)]. The UV stabilizer as a free radical scavenger reduces

photodegradation of plastic [15].
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Figure 6.5 SEM (150x) images of WPC surfaces before and after weathering for 360
days: vPP composites with 25 wt% RWF (a and b) and with 45 wt% RWF (c and d),
rPP composites with 25 wt% RWF (e and f) and with 45 wt% RWF (g and h), and rPP

composites containing 45 wt% RWF without UV stabilizer (i and j)



118

6.4.4 Flexural property analysis

When the product is in service, flexural strength (MOR) and modulus
(MOE) are critical for the composite’s performance [32]. Figure 6.6 shows that MOR of
unfilled vPP and rPP strongly decreased with exposure time, and MOR of the
composites based on rPP slightly decreased up to 120 days and then clearly
decreased after 180 days. For composites based on vPP, MOR decreased slightly after
120 days. Stark and Matuana [8] explained that crystallinity of the composites initially
increases during exposure to UV light and water, and then decreases with continued
exposure [13] because chain scissions occur when PP is exposed to UV light. Initially,
the more mobile shorter chains recrystallize [8, 33]. When chain scission continues
further, the crystalline regions are affected and crystallinity decreases [8]. It is
expected that after 120 days of exposure, the crystallinity of PP decreases,
decreasing MOR. Further, the composites without UV stabilizer had sharp decreases
after 120 days, and bigger loss of MOR than with 1 wt% UV stabilizer, as shown in
Table 6.3. Table 6.3 also reveals that loss of MOR increased with RWF content
increased from 25 to 45 wt%, both for vPP and rPP. This may be due to increased
swelling with RWF content that causes microcracks in the matrix and decreases the
efficiency of stress transfer from wood flour to plastic matrix, decreasing MOR [8, 21].
Student’s t-test (in Table 6.3) also verifies that the exposure to weathering for 360
days significantly affected MOR, except for the vPP composites with 25 and 35 wt%
RWF.

Figure 6.7 shows changes in MOE of unfilled PP (both virgin and
recycled) and the PP composites. The trends are similar to the MOR, clearly
decreasing after 180 days. Likewise, the loss of MOE (in Table 6.3) increases with RWF
content, and is statistically significant at 360 days for all formulations. The loss of
MOE is partly due to the negative effects of moisture penetration during exposure (8,
34].
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Flexural strength (MPa)
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Figure 6.6 Effects of weathering on flexural strength of unfilled PP and PP composites
with various RWF loadings, with and without UV stabilizer

Table 6.3 Effects of weathering on mechanical properties of unfilled PP and PP

composites with various RWF loadings

MOR(MPa) - MOE(GPa) - Madimum strain (%)
Formulation... - .0D* . 360D**- %loss . OD* . 360D* %loss- 360D 9% loss
rP100 37.0° 258  30.19 127 098 4205
vP100 501" 28.6° 4285 167 097 2322
PTOR25M3U1  369° 325 1208 1760 1.50° 15.00 3.09° 290"  6.06
vPTOR25M3U1 443" 425" 409 193" 173" 1026 3.99° 353" 1139
P6OR35M3U0.5  40.2° 352° 1255 218 180° 17.44 279° 258" 155
vP60R35M3U0.5 44.8" 429" 4.40 231" 206" 1063 323" 284" 1209
PSORASM3UT  39.7° 333° 1595 269° 208 2254 207" 188  9.38
VPS0R45M3U1 434" 395" 895 266" 223° 1630 236" 204" 1339
P5IRASM3U0  462°  37.0° 2001 260° 198 2384 240° 196" 1824

Note; Means within each formulation with the same letter are not significantly different (Student’s t-test, a =
0.05). 0D* unexposed and 360D** exposed for 360 days.
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Figure 6.7 Effects of weathering on flexural modulus of unfilled PP and PP

composites with various RWF loadings, with and without UV stabilizer

Figure 6.8 illustrates the effects of exposure on the maximum strain of
the composites. The maximum strain of unfilled vPP and rPP sharply decreases after
240 days, and then stabilizes. The significant drop in maximum strain indicates that
the PP (both virgin and recycled) became more brittle during weathering [35].
However, the vPP and rPP composites only have insignificant decreases of maximum
strain, which increase with RWF loading (in Table 6.3). The reason may again be
increased swelling with RWF content, when exposed to water, deteriorating
mechanical properties [8]. Stark and Matuana [36] revealed that exposure to UV light
causes surface cracking of the plastic matrix and deterioration of lignin in wood flour.
Exposure to water causes swelling of wood flour, creates microcracks in the matrix,

and also washes loose wood flour and degraded lignin to the wood surface [17].
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Figure 6.8 Effects of weathering on maximum strain of unfilled PP and PP composites

with various RWF loadings, with and without UV stabilizer

6.5 Conclusions

The effects of plastic grades (virgin and recycled) and contents of
wood flour and UV stabilizer on the physical and mechanical properties of RWF
reinforced PP composites exposed to the weathering were examined. The vPP and
PP composites filled with RWF experienced changes in physical properties and loss
of mechanical properties due to weathering. The lightness and discoloration of
unfilled PP and PP/RWF composites sharply increased after 60 days, and then clearly
decreased up to 180 days, further increasing slightly after 240 days. The composites
based on vPP had smaller percentage changes of L* and smaller loss of hardness,
MOR and MOE than those based on rPP, at equal plastic to wood ratios, due to
better encapsulation of wood flour in virgin polypropylene. Increasing the RWF
content from 25 to 45 wt% in vPP and rPP composites increased the percentage
change of lightness and relative loss of MOR, MOE, and maximum strain. This
increased the exposure of wood flour on the sample surface [29], increased
microcracks, and decreased the efficiency of stress transfer from wood flour to
plastic matrix [8]. The rPP/RWF composites with 1 wt% UV stabilizer had smaller

changes in lightness and smaller relative loss of hardness, MOR, MOE, and maximum
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strain than without UV stabilizer, due to reduced photodegradation of polymer [15].

The overall result highlights effects of composition and new information to facilitate

development of engineering performance of composite materials, applying in exterior

environments.
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CHAPTER 7

Optimizing the Formulation of Recycled Polypropytene and
Rubberwood Flour Composites for Weathering Resistance by Mixture

Design

7.1 Chapter summary

D-optimal mixture design was used in this study to determine the
optimal mixture of composites from rubberwood flour (RWF) and recycled
polypropylene (rPP), for resistance against weathering. The effects on physical and
mechanical properties of component fractions, namely of PP, RWF, maleic
anhydride-grafted polypropylene (MAPP), and ultraviolet (UV) stabilizer, were
systematically analyzed. The mixed materials were formed into panels using an
extruder. The overall composition significantly affected weathering effects on color
(L®), discoloration (AE), hardness, flexural strength (MOR) and modulus (MOE), and
maximum strain. L*, A£, hardness, MOR, and MOE increased with the fraction of RWF.
At long weathering exposure times hardness, MOR, and MOE decreased. The fraction
of MAPP only slightly affected L*, hardness, and MOR, while the UV stabilizer fraction
had clear positive effects decreasing L* and AE, but negative effects decreasing
flexural properties. The models fitted were used to optimize a desirability score that
balanced multiple physical and mechanical properties. The model-based optimal
formulation found was 61.9 wt% PP, 33.9 wt% RWF, 3.1 wt% MAPP, 0.2 wt% UV
stabilizer, and 1.0 wt% lubricant.

7.2 Introduction

The use of wood flour or fiber in composites with thermoplastic
matrix, such as polyethylene (PE), polypropylene (PP), polyvinyl chlotide (PVC), or
polystyrene (PS), is increasing rapidly, particularly in the United states, Japan, and
China {1]. Recently, wood-plastic composites (WPCs) have been widely developed
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and used for non-structural applications [2]: in automotive industry as door inner
panels, seat backs, and headliners; in construction business as decking, cladding, and
fencing; and in infrastructure as marina and boardwatk. Likewise, WPCs have been
replaced softwood lumber in some deck building applications, due to improved
durability over softwood lumber [3, 4]. The demand of WPCs is expected to have
expanded nearly 12% each year from 2000 to 2010 in the United States [4]. The
WPCs offer low cost, low density, low maintenance, reéyctability, and eco-
friendliness with good mechanical properties, and can address some environmental
issues.

The increased application of WPCs in construction faces concerns
about long-term durability and weatherability [5], because WPCs can deteriorate
quickly with discoloration and their physical and mechanical properties worsen [6, 7]
when exposed to natural weathering. Likewise, WPCs applied in aboveground exterior
environments are degraded by ultraviolet (UV) rays in suntight [8, 9], or in ground
contact by biological agents such as fungi and subterranean termites [8, 10].
Furthermore, when WPCs are exposed long-term in outdoor applications, water or
moisture negatively influences their properties. Moisture can accelerate photo-
oxidation and mechanical property loss in WPCs by swelling wood fibers, facilitating
deeper light penetration into the wood, and causing cracks in the plastic matrix [11,
12]. This reduces flexural strength and modulus, by loss of interfacial bonding
between natural fibers and matrix [11, 13]. Moisture absorption can be influenced by
wood flour loading, wood particle size, and wood species [13). A number of studies
on the properties of WPCs under service conditions have focused on weathering, and
how it is influenced by processing method, wood content, and type and content of
UV stabitizer and pigments [7, 11, 12, 14]. Du et al. [15] studied the effects of color
pigments on the durability of wood-flour/high-density polyethylene (HDPE)
composites, and found that the addition of pigments to the composites results in
less weather-related damage. Matuana et al. [16] examined the effects of co-
extruding a clear HDPE cap layer onto HDPE/wood-flour composites on the
discoloration. The uncapped composites lightened quickly under accelerated

weathering, with loss of yellowness and redness, and were more discolored than co-
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extruded composites. Najafi and Englund [17] investigated the influence of highly
degraded HDPE on mechanical properties of HDPE-wood flour composites. The
mechanical properties of composites containing highly degraded HDPEs were similar
to composites with virgin HDPE, with the exception of impact strength. Butylina et al.
[18] examined the effects of outdoor weathering on the properties of wood-PP
composites with and without pigments, and found that dark colored pigments
improved color stability, while high moisture absorption decreased Charpy impact
strength. Therefore, when a new WPC material is developed, it is important to
evaluate the effects of weathering, as this relates to product durability [8, 11].

Statistical experimental designs, such as mixture design, factorial
design, and taguchi method, are well-established as a bases of informative
experiments [19]. However, the fractions of components in a mixture cannot be
changed independently since they must add to 100%, and for these cases the
mixture designs are an appropriate method [20]. A D-optimal mixture experimental
design can be used to experimentally find the individual effects of components in a
mixture, and the fitted models to optimize the formulation of a composite material
[21]. A D-optimal design can considerably reduce the number of experiments needed
for scientific and technical information on the composition effects. It allows
restricting the ranges of component fractions, and within this range of formulations
helps fit the mathematical models, used to improve the characteristics of final goods
[21, 22]. Moreover, this method is appropriate for non-linear models [23].

Recent studies of WPCs have naturally employed designed
experiments. For example, Stark et al. [24] applied a 2* factorial design to determine
the effects of two hindered amine light stabilizers, a colorant and an ultraviolet
absorber, and their interactions on the photostabilization of wood flour/high-density
polyethylene composites. Matuana et al. [25] used a four-factor central composite
design to develop a response surface model and to study the foamability of rigid
PVC/wood-flour composites. Jun et al. [26] used a Box-Behnken design with response
surface method to determine which variables influenced board performance
significantly. Likewise, mixture designs are widely used in pharmacy and food

industries to assess the effects of composition and to find an optimat formulation,
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whereas prior studies on weathering of WPCs seem not to have used D-optimal
mixture designs. Hence, a D-optimal mixture design was applied to model physical
and mechanical characteristics of WPCs during weathering. The ultimate objective of
this work is to optimize the mixture ratios for composites made from recycled
polypropylene and rubberwood flour, based on experimentally determined color
change and flexural failure. The new information will facilitate informed decisions

regarding manufacture of such composites.

7.3 Experimental
7.3.1 Materials

Recycled polypropylene (rPP) pellets, WT170 with a melt flow index
of 11 ¢/10 min at 230 °C, were supplied by Withaya Intertrade Co., Ltd
(Samutprakamn, Thailand). Rubberwood flour (RWF) obtained from the cutting process
in local furniture industry (Songkhla, Thailand) was used as reinforcement. The main
chemical constituents were: cellulose (39%), hemicellulose (29%), lignin (28%), and
ash (4%) [27]. Before compounding, the wood flour was sieved through a standard
sieve of mesh size 80 (passing particles smaller than 180 um) and was dried in an
oven at 110 °C for 8 h. The coupling agent used was maleic anhydride-grafted
polypropylene (MAPP), supplied by Sigma-Aldrich (Missouri, USA), with 8-10% of
maleic anhydride. Hindered amine light stabilizer (HALS) additive, chosen as the UV
stabilizer, was supplied by TH Color Co., Ltd (Samutprakam, Thailand) under the
trade name MEUV008. A paraffin wax lubricant (Lub) was purchased from Nippon
Seiro Co., Ltd (Yamaguchi, Japan).

7.3.2 Experimental design to optimize formulation
The region of interest for the current experiments has constraints
imposed on the component fractions [20], and these can be incorporated in a D-
optimal mixture design. The experimental results were used to statistically evaluate
the effects of component fractions on color change and flexural failure, and the
identified models were used to optimize the formulation. The D-optimal mixture

experimental design and statistical analysis were done with Design-Expert software
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(version 8.0.6, Stat-Ease, Inc.). The formulations for the manufacture of WPCs were
defined by component fractions for rPP (x;), RWF (x,), MAPP (x5), UV stabilizer (x,),
and Lub (x5). The upper and lower limits of experimental range are shown in Table
5.1. Despite the fraction of Lub being held constant, it is included as a variable
because it contributes to the 100% in the mixture. The design included 15 different
formulations and 5 replications to evaluate reproducibility and variances. Thus, the

total number of runs was 20, as shown in Tables 7.1 and 7.2.

7.3.3 Preparation of composites

The WPCs were manufactured in a two-stage process. In the first stage
WPC pellets were produced: rPP and RWF were dry-blended and melt-blended into
wood-plastic composite pellets using a twin-screw extruder (Model SHJ-36 from En
Mach Co., Ltd, Nonthaburi, Thailand). The 10 temperature zones of the extruder were
set to a profile in range 130-170 °C, to reduce degradation of the mixture
components, while the screw rotating speed was maintained at 70 rpm. The
extruded strand was passed through a water bath and was subsequently pelletized.
in the second stage WPC panels were produced: the WPC pellets were again dried at
110 °C for 8 h. WPC pellets, MAPP, UV stabilizer, and lubricant compositions
indicated in Tables 7.1 and 7.2 were then dry-mixed and fed into the twin-screw
extruder. The processing conditions for extruding were as follows: (1) temperature
profiles: 130-190 °C; (2) screw rotating speed: 50 rpm; (3) melt pressure: 0.10-0.20
MPa depending on wood flour content; and (4) vacuum venting at 9 temperature
zones: 0.022 MPa. The WPC panels were extruded through a 9 mm x 22 mm
rectangular die and cooled in ambient air. These specimens were machined following
the standards of American Society for Testing and Materials (ASTM) for physical and

mechanical testing.
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Table 7.1 Experimental compositions based on mixture experimental design and

measured responses: L¥*, AE, and hardness at 60 and 360 days

Run Mixture component fraction (wt%)  L* Af Hardness (shore D)
No. X,  Xo X3 Xe X D60 D360 D60 D360 - D60 D360
1 639 299 45 07 10 75.1 730 440 424 73.9 70.3
2 700 250 30 1.0 10 644 708 355 335 729 69.9
3 500 430 50 10 1.0 713 750 430 421 74.7 71.9
4 549 389 45 07 1.0 759 739 40.4 38.8 739 71.2
5 595 345 50 00 10 76.0 75.0 415 398 739 71.2
6 554 399 35 02 1.0 766 745 42.7 409 750 71.6
7 595 345 40 1.0 1.0 758 738 446 399 73.9 71.5
g 595 345 50 00 1.0 75.0 734 39.3 3846 73.1 69.6
9 500 443 43 05 10 775 770 485 443 76.1 1724
10 680 250 50 10 10 65.3 67.6 340 337 73.1 69.7
11 500 45¢ 30 1.0 10 7.9 117 415 445 74.6 2.7
12** 500 430 50 1.0 1.0 76.1 753 459 443 74.8 71.7
13 603 353 30 05 10 732 112 343  36.6 13.2 70.6
14 649 304 35 02 10 738 728 431 426 74.4 69.9
15* 700 250 30 10 10 660 68.4 326 311 12.5 69.2
16 510 450 30 00 10 76.1 75.3 380 403 74.3 720
17 510 450 30 00 10 775 742 457 439 74.1 719
18" 500 450 3.0 10 1.0 7.1 732 471 440 75.4 72.0
19 700 250 40 00 10 735 711 357 339 719 67.9
20 690 250 50 00 10 743 718 353 324 72.2 68.8

Note; **duplicate experiments

7.3.4 Natural weathering testing
The rPP/RWF composite specimens were cut from extrudates to
dimensions dependent on the types of testing. The composite specimens were
placed on the roof of a 4-floor building in Hat Yai, Songkhla, Thailand, for 360 days
(from July 1% 2012 to June 25" 2013). All the specimens were placed on wood
exposure racks according to ASTM D1435-03 and were attached on the racks at a 45°
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angle, facing in a southerly direction [11]. The samples were then removed for

characterizations after 60 and 360 days.

Table 7.2 The experimental compositions and measured flexural properties

Run Mixture component fraction (wt%) MOR (MPa) MOE (GPa)- -~ :Max: strain (%)
No. x; X5 X3 X;  Xs D60 D360  D6G. D360 D60 . D360
1 63.9 299 4.5 0.7 1.0 399 35.6 1.96 1.76 272 2.71

2 70.0 250 3.0 1.0 1.0 36.4 333 1.73 1.57 280 268

3 50.0 43.0 5.0 1.0 1.0 35.9 33.7 2.29 212 1.94 1.90

4 549 389 4.5 0.7 1.0 40.9 37.3 2.25 1.88 241 2.56
5
6
7

595 345 50 00 10 434 384 208 192 278 269
554 399 35 02 10 422 394 233 206 251 2.75
595 345 40 10 10 399 348 207 188 260 243
g* 595 345 50 00 1.0 385 366 189 168 287  3.02
9 500 443 43 05 1.0 408  36.7 253 219 190 223
10 680 250 50 10 1.0 365 321 1.81 1.64 266 250
11 500 450 30 10 1.0 39.7 333 251 208 2.11 1.88
12 500 430 50 1.0 1.0 371 33.7 246 208 187 196
13 603 353 30 05 10 394 352 203 180 265 258
14 649 304 35 02 10 40.6  36.5 192 168 294 294
15 700 250 30 10 1.0 36.5 325 1.72 150 289 290
16 510 450 30 00 10 466 370 247 198 231 196
1™ 510 450 30 00 10 446 396 253 213 248 248
18" 500 450 30 10 1.0 404 364 256 225 207 210
19 700 250 40 00 1.0 389 364 168 162 3271 3.02
20 690 250 50 00 10 409 370 170  1.68 3.44 3.03
Note; *duplicate experiments

7.3.5 Characterizations
Color measurements. A Hunterlab Color Standard (Hunter Associates
Laboratory, Inc., Virginia, USA) was used to measure color changes of the rPP/RWF
composite samples before and after weathering according to CIE L*a*b* color

system. L* represents the lightness, whereas a* and b* are the chromaticity
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coordinates. Higher L* value means an increased lightness. The a* coordinate
represents the red-green hue while b* coordinate represents the yellow-blue hue.
Three replications of each formulation and aging time were measured, and each
specimen was measured at three locations. The total color changes or discolorations
(AE) of the un-weathered and weathered rPP/RWF composite specimens were
quantitated in equation 6.1.

Hardness. Hardness measurements of the samples exposed were performed
according to ASTM D2240-91 specification, using two Durometers (Shore D scales) for
the plastic composites. The dimensions of the specimens tested were approximately
16 mm x 16 mm x 6.5 mm. The measurements were performed at room
temperature (25 °C).

Flexure testing. Before testing, the specimens were dried in an oven at 50 °c
for 24 h. Three-point flexural test was carried out on an Instron Universal Testing
Machine (Model 5582 from Instron Corporation, Massachusetts, USA) at a cross-head
speed of 2 mm/min, with nominal dimensions of 4.8 mm x 13 mm x 100 mm, and a
span of 80 mm in accordance with ASTM D790-92. The testing was performed at
ambient room temperature of 25 °C with five specimens of each formulation and age
to obtain an average value. The flexural properties were measured before and after
outdoor exposure for 60 and 360 days. The maximum stress, modulus of elasticity,
and maximum strain at maximum stress were calculated according to the above-
mentioned standard.

Mormphological analysis. Prior to imaging with a scanning electron
microscope (SEM), all samples were dried in an oven at 50 °C for 24 h and were
sputtercoated with gold to prevent electrical charging during the imaging.
Morphological studies were carried out to assess the formation of surface cracks. SEM
imaging with FE! Quanta 400 microscope (FEI Company, Oregon, USA) used an
accelerating voltage of 20 kV. AWl specimens were imaged perpendicular to the

surface with 100x magnification.
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7.4 Results and discussion

The D-optimal mixture design of experiments, with five fractions as
(mutually dependent) variables (that sum to one), had 20 runs in a randomized
order. The twelve determined responses were the values of lightness, discoloration,
hardness, flexural strength and modulus, and maximum strain, after weathering for

60 and 360 days. The results are summarized in Tables 7.1 and 7.2.

7.4.1 Statistical analysis of the response models

Analysis of variance (ANOVA) of the alternative types of response
models revealed that all the responses after weathering for 60 and 360 days were
best fit with linear model, instead of quadratic, special cubic, or cubic models,
except for lightness and maximum strain at 60 days that were best fit with quadratic
model. The MOE at 60 days is shown as an example in Table 7.3. The sequential
model sums of squares for linear model are significant (p<0.05), but not for the other
model types. Moreover, the lack of fit is clearly insignificant for the linear model,
suggesting this model performs well. It also has high adjusted coefficient of
determination (adj-R2 = 0.9500) and the highest predicted coefficient of
determination (pred-Rz = 0.9329), further indicating good fit.

Table 7.3 Fitted model summary for MOE at 60 days

e pvalue AR PreckR _
08141 09500 09329 Suggested
Quadratic 0.2785 0.9653 0.9576 0.9166
Special cubic 0.9027 0.9528 0.9392 0.9015
Cubic 0.9528 - 0.9271 - Aliased

*P-value less than 0.05 is considered significant.

The detailed ANOVAs in Tables 7.4 and 7.5 document the significant
linear or quadratic terms in models for each response, in terms of their p-values. The

ANOVA shows statistical significance (p<0.05) of these terms supplementing linear
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models of the fractions, namely of rPP, RWF, MAPP, and UV stabilizer. For quadratic
terms, modeled responses had significant interactions, for example, between rPP and
MAPP, RWF and MAPP for lightness at 60 days and between rPP and RWF for
maximum strain at 60 days. In addition, the ANOVA altso showed that lack of fit was
not significant for any of the response surface models at 95% confidence level. This

suggests the regression models fit the data well.

Table 7.4 Analysis of variance and model adequacy of L*, AE and hardness responses

e oA Hudness
Source . DEO™*  D30™W DGO D3EO™™ DGO D30
Model- | <0.0001** <0.0001** 0.0006*  0.0001** 0.0001**  <0.0001**

Linear Mixture  <0.0001** <0.0001** 0.0006**  0.0001** 0.0001*  <0.0001**

XX 0.1193 - - - - -

X1X3 0.0384** - - - - -

XXg 0.5343 - - - - -

XpX3 0.0420* - - - - -

XoXg 0.5950 - - - - -

X3Xq 0.8741 - - - - -

Lack of Fit 0.0869 0.2708 0.0961 0.0919 0.1032 0.8639
R 0.9447 0.7247 0.6531 0.7103 071114 0.8821
Adj—R2 0.8949 0.6730 0.5881 0.6560 0.6572 0.8599
Pred-R2 0.6485 0.5484 0.5123 0.5837 0.5918 0.8134
CV. % 1.80 1.84 7.64 6.57 085 0.70

**p.yalue less than 0.05 is considered significant. D60** exposed for 60 days and D360**** exposed for 360 days.

Coefficients of determination (RZ), adj—Rz, pred-Rz, and coefficient of
variation (C.V.) are also included in Tables 7.4 and 7.5. The R’ values of the twelve
response fits are in the range from 0.6531 to 0.9749. The R’ values of discoloration
(0.6531) and maximum strain at 60 days (0.9749) indicate that only 34.69% and
2.51%, respectively, of the total variability in observations are not explained by the
models; R’ value close to 1 indicates good fits [28]. Likewise, the adj—R2 values in the
range from 0.5881 to 0.9523 suggest good fits; and the same goes for pred-R2 values.
The prt-:-d-R2 value of MOE at 60 days was 0.9329 meaning that the fitted model
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would explain about 93.29% of the variability in new data. The coefficients of
variation of all response fits based on the replications of experiments show low
values in the range from 0.70 to 7.64%. The low C.V. values indicate that the
determinations of material characteristics had a good precision, and can serve the
fitting of parametric models. Basically, the coefficient of variation was used to

measure the residual variation in the data [20].

Table 7.5 Analysis of variance and model adequacy for flexural properties

MOR MOE . . Maxstain
Source = "D60“'** D3GR | 060"** 03"60*“*‘» " " 060”* - 0360*"*“ )
Model 0.0001*  <0.0001* = <0.0001** <0.0001** <0.0001** <0.0001**

Linear Mixture 0.0001**  <0.0001** <0.0001**  <0.0001** <0.0001** <0.0001**

X1Xs - - - - 0.0373* -

X3X3 - - - - 0.8442 -

XXy - - - - 0.0891 -

XX3 - - - - 09162 -

XXy - - - - 0.0959 -

XX - - - - 0.0597 -

Lack of Fit 0.6342 0.7996 0.8141 0.8964 0.0720 0.7885
R 0.7135 0.7435 0.9579 0.8872 0.9749 0.8132
Adj—R2 0.6598 0.6954 0.9500 0.8661 0.9523 0.7781
Pl'ed-R2 0.5549 0.6087 0.9329 0.8230 0.8397 0.6932
CV. % 4.10 3.34 334 4.45 3.70 7.34

**p.value less than 0.05 is considered significant. D60™* exposed for 60 days and D360™** exposed for 360 days.

7.4.2 Model adequacy checking

Model adequacy checking is always necessary with a fitted model [29].
Figure 7.1(a) displays normal probability plots of the residuals for MOE after
weathering for 60 days (MOE D60). The good linear fit in this plot indicates that the
residuals (approximation errors remaining in the model) are close to normally
distributed. Normally distributed residuals are a requirement for validity of least
squares regression, and this condition is satisfied. Likewise, there is no indication of
possible outliers, such as faulty experiment cases with particularly large residuals

[20]. The plot of residuals vs. predicted values in Figure 7.1(b) exhibits no obvious
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patterns that would suggest adding a term to the model, to account for that pattern.
If the residuats had such structure, the model would not be appropriate [20]. Figure
7.1(c) shows model predictions vs. observations. The model outputs fit the actual
observations quite well, with MOE D60 model deviating from actual by less than
about 10%. These adequacy checks of the MOE D60 response model indicate a good
fit to data. Similar checking for the other modeled responses showed qualitatively
similar normal probability plots, residuals vs. predicted values, and predicted values
vs. actual data. This type of checking cannot guarantee predictive capability, but
suggests the models are sound approximations for interpolating within the

experimental range.
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Figure 7.1 Model adequacy checking for MOE after exposing 60 days; (a) normal
probability plot of residuals, (b) plot of residuals versus predicted values, and (c) plot

of predicted versus actual values
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7.4.3 Effect of composition on the lightness and optimal formulation
The regression fits for the lightness (L*) after weathering for 60 and

360 days were:

L* D60 = 70.79x; + 76.16x, — 793.51x5 + 1053.12x4 + 6.91xx, +
982.79x;x; — 1158.85x,xg + 957.41x5x; — 989.52x:x;
268.09x3x, (7.1)

L* D360 = 70.49x; + 75.45x, + 68.00x3 + 37.33x, (1.2

The coefficients for fractions of rPP (x;), RWF (x,), and UV stabilizer (x,) are positive.
RWF has larger coefficients than rPP due to high photobleaching of the wood
components, particularly lignin [30]. The covered experimental regions of L* D60 and
L* D360 are shown in Figures 7.2(a) and 7.2(b), respectively. In these triangular plots
the three pure components (PP, RWF, and MAPP) are represented by the corners,
while the additive levels were fixed (UV stabilizer at 0.5 wt% and Lub at 1 wt%). The
contours in the colored areas, that include the experimental observations, present
the [* D60 and L* D360 regression fits varying from 70 to 78 and 71 to 75,
respectively. The lightness evidently increases with RWF content. With increased RWF
fraction in the composites, more wood flour was exposed at the sample surface
where complete encapsulation by the matrix was less likely [31]. Likewise, the
rPP/RWF composites weathered for 60 days were lighter colored after 360 days. This
is because the color change of the composites occurred in three stages. The
composites quickly lightened after weathering for 60 days and then darkened. Lastly,
they again got lighter with further exposure. In addition, high fractions of MAPP at 3-5
wt% gave high lightness. This may be caused by weakened interfacial adhesion at
high MAPP contents. The photodegradation of wood components on the surface of
the composites was accelerated by weak adhesion between the wood flour and
plastic matrix [13, 16]. Furthermore, adding 1 wt% UV stabilizer decreased the
lightness of the rPP/RWF composites. This may be attributed to UV stabilizer (HALS)
preventing photodegradation of polymer [14]. Figure 7.3 displays the numerically
optimized composition, based on these model fits. Since two models are optimized

simultaneously, the software actually uses a single surrogate called “desirability” to
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balance them. The model-based optimal formulation is shown in Table 7.6, with
minimum lightness found for 70.0 wt% rPP, 25.0 wt% RWF, 3.0 wt% MAPP, 1.0 wt%
UV stabilizer, and 1 wt% Lub, with a high desirability score of 0.908.

Design-Expert® Software Design-Expert® Software

Component Coding: Actual Component Coding: Actual
L* D80 L* D360
779 77.0
I 644 |67.6
Xt =A PP X1 =A PP
X2 =B RWF X2 = B: RWF 65.4
X3 =C: MAPP X3 = C: MAPP

Actual Conponenis
D uv=05
Elub=10

Actual Components
D:W=05
ELub=1.0 B60..

Figure 7.2 Triangular contour plots for effects of the compositions on lightness at

(a) 60 and (b) 360 days, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%

Design-Expeit® Software A (B
Component Coding: Actual 2
Overtay Plat 70.

L+ De0 L*D60: 650
D L*D360: 68.9
X1 70.0

® Design Points

X1 =A PP §X3

X2 = B: RWF

X3 = C: MAPP B o
13.0

Actual Components 7\

Duv=10

ELu=10

\ \ N\
X i : X .0
4g:oRWF e 0 3000: MAPIgs
Overlay Plot

Figure 7.3 The optimal formulation for lightness
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Table 7.6 Predicted optimal formulations and their responses from multiobjective
optimizations. For examptle, the formulation in first row is optimal for a desirability

score that balances L* at 60 and 360 days

Mixture component fraction (wt%)  Predicted response

Property X X X3 Xq Xs D60 - D360 Desirabitity
L* 700 250 30 1.0 10 650 689 0.908
AE 698 250 32 1.0 10 35.3 34.0 0.809
Hardness (shore D) 500 450 3.0 1.0 1.0 751 725 0.853
MOR (MPa) 519 434 34 02 10 430 379 0.713
MOE (GPa) 500 450 30 1.0 1.0 252 212 0.892
Max. strain (%) 69.0 250 49 01 10 323 3.09 0.931

7.4.4 Effect of composition on the discoloration and optimal formulation
The linear regression models for discoloration (AE) after weathering for

60 and 360 days were:
AE D60 = 34.68x; + 45.29x, + 50.19x3 + 44.67x, (7.3)
AE D360 = 33.67x; + 43.66x, + 44.73x3 + 39.09x, (7.9)

The coefficients decreased with exposure time, indicating reduced discoloration.
Figure 7.4 shows that AF at 360 days (in range of 36 to 42) increased for high
fractions of wood flour. The reason for this phenomenon is probably similar as
described earlier, namely exposure of wood flour at the sample surface [31]. Besides,
the choice of MAPP content between 3 and 5 wt% barely affected the discoloration
of composites at 360 days. The optimal formulation for AE based on these numerical
models, and the desirability score for this combined optimization, are included in
Table 7.6.
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Delta £ D360
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X1 = A PP 65.4—€
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ELlub=10
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Figure 7.4 Triangular contour plots for effects of composition on AE at 360 days, with

UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%

7.4.5 Effect of composition on the hardness and optimal formulation
The linear regression fits for hardness after 60 and 360 days exposure

were:
Hardness D60 = 72.37x; + 74.74x, + 74.30x3 + 81.46x, (7.5)
* Hardness D360 = 68.87x; + 72.03x, + 68.38x; + 82.51x, (7.6)

The coefficients of rPP (x;), RWF (x,), and MAPP (x;) decrease with increasing exposure
time from 60 to 360 days. This is because of polymer chain scission, which results in
surface cracks as well as facilitates the removal of degraded wood component
through the cracks [16], and the chain scissions accumulated over the exposure time
[15]. The UV stabilizer fraction has the largest positive coefficients in the model fits,
so it should be maximized. UV stabilizer as free radical scavenger prevents
photodegradation in plastics [14]. Figure 7.5 shows that hardness at 360 days (in
range of 70 to 72 shore D) increases with rubberwood flour fraction. This is because
rubberwood filler has considerably higher hardness than weak polymer matrix [32-
34], so flexibility was reduced by increase of RWF content, resulting in more rigid
composites [34-36]. The addition of MAPP from 3 to 5 wt% affected the hardness of

the composites, so that hardness increased with MAPP fraction. The wood flour was
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better dispersed in the plastic matrix, with minimum voids [33, 35, 36]. The optimal

formulation for hardness, based on the numerical models, is also shown in Table 7.6.
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Figure 7.5 Triangular contour plots for effects of composition on hardness at 360

days, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%

7.4.6 Effect of composition on the flexural strength and optimal
formulation
The linear regression models fitted for flexural strength (MOR) at 60
and 360 days were:

MOR D60 = 41.54x; + 44.64x, + 25.13x5 - 51.72x, (7.7)
MOR D360 = 36.96x; + 38.92x, + 35.59x; — 45.41x, (7.8)

The fraction of RWF (x,) has the largest positive coefficients in the fits, so the flexural
strength increases with fraction of RWF. In contrast, MOR decreases with the fraction
of UV stabilizer (x,) that has a negative coefficient, so UV stabilizer fraction should be
minimized. This is probably due to non-homogeneous spatial distribution of wood
flour, polymer, and UV stabilizer [37]. Figures 7.6(a) and 7.6(b) display the covered
experimental regions of MOR after exposure for 60 and 360 days, respectively. The
contours in the colored areas present the MOR at 60 and 360 days varying from 38
to 42 MPa and 35 to 36.5 MPa, respectively. MOR at 60 days clearly increases with
RWF content. This is due to the reinforcing effect of the wood flour in continuous

plastic matrix [38], whereas MOR at 360 days increases only insignificantly with RWF



143

content. This reveals that loss of MOR increased with RWF content, with the longer
exposure. When WPCs were exposed to water, the swelling of wood flour caused
microcracks in the matrix, and thus the efficiency of stress transfer from wood flour
to plastic matrix decreased [30, 39]. In addition, MOR of the composites clearly
reduced with exposure time due to increased polymer chain scission and cracking in
WPCs. These results can be substantiated by the SEM micrographs in Figure 7.7
[Figures 7.7(a), 7.7(b) for 25 wt% RWF and 7.7(c), 7.7(d) for 45 wt% RWF]. The
composites with 25 wt% RWF [Figure 7.7(a)] have less RWF on the surface than the
composites with 45 wt% RWF [Figure 7.7(c)], in agreement with prior work [31].
Furthermore, the rPP/RWF composites exposed for 360 days [Figure 7.7(b), (d)] show
large surface cracking due to polymer chain scission, which results from cycles of
wetting and drying [5]. The composites with 25 wt% RWF [Figure 7.7(b)] obviously
display less surface cracking than the composites with 45 wt% RWF [Figures 7.7(d)l.
When WPCs were exposed to water, the swelling increased with RWF content, and
led to increased cracking [30]. The optimal composition based on the linear

regression models is shown numerically in Table 7.6.
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Figure 7.6 Triangular contour plots for effects of composition on MOR at (a) 60 and

(b) 360 days, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%
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(@ (b)

(d)

Figure 7.7 SEM (100x) images of WPC surfaces before (left column) and after
exposure for 360 days (right column): PP composites with 25 wt% RWF (a and b) and
with 45 wt% RWF (c and d)

7.4.7 Effect of composition on the flexural modulus and optimal
Formulation
The linear regression models fitted for the flexural modulus (MOE) at

60 and 360 days were:

MOE D60 = 1.70x; + 2.52x, + 1.43x; + 2.61x, (7.9)

MOE D360 = 1.50x; + 2.11x, + 2.10x; + 2.21xq (7.10)

By these equations, all the component fractions, namely of PP (x;), RWF (x,), MAPP
(x3), and UV stabilizer (x,), increase the MOE after weathering for 60 and 360 days; all

terms containing these variables have positive coefficients. The UV stabilizer fraction
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has the largest coefficient in each fit. Furthermore, the coefficients of PP, RWF, and
UV stabilizer decrease with exposure time. The swelling of wood cell walls when
penetrated by water facilitates light penetration, and contributes to failure of
mechanical properties [30, 40]. The UV stabilizer could not protect against water
absorption, which may have contributed more to degradation than UV exposure [6];
the UV photodegradation may mostly impact the surfaces [6]. In addition, RWF has
higher coefficients than rPP. This implies that RWF contributes more to MOE than rPP,
because wood flour is stiffer than the neat plastic [41]. The composition optimized

based on these linear regression models is shown numerically in Table 7.6.

7.4.8 Effect of composition on the maximum strain and optimal
formulation
The regression fits for the maximum strain after exposures for 60 and

360 days were:
3.31X1 + 2.30)(2 - 2.02X3 + 222.05x4 + O.69X1X2 +

5.90x;x3 = 240.37x3x5 + 3.14x2x5 — 234.86X%4 —
248.36x3%4 (7.11)

Maximum strain D60

Maximum strain D360 3.16x; + 2.36x, + 2.69x35 — 5.36x4 (7.12)

The fraction of rPP (x;) has larger positive coefficients than RWF (x,) in the fit, so the
maximum strain increases with high fraction of rPP. Besides, increasing exposure time
reduced the coefficient of rPP because it became more brittle with weathering [6],
whereas the coefficient of RWF grew with exposure time. The wood flour absorbed
water during exposure, and this led to softening of the WPCs [6]. The optimal
formulation based on these numerical models, combined by a desirability score for

optimization, is also included in Table 7.6.

7.4.9 Optimal overall resistance to natural weathering
An optimal formulation for rPP/RWF composites was determined to
minimize lightness and discoloration, and maximize hardness, flexural strength and

modulus, and maximum strain. This multiobjective optimization, using all of the
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regression models, was performed with the Design-Expert software by constructing a
desirability score that balances all of the fitted models. The plot in Figure 7.8 shows
the formulation that was optimal, along with contours of the desirability score. The
optimal formulation was 61.9 wt% PP, 33.9 wt% RWF, 3.1 wt% MAPP, 0.2 wt% UV
stabilizer, and 1.0 wt% Lub. The optimal formulation is given in Table 7.7, along with

the model based responses.
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Figure 7.8 The optimal formulation for overall desirability

Table 7.7 Predicted responses with the formulation optimized jointly for all

properties
- Mixture component fractions (Wt%)_, Predicted iespo’ns,e

P‘roperty ' X ° x3 . ""X4_ ' ’XS . D60 D360

L* | ‘74.2 72.3

AE 393 380
Hardness (shore D) 73.5 70.3
MOR (MPa) 61.9 339 31 0.2 1.0 20 -—
MOE (GPa) 2.05 1.79
Max. strain (%) 2.90 2.75

7.5 Conclusions
Mixture experimental design, statistical modeling, and response

surface methodology were used to determine the influences of rPP/RWF composite
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formulation, and to optimize the formulation for weathering resistance. Analysis of
variance revealed that all the component fractions experimentally varied, namely of
rPP, RWF, MAPP, and UV stabilizer, significantly affected the lightness, discoloration,
hardness, flexural strength and modulus, and maximum strain. In general, a high
fraction of RWF increased L* and AE across exposure times. The lignin in wood flour
contributes to the L* and AE. When the composites were exposed to the natural
weathering for 60 and 360 days, high fractions of RWF increased hardness, MOR, and
MOE but reduced maximum strain. However, hardness, MOR, and MOE clearly
degraded with exposure time. At the longer exposure time, the wetting and drying
cycles caused microcracks in the matrix, and thus the efficiency of stress between
wood flour and plastic matrix decreased [30, 39]. The MAPP slightly affected L*,
hardness, and MOR, which increasesd with MAPP content. The fraction of UV
stabilizer also had positive effects on the L* and AF, due to it (HALS) preventing
photodegradation of polymer [14]. in addition, SEM micrographs of the composites
exposed for 360 days show larger surface cracking than in unexposed composites.
High fractions of RWF increased the surfaces cracking on the WPCs. This study
demonstrated design and analysis of mixture experiments as an efficient tool to
optimize the formulation of rPP/RWF composites, for minimum color changes and for

maximum hardness and flexural properties.
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CHAPTER 8

Minimizing the Creep of Recycled Polypropylene/Rubberwood Flour

Composites with Mixture Design Experiments

8.1 Chapter summary

Composites of rubberwood flour (RWF) and recycled polypropylene
(rPP) were produced into panel samples by using a twin-screw extruder. The effects
of mixture ratios, including rPP, RWF, maleic anhydride-grafted polypropylene (MAPP),
and ultraviolet (UV) stabilizer, on creep behavior were studied in a D-optimal mixture
design. Creep was significantly affected by the composition. Increasing the fraction of
RWF decreased creep, but the increasing additions of MAPP and UV stabilizer
increased creep. The models fitted were used to optimize a desirability score that
balanced multiple creep characteristics. The model-based optimal formulation 50.5
wt96 rPP, 44.9 wt% RWF, 3.5 wt% MAPP, 0.1 wt% UV stabilizer, and 1.0 wt% lubricant,
was experimentally validated to have low creep closely matching the model
predictions. In addition, virgin polypropylene gave lower creep strain than recycled
polypropylene, both in composites and as unfilled plastic. Four-element Burger

model offered a good fitting on the creep behavior of each composite formulation.

8.2 Introduction

Wood-plastic composites (WPCs) have been extensively developed
and used in non-structural applications [1]. For example, WPCs are increasingly used
to replace softwood lumber in deck-building, to improve durability {2, 3]. The
advantages of WPCs include high specific strength and stiffness, resistance to water
absorption, and positive impact on environmental issues. These have stimulated the
development of WPC materials for structural applications [1, 4, 5]. However, these

composites are poorly suited for some applications due to long-term creep under
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loading. This study aims to evaluate and improve the creep characteristics of specific
WPCs.

Raw materials were focused on waste that is locally available in
southern Thailand. This gives both environmental benefits, and low-cost raw
materials. Rubberwood (Hevea brasiliensis) waste is mainly produced by sawmills
and furniture industry, both prevalent in southern Thailand. Of their total wood
intake, these industries generally generate about 34% wood wastes and about 54%
rejects of plantation wastes, while only 12% of the rubberwood ends up in the
products [6]. Most of the wood waste can be used in medium-density fiberboard and
particleboard [7]. However, the use of wood waste as reinforcement in plastic
composites is great interest, with environmental and economic benefits. The
advantages of wood particles include biodegradability, low health hazard during
handling, and non-abrasive nature [8, 9], when substituted for synthetic fillers such as
glass fiber, carbon fiber, and inorganic filler. In addition, plastic waste is one of the
major constituents of global municipal solid waste [10]. In 2008, at least 33.6 million
tons post-consumer plastics were generated in the United States, of which 28.9
million tons went to tandfills, 2.6 million tons to combustion and energy recovery,
and only 2.2 million tons to recycling {11, 12] - only a tiny fraction of plastic wastes
are recycled. Blending post-consumer plastics with wood flour to create value-added
products could increase the value of plastic waste and impact its re-use practices
[11]. Plastic waste is a promising raw material for WPCs because of low cost [10] and
similar properties to virgin materials. For example, composites made from recycled
high-density polyethylene (rHDPE) have similar or, in some cases, better mechanical
properties than composites made from virgin HDPE [13, 14]. The mechanical
properties of composites are not better with virgin polystyrene than with recycled
polystyrene [15]. In another study, no statistically significant differences were found
in mechanical properties of composites, on comparing recycted plastics (HDPE and
polypropylene) with virgin plastics [16]. Polypropylene waste and wood waste are
promising alternative raw materials for making low cost WPCs [17]. To reduce solid

waste disposal in landfills and have low cost WPC products [13] with good
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mechanical properties and low creep deformation, suitable WPC formulations need
to be developed.

Design of experiments contributes efficiently to find the best
formulation. Typical designs include taguchi method, factorial design, and mixture
design [18]. The fractions of components in a mixture cannot be changed
independently because they must add up to 100%, and mixture designs make use of
this fact [18]. A D-optimal mixture experimental design allows to fit model that can
be used to optimize the formulation of a composite material [19]. It also allows
placing restrictions on the formulations, such as lower or upper limits on the
fractions of some components [19, 20]. Mixture designs have recently been applied
in food and pharmaceutical industries to find optimal formulation, because they
appear efficient in providing useful models with a comparatively small number of
experiments. However, prior studies on WPCs seem not to have used D-optimal
mixture designs. A four-factor central composite design was applied to develop a
response surface model, and to study the foamability of rigid PVC/wood-flour
composites [21]. A 2* factorial design was used to determine the effects of two
hindered amine light stabilizers, a colorant, an ultraviolet absorber, and their
interactions, on the photostabilization of wood flour/high-density polyethylene
composites [22]. A Box-Behnken design with response surface method was adopted
to determine which variables influenced board performance significantly [23]. In the
current study, a D-optimal mixture design was used to model the creep of WPCs. The
ultimate goal of this work is to optimize the composite formulation using recycled
polypropylene and rubberwood flour, for minimal creep, and to investigate the
effect of plastic grades on the creep behavior.

8.3 Experimental
8.3.1 Materials
Recycled polypropylene (rPP) pellets, with a melt flow index of 11
¢/10 min at 230 °C, were purchased from Withaya Intertrade Co., Ltd (Samutprakamn,
Thailand). Rubberwood flour (RWF), used as a natural reinforcement, was collected

from a local furniture factory (Songkhla, Thailand). Its chemical composition (by dry
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weight) was: cellulose 39%; hemicellulose 29%; lignin 28%; ash 4% [6]. The
interfacial bonding between wood flour filler and polymer matrix was also modified,
using maleic anhydride-grafted polypropylene (MAPP) with 8-10% of maleic
anhydride, supplied by Sigma-Aldrich (Missouri, USA). Hindered amine light stabilizer
(HALS) additive under the trade name MEUV008, chosen as the ultraviolet (UV)
stabilizer, was supplied by TH Color Co., Ltd (Samutprakarn, Thailand). Paraffin wax,
chosen as the lubricant (Lub), was purchased from Nippon Seiro Co., Ltd (Yamaguchi,

Japan).

8.3.2 Experimental design to optimize formulation

The D-optimal design of mixture experiments was created with Design-
Expert software (version 8.0.6, Stat-Ease, Inc.), to statistically evaluate and model the
effects of component fractions on creep properties, and to optimize the formulation.
The optimal experimental design of WPC formulations specified the component
fractions of rPP (xy), RWF (x,), MAPP (x3), UV stabilizer (x), and Lub (xs). The upper and
lower limits of experimental range for the compositions are shown in Table 5.1.
Despite the fraction of Lub being held constant it is included as a variable, because it
contributes to the 100% in the mixture. The total number of runs was 20, as shown
in Table 8.1, including 15 different formulations and 5 duplications to evaluate

reproducibility or variances.

8.3.3 Composites processing

Before compounding, the rubberwood flour was sieved through an 80
mesh standard sieve (particles smaller than 180 pm pass), and dried in an oven at
110 °C for 8 h to minimize moisture content. WPCs were then produced in a two-
stage process. In the first stage WPC pellets were produced: rPP and RWF were dry-
blended, and then melt-blended into wood-plastic composite pellets using a twin-
screw extruder machine (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi, Thailand).
The extrusion barrel with 10 temperature zones was controlled at 130-170 C to
avoid degradation of the components, while the screw rotating speed was

maintained at 70 rpm. The extruded strand passed through a water bath and was
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subsequently pelletized. In the second stage WPC panels were produced: the WPC
pellets were again dried at 110 °C for 8 h. WPC pellets, MAPP, UV stabilizer, and
lubricant compositions indicated in Table 8.1 were then dry-mixed, and added into
the feeder of the twin-screw extruder. The temperature profile for extruding was 130-
190 °C, with 50 rpm screw feed. Melt pressure at the die varied between 0.10-0.20
MPa, depending on wood flour content. Vacuum venting at 9 temperature zones was
also used to purge volatile compounds. The samples were extruded through a
rectangular 9 mm x 22 mm die and cooled in atmospheric air. The specimens were
machined for flexural creep testing, following the standard of American Society for
Testing and Materials (ASTM).

8.3.4 Characterization

Three-point bending creep tests of rPP/RWF composites were carried
out on an Instron Universal Testing Machine (Model 5582 from Instron Corporation,
Massachusetts, USA) in Figure 8.1, according to ASTM D2990-01 standard. All the tests
were performed on 13 mm x 4.8 mm x 100 mm (width x thickness x leng{h)
rectangular samples, and a test span of 80 mm. Before the creep tests the
specimens were equilibrated in testing room at a temperature of 25 °C (ambient
conditions) for 15 min, and then the tests were conducted. The total time of the
testing was 100 min (6000 sec), under a constant stress of 19 MPa. In addition,
modulus of elastic (MOE) was also measured in a three-point flexural test at a cross-
head speed of 2 mm/min, according to ASTM D790-92 standard. Five replications of

each formulation were tested.

8.3.5 Creep modeling
Basically, creep strain, &, t, T), depends on stress (o), time (t), and
temperature (7) [24]. It consists of three main elements: (1) elastic deformation
(stress-temperature dependence) eJfo, T); (2) viscoelastic deformation (stress-time-
temperature dependence) (o, t, T); and (3) viscoplastic deformation (stress-time-

temperature dependence) &g, t, T) [24]:
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(0,1, T =¢€.0,T)+e ,0,t,T)+e,(0,,T) (8.1)

To describe and predict the short-term creep behavior, many models were
developed and applied by using the constitutive relation of polymeric materials [25].
The four-element Burger model (Figure 8.2) is a mathematical model that has been
revealed to give a satisfactory prediction and description [25-27]. This model is
combinations of Maxwell and Kelvin-Voigt models, which consists of elastic and
viscous elements [25, 27]. The mathematical equation for Burger model can be

expressed as follows:

20 =E°—+—§{1—exp(~tfi<—ﬂ+tf— (8.2)

M K Nk Mm

where ¢ is strain accumulated following time (), when a certain stress (o) is
employed. E,, represents the elastic modulus of the spring in the Maxwell element,
which defines the instantaneous elastic deformation that can be immediately
recovered when stress is removed. Ex and 7 represent the elastic modulus of the
spring and the viscosity of the dashpot, respectively, in the Kelvin element, which
associate with the stiffness and viscous or oriented flow of amorphous polymer
chains in the short term. ny represents the viscosity of the dashpot in the Maxwell

element, which defines the viscous flow [28].

Figure 8.1 Test apparatus of three-point bending creep
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Figure 8.2 Schematic of the four-element Burger model

8.4 Results and discussion ‘

The D-optimal mixture design of experiments, with five fractions as
(mutually dependent) variables (that sum to one), had 20 runs in a randomized
order. The three determined responses were the values of the instantaneous creep
strain (C,), of the viscoelastic creep strain after 6000 s (Cues000), and of the total creep
strain after 6000 s (Cgo00). The results are summarized in Table 8.1.

8.4.1 Statistical analysis of the response surface model

The data for C,, Cuesooo, aNd Cisogo Were fit with linear model by
multiple linear regressions, with no statistical need for quadratic, special cubic and
cubic models. For example, a summary of modeling the Cig00 response is shown in
Table 8.2. The sequentially fit linear model is significant (p-value less than a = 0.05),
but the higher order terms are not. The adjusted coefficient of determination (adj-Rz)
and predicted coefficient of determination (pred-Rz) shown in Table 8.3 have the
fairly good values 0.8780 and 0.8413, respectively. The values in Table 8.3 came
from an analysis of variance (ANOVA) on the significant effects relative to the creep
responses. The ANOVA shows statistical significance of these linear models, indicated

by p-values less than a (o = 0.05). This result implies that each modeled output, C.,
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Cres000, and Ciso0, Was significantly affected by at least one of the four controlled

" variables. The R value for Ciegopo is relatively poor, partly because its determination

was “noisy” with a high C.V.

Table 8.1 Experimental compositions in mixture experimental design and measured

responses

Creep strain (%)

Run  Mixture component proportion (wt%)

¢ Cowmo Cemw

no. X Xo X; X Xs

1 63.9 29.9 45 0.7 1.0 0.98 0.33 1.31
2 70.0 25.0 3.0 1.0 1.0 1.03 0.42 1.45
3 50.0 43.0 5.0 1.0 1.0 0.77 0.27 1.04
4 54.9 38.9 4.5 0.7 1.0 0.75 0.25 1.00
5 58.5 34.5 5.0 0.0 1.0 0.80 0.37 1.17
6 554 39.9 3.5 0.2 1.0 0.74 0.29 1.03
7 58.5 34.5 4.0 1.0 1.0 0.78 0.31 1.09
8* 59.5 34.5 5.0 0.0 1.0 0.89 0.38 1.27
9 50.0 443 4.3 0.5 1.0 0.67 0.27 094
10 68.0 25.0 50 1.0 1.0 1.07 0.43 1.50
11 50.0 45.0 3.0 1.0 1.0 0.70 0.25 0.95
12* 50.0 43.0 5.0 1.0 1.0 0.711 0.36 1.07
13 60.3 35.3 3.0 05 1.0 0.88 0.34 1.22
14 64.9 304 3.5 0.2 1.0 0.90 0.38 1.28
15 700 25.0 3.0 1.0 1.0 1.03 0.40 143
16 51.0 45.0 30 0.0 1.0 0.70 0.32 1.02
17 51.0 45.0 3.0 0.0 10 0.69 0.26 0.95
18* 50.0 45.0 3.0 1.0 1.0 0.73 0.25 0.98
19 70.0 25.0 4.0 0.0 1.0 0.94 0.42 1.36
20 69.0 25.0 5.0 0.0 1.0 0.96 0.33 1.29

Note; *duplicate experiment
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Table 8.2 Fit summary of Ciggoo response

Sequential - Lack of fit

Source p-value p-value Adj-R2 Pred-R’

Linear <0.0001*  Q.1125 0.8780 08413  Suggested
Quadratic 0.2092 0.1415 0.9045 0.7242

Special cubic 0.2454 0.1161 0.9279 -13.77

Cubic 0.1161 - 0.9497 - Aliased

*P-value less than 0.05 indicate model terms are significant.

Table 8.3 P-values from analysis of variance and model adequacy indicators for each

modeled response

ngurcé L G Cuge ) Crsoon (9)
linear linear linear
Modet
<0.0001*  0.0006* <0.0001*
Linear Mixture <0.0001* 0.0006* <0.0001*
Lack of Fit 03331 0.3590 0.1125
R 09143  0.6555 0.8973
AdjR’ 0.8982  0.5909 0.8780
Pred-R’ 08742 0429 0.8413
CV. (%) 4.99 12.03 5.52

*P-value less than 0.05 indicate model terms are significant.

The R’ values of the C., Cieso00, @and Cigooo are 0.9143, 0.6555, and
0.8973, indicating that 8.57%, 34.45%, and 10.27%, respectively, of the total
variability in observations is not explained by the models; R values close to 1
indicate good fits [29]. R’ values will always increase when a variable is added to the
model [30], and the computed adj-R2 should be close to R value of the model
selected. This indeed is the case for the fitted models, indicating it is unlikely that
the models have insignificant terms included [31]. The pred—Rz value of C, was
0.8742, meaning that the fitted model is estimated to explain about 87% of
variability in new cases, and this is in reasonable agreement with the adj-R2 of 0.8982.

For Cuesooo all of R2, adj-Rz, and pred-Rz, have relatively low or poor values, because
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Cresooo Was calculated as Cypo-Ce and this increased its relative inaccuracy. The
coefficients of variation (C.V.), of C., Ciesoon, and Cisono, Were estimated at 4.99%,
12.03%, and 5.52%, respectively, based on the residual variation. Low C.V. values

indicate good precision of the determinations.

8.4.2 Model adequacy checking

Model adequacy checking is always necessary with a fitted model [31].
Figure 8.3(a) displays normal probability plots of the residuals for elastic creep strain
Ce, and the visually good fit with a straight line suggests that the residuals are about
normally distributed. The interpretation is that the residuals are Gaussian
measurement noise, while the explanatory variables (fractions of rPP, RWF, MAPP,
and UV stabilizer) explain the deterministic part of the relationship. Likewise, there is
no strong indication of presence of outliers, as such a failed experiment would give a
large residual disabling the good straight line fit in a probability plot [18]. A plot of
the residuals vs. the predicted values for the model of C, is shown in Figure 8.3(b).
There is no obvious patterns remaining, and therefore no suggestion for adding some
nonlinear terms to the fit [18]. Figure 8.3(c) shows the (. model predictions vs.
observations. The model outputs fit the actual observations quite well, with C.
model deviating from actual by less than about 5%, in alignment with the estimated
C.V. The model adequacy was similarly checked for C,es000 and Cigooo, With essentially

similar conclusions.

8.4.3 Effect of composition on the elastic creep strain and optimal
formulation

The linear regression model fitted to experimental C, value was:
Ce = 0.99x; + 0.66x, + 0.89x; + 1.78x, (8.3)

in which all coefficients are positive. RWF (x,) has the smallest coefficient so it should
be maximized to minimize creep. The UV stabilizer (x4) has the largest coefficient, so
its addition should be as small as possible. The experimentally covered formulations

are shown in Figures 8.4(a) and 8.4(b), with color coding for the modeled Ce. In the



162

triangular contour plot of Figure 8.4(a) the three pure components (PP, RWF, and
MAPP) are represented by the corners, while the additive levels were fixed (UV
stabilizer at 0.5 wt% and Lub at 1 wt%). The contours in the colored areas, that
include the experimental observations, present the C, regression fits varying from 0.7
to 1%. The creep C, clearly decreases with increasing rubberwood flour content. High
wood flour content increases the modulus of elasticity (MOE) of composites [32], so
that higher stress is required for the same deformation [7, 33]. The choice of MAPP
content between 3 and 5 wt% barely affected the C.. Generally, the addition of
coupling agent in the WPCs decreases the creep strain due to the improved filler
dispersion and improved interfacial adhesion between wood flour and polymer
matrix [34-36], whereas too much MAPP relative to wood flour will cause self-
entanglement, resulting in slippage with the PP molecules [7, 37]. The triangular
contour plot in Figure 8.4(b) also shows that addition of 1 wt% UV stabilizer slightly
increased the elastic creep strain from 0.82 to 0.88%. UV stabilizer is known to
reduce the flexural properties but to increase creep strain, due to non-homogeneous
spatial distribution of wood flour, polymer, and UV stabilizer [38]. Using 1 wt% of UV
stabilizer may be unnecessary, and its fraction should be minimized to decrease
creep.

The numerically optimized compositions for each creep characteristic,
based on fitted models, are shown in Table 8.4. In all three cases the formulations
have about 50.0 wt% of rPP and 45.0 wt% of RWF, with minor variation in MAPP and
UV stabilizer fractions. Since the requirements of optimizing the different creep
characteristics are not in much of a conflict, they can be approximately optimized

simultaneously.
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Figure 8.3 Model adequacy checking for elastic creep strain; (a) normal probability

plot of residuals, (b) plot of residuals versus predicted values, and (c) plot of
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Figure 8.4 Contour plots for effects of compositions on elastic creep strain (a) fixed

UV stabilizer at 0.5 wt%, Lub at 1 wt% and (b) fixed rPP at 59.8 wt%, Lub at 1 wt%
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Table 8.4 The optimal formulations that minimize each creep characteristic, with

predicted responses

Mixture component proportion (wt%) Predicted
Property (%) Xy Xz X3 Xy X5 response Desirability
C. 50.0 45.0 3.9 0.1 1.0 0.67 0.996
Coesioo 500 450 3.0 10 1.0 0.26 0.906
Ciomoo 501 450 35 03 1.0 0.95 0.962

8.4.4 Effect of composition on the viscoelastic creep strain and optimal
formulation
The linear regression model for the viscoelastic creep strain (Cue6000)

was:
CveéOOO = 0.4OX1 + 0.27X2 + 0.45)(3 + 0.26X4 (84)

with positive coefficients. In Figure 8.5 Cieg000 (in the range of 0.28 to 0.40%) increases
for high fractions of recycled polypropylene, because the mobility of polymer chains
increased in the wood-plastic composites and contributed to viscoelasticity. The
concentration effect of MAPP on Ces000 Was insignificant similar to elastic creep
strain. The optimal composition minimizing viscoelastic creep strain coincided with

formulation 11, see Table 8.4.

\/235

\ \
353 30.1 c: MAPF;S.O
Cve6000

Figure 8.5 Triangular contour plot for effects of the compositions on viscoelastic

creep strain. Constant fractions of UV stabilizer at 0.5 wt% and Lub at 1 wt%
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8.4.5 Effect of composition on the total creep strain and optimal
formulation

The linear regression fit for the total creep strain (Csoo0) Was:
CtGOOO = 1.39 + 0.93x, + 1.33X3 + 2.04x, (8.5)

with positive coefficients. RWF (x,) has the lowest coefficient, while UV stabilizer (x,)
has the largest coefficient. Figure 8.6(a) shows that total creep strain varies in range
of 1.0 to 1.3% and decreases with rubberwood flour loading. Rubberwood flour had
a lower coefficient than recycled polypropylene because wood flour is stiffer than
the neat plastic [39]. Figure 8.6(b) presents the effect of MAPP and UV stabilizer
contents on the total creep strain. The total creep strain slightly increases with MAPP
and UV stabilizer concentrations, with reasons similar to what was discussed in

relation to C.. The optimal formulation based on the numerical model is also shown

in Table 8.4.
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Figure 8.6 Contour plots for effects of the compositions on total creep strain (a) fixed

UV stabilizer at 0.5 wt%, Lub at 1 wt% and (b) fixed rPP at 59.8 wt%, Lub at 1 wt%

8.4.6 Optimal formulation for all creep characteristics
Multiobjective optimization using all of the regression models was
performed with the Design-Expert software, using its default settings to construct a

desirability score that balances all of the fitted models. The plot in Figure 8.7 shows
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the formulation that was considered optimal, along with contours of the desirability
score. The optimal formulation found was 50.5 wt% rPP, 44.9 wt% RWF, 3.5 wt%
MAPP, 0.1 wt% UV stabilizer, and 1.0 wt% Lub, corresponding to a high desirability of
0.945. All the previous optima, in Table 8.4, were at practically the same formulation.
The model predictions were validated experimentally, and the results are in Table
8.5 for the jointly optimal formulation. The maximum deviations between model
predictions and experimental averages are the same order as the earlier estimated

C.V. accuracies of determinations.
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Figure 8.7 The optimal formulation for overall desirability

Table 8.5 Predicted and observed responses with the formulation optimized jointly

for all the creep characteristics

Mixture component proportion (wt%)  Creep strain (%)

X1 X2 X3 Xq X5 G Cleso00 Cisooo
Predicted 0.67 0.27 0.95
50.5 449 3.5 0.1 1.0
Observed 0.71 0.29 1.00

(0.01 (0.02) (0.03)

*The values in parentheses are standard deviations from five replications.

8.4.7 Effect of plastic grades on creep behavior
The short-term flexural creep behavior of unfilled PP and PP/RWF

composites with different RWF content is shown in Figure 8.8, while the values of the
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Ce, Ciesoo0, @and Cegoo are also exhibited in Table 8.6. As can be seen in Figure 8.8, the
neat PP (both virgin and recycled) presented the highest creep in the duration of
testing, and an increase of rubberwood flour content in the composites showed the
decreased creep tendency. This behavior is probably due to an increase in modulus
of elastic (MOE) of composites with high wood flour content [32], as shown in Table
8.7. The MOE of composites (both virgin and recycled plastics) increased with wood
flour loadings. Since RWF is a high modulus material compared to the plastic matrix,
composites with higher wood flour content require a higher stress for the same
deformation [7, 33]. MOE thus has positive effect on decreasing deformation and
effective improvement in creep behavior. In addition, unfilled rPP and composites
based on rPP show higher creep strain than those based on vPP, for the same plastic
to wood ratio. This is probably because of the virgin plastic being stiffer than recycled
plastics [7]. However, the two types of plastic with 45 wt% RWF seem to have the

same creep behavior, in good agreement with the values of MOE.
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Figure 8.8 Creep strain (dot) as a function of time at 25 °C affected by plastic grades

and rubberwood flour contents; solid lines represent Burger model fit
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Table 8.6 Wood-plastic composite formulation (percent by weight) and creep strain of

unfilled PP and PP/RWF composites (T = 25 °C, ¢ = 19 MPa)

Composite Mixture componerit proportion (wt%) Creep strain (%)

sample code PP vPP~ RWF  MAPP- LIV Lub C Coes00 Ceeono
rP100 100 1.27 0.52 1.79

vP100 100 1.07 0.44 1.51

rPTOR25M3U1 70 25 3 1 1 1.03 0.40 1.43

vP7TOR25M3U1 70 25 3 1 1 0.94 0.38 1.32
rP60R35M3U0.5  60.3 353 3 05 1 0.88 0.34 1.22

vP60R35M3U0.5 603 353 3 0.5 1 0.78 0.27 1.05
rP50R45M3U1 50 45 3 1 1 0.70 0.25 0.95

vP50R45M3U1 50 45 3 1 1 0.68 0.23 0.91

Table 8.7 Modulus of elastic and Burger’s model parameters

Composite sample cod ) Ey(MPa)  Ec(MP) g, (MPas)  7¢(MPas)
rP100 1.27 (0.06)* 1489 7142 4.55E+ 07 3.57E + 06
vP100 1.67 (0.06) 1764 9547 4.6TE + 07 4. 7TE + 06
rP70R25M3U1 1.76 (0.03) 1832 9595 5.73E + 07 479t + 06
vP70R25M3U1 1.93 (0.06) 2012 10326 5.82E + 07 5.16E + 06
rP60R35M3U0.5 2.17 (0.08) 2146 11801 6.49E + 07 5.90E + 06
vP60R35M3U0.5 231 (0.02) 2420 13868 8.25€ + 07 6.93E + 06
P50RA5M3U1 2.68 (0.08) 2702 16239 8.31E + 07 8.11E + 06
vP50R45M3U1 2.66 (0.05) 2773 16521 9.50E + 07 8.26E + 06

*The values in parentheses are standard deviations from five replications.

8.4.8 Creep modeling analysis
Figure 8.8 also shows fit of creep curves using Burger model with the
solid lines. It can be seen that Burger model provided a good fitting with the
experimental data of each formulation. Similar results were found in the work of Liu
et al. [26] and Tamrakar et al. [27] who reported that the Burger model offered a
good fitting for the creep curves of the composites. The first instantaneous creep

arises from the elastic modulus or the spring (€, and later time-dependent deflection
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participates with the spring (Ex) and dashpot (), and last time-dependent
deformation comes from the viscous dashpot flow (1) [25]. The short-term creep
curves were modelted with the Burger equation and the parameters are summarized
in Table 8.7. According to these results, viscosity increased with an increase of the
rubberwood flour content, and lower flow occurred in the dashpot, and thus
permanent deflection reduced. In the Maxwell spring part, the modulus (£, of
composites from both virgin and recycled plastics exhibited the enhanced values with
the wood flour loading. This is attributed to the stiffness of the composite materials
with higher RWF content, and thus reduced the instantaneous elastic deformation
during creep experiments. The viscous flow (1) values tend to also enhance with the
increase of the wood flour content. This is caused by the fact that increasing additions
of wood flour content reduced the amount of polymer chains in the plastic
composites, resulting in the increase of the viscosity. The retardant elasticity (Ex) and
viscosity (7, revealed a similar trend on wood flour content, increasing with wood
flour content. It could be concluded that the deformation of the Kelvin-Voigt element

decreased with increasing wood flour content.

8.5 Conclusions

Design and analysis of D-optimal mixture experiments were used to
efficiently obtain the optimal formulation of rPP/RWF composites that minimizes
creep. All the component fractions which experimentally varied, namely of rPP, RWF,
MAPP, and UV stabilizer, significantly affected all the creep characteristics (Ce, Cueso00,
and Cno)- In general, a high fraction of RWF reduced all of these, and the optima
found had 45 wt% RWF which was the maximum in the experimental design. At this
wood flour loading, the modulus of elasticity was maximized, so that a
comparatively high stress is required for a given creep deformation. Increasing the
fraction of MAPP from 3 to 5 wt% only slightly affected the creep strain, lacking
statistical significance. The addition of 1 wt% UV stabilizer slightly increased creep.
The approximately optimal formulation minimizing jointly all creep characteristics
was 50.5 wt% rPP, 44.9 wt% RWF, 3.5 wt% MAPP, 0.1 wt% UV stabilizer, and 1.0 wt%

Lub. The joint optimization maximized a desirability score that balanced the multiple
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objectives, and the jointly optimal formulation was experimentally validated to
produce low creep nearly as predicted.

In addition, the plastic grades and rubberwood flour contents showed
a large impact on the creep behavior of the composites. The neat VPP and
composites based on vPP exhibited lower creep deformation than those based on
PP, for the same plastic to wood ratio. The unfilled PP (both virgin and recycled)
demonstrated the highest creep strain in range of time studied. The creep strain
reduced as the wood flour level increased, due to the resulting increase in stiffness
[40]. It was clearly revealed that the addition of rubberwood flour in PP composites
can be efficiently improved the poor creep stability of polyolefin. Besides, the short-
term flexural creep behavior could be well fitted by using the Burger model, and the
data of modeling offered an understanding of the deformation mechanism for three

elements: elastic, viscoelastic, and viscoplastic deformation.
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CHAPTER 9

Composites from Recycled Polypropylene and Rubberwood Flour:

Effects of Composition on Mechanical Properties

9.1 Chapter summary

The mechanical properties of composites from recycled plastic waste
and sawdust waste are interest on trying to convert these waste streams to useful
products. The development of these composites from natural fiber is therefore
receiving widespread attention due to the growing environmental awareness. Effects
of compositions were investigated including different grades of plastic (virgin and
recycled) and amounts of wood flour, coupling agent, and UV stabilizer on
mechanical and physical properties of polypropylene/rubberwood flour composites.
Virgin polypropylene gave better mechanical properties than recycled (rPP), both in
composites and as unfilled plastic. Rubberwood flour (RWF) content exceeding 25
wtd enhanced the strength of RWF reinforced rPP composites. The modulus and
hardness of composites increased linearly with wood flour loadings. Maleic anhydride
-grafted polypropylene (MAPP) as a coupling agent increased the strength, modulus,
and hardness of the composites. However, an addition of 1 wt% UV stabilizer
degraded the mechanical properties. This research suggests that using 4.0 wt% MAPP
content is good mechanical properties in rPP/RWF composites, while the amount of

UV stabilizer should be as small as possible to avoid its negative influence.

9.2 Introduction

Nowadays, wood-plastic composites (WPCs) have become popular.
They are extensively used in automotive industry as door inner panels, seat backs,
and headliners; in construction business as decking, cladding, and fencing; and in
infrastructure as marina and boardwalk. This is due to recyclability, low density, low

cost, low maintenance, and eco-friendliness with good mechanical properties.
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Moreover, softwood lumber is increasingly replaced as WPCs and plastic lumber in
applications of deck-building because of having better durability than softwood
tumber [1, 2], and demand of WPCs is also expected to expand nearly 12% each
year between 2000 and 2010 in the United States [2].

Numerous investigators have recently studied the thermal and
mechanical properties of virgin plastics filled with cellulosic fibers in an attempt to
reduce the cost and improve the properties of plastics [3, 4], whereas the utilization
of post-consumer plastics in WPCs has been rarely studied. Lisperguer et al. [5]
compared WPCs manufactured from wood flour and virgin and/or recycled
polystyrene (rPS). They reported that the mechanical properties of the composites
based on virgin polystyrene were not better than those based on rPS. Najafi et al. [6]
studied the mechanical properties of WPCs produced from sawdust and virgin or
recycled plastics, namely high-density polyethylene (HDPE) and polypropylene (PP).
The composites containing HDPE (recycled and \)irgin) exhibited lower stiffness and
strength than those made from PP. Ashori and Sheshmani [7] investigated the effects
of weight fraction of fibers in hybrid composites made from combinations of recycled
newspaper fiber, poplar wood flour, and recycled polypropylene. The composites
with a high fraction of recycled newspaper fiber showed maximum water absorption
during the whole duration of immersion. Nourbakhsh et al. [8] also concluded that
polypropylene waste and wood waste are promising alternative raw materials for
making low cost WPCs.

Plastic wastes are the major constituent of municipal solid waste and
a promising raw material source for WPCs [6). Using recycled plastics to produce
WPCs would not only decrease the consumption of energy and natural resources,
but also offers an effective method of disposing plastic waste [9]. The development
of new composites from post-consumer polymers, and a better understanding of the
effects of composition on the physical and mechanical properties, will facilitate
economic application of these composites in consumer products, and accordingly
decrease environmental impacts [10, 11].

Application of fiber waste as reinforcement or filler is increasing in

WPCs. These fibers offer several advantages including biodegradability, renewable
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character, low cost, ease of fiber surface modification, absence of associated health
hazards, and low equipment wear during their processings [10, 12]. Natural fibers
have been extensively popularized and successfully used to improve the mechanical
properties of plastic composites, with bagasse, bamboo, banana, flax, hemp, jute,
kenaf, oil palm, pineapple, sisal, wood, and other wastes as examples [13, 14].
Yemele et al. [15] mixed bark with HDPE and examined the effects of wood species
on mechanical properties. They found that black spruce bark composites had better
strength than aspen bark composites. Rahman et al. [16] also investigated the effects
of jute fiber content on the mechanical properties of reinforced PP. The tensile
strength of the composites decreased with an increasing jute fiber loading, but the
Young’s modulus decreased only stowly. Reddy et al. [17] reported that an increase
in the wheat straw and clay contents in a polypropylene hybrid composite increased
the flexural modulus and water absorption. Despite extensive research in the area of
natural fiber reinforced plastics, few studies have used rubberwood flour to reinforce
virgin plastics, and there is no prior report on rubberwood flour reinforced post-
consumer polypropylene.

The rubberwood (Hevea brasiliensis) flour is much fiber waste
generated from sawmills and fumniture industries, such as local factories in Thailand.
In these industries are generally produced wood wastes about 34% and plantation
wastes about 54%. Only 12% of the rubberwood ends up as the goods [18]. Most of
the wood waste can be used as raw material to manufacture particleboard and
medium-density fiberboard (MDF). However, there is a great deal of interest in
utilizing the fibers waste as reinforcement of plastic composites. The fillers (wood
flour or wood fiber) are also a more important factor affecting the mechanical
properties of the WPCs because of the different wood species consisted of different
content and components, such as cellulose, hemicellulose, lignin, and extractants
[19]. Hence, the effect of filler (rubberwood flour) and grade of plastic (virgin and
recycled polypropylene) on the composites is needed to be further studied. In the
current work, the effects of material compositions (including different grades of
plastic and the contents of rubberwood flour, coupling agent, and UV stabilizer) on

the mechanical and physical properties of composites were investigated. The goal of
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this research is to determine the effects of composition on the mechanical and
physical properties, for rubberwood flour reinforced recycled polypropylene. The
new information will facilitate informed decisions regarding manufacture of such

composites.

9.3 Experimental
9.3.1 Materials

Recycled polypropylene (rPP) pellets were obtained from Withaya
Intertrade Co., Ltd (Samutprakarn, Thailand) under the trade name WT170. The
material has a melt flow index of 11 ¢/10 min at 230 °C. Virgin polypropylene (vPP),
HIPOL J600 with a melt flow index of 7 ¢/10 min at 230 °C was supplied by Mitsui
Petrochemical Industries Co., Ltd (Tokyo, Japan). Rubberwood flour (RWF), used as a
lignocellulosic filler, was supptied by S.T.A Furniture Group Co., Ltd (Songkhla,
Thailand). its chemical composition (by weight) was: cellulose 39%; hemicellulose
29%,; lignin 28%; ash 4% [18]. The interfacial adhesion between filler and matrix was
also modified using as a coupling agent maleic anhydride-grafted polypropylene
(MAPP), supplied by Sigma-Aldrich (Missouri, USA) with 8-10% of maleic anhydride.
HALS additive, chosen as the UV stabilizer (UV), was supplied by TH Color Co., Ltd
(Samutprakarn, Thailand) under the trade name MEUV008. A lubricant (Lub), paraffin
wax, was purchased from Nippon Seiro Co., Ltd (Yamaguchi, Japan).

9.3.2 Preparation of the composites

Prior to compounding, the rubberwood flour was sieved (80 mesh)
and dried in an oven at 110 °C for 8 h. WPCs were then produced in a two-stage
process. In the first stage WPC pellets were produced: polypropylene and wood
particles were compounded into wood-plastic composite pellets using a twin-screw
extruder (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi, Thailand). The barrel with
10 temperature zones was controlled at 130-170 °C to reduce degradation of the
compositions, while the screw rotation speed was fixed at 70 rpm. In the second
stage WPC panels were produced: the WPC pellets were again dried at 110 °C for 8
h. WPC pellets, MAPP, UV stabilizer, and lubricant (formulations in Table 9.1) were
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then dry-mixed and fed into a twin-screw extruder. The temperature profile in the
extruding process was 130-190 °C, with 50 rpm. Melt pressure at the die varied
between 0.10-0.20 MPa, depending on wood flour content. Vacuum venting at 9
temperature zones was also used to purge volatile compounds. The samples were
then extruded through a rectangular 9 mm x 22 mm die and cooled in atmospheric
air. Subsequently, the specimens were machined according to ASTM for mechanical

and physical testing.

Table 9.1 Wood-plastic composite formulation (percent by weight)

Composite Sample code PP wPP . RWF MAPP. UV . Lub
rP100 100

vP100 100

rP70R25M3U1 70 25 3 1 1
vP7TOR25M3U1 70 25 3 1 1
rP60R35M3U0.5 60.3 35.3 3 0.5 1
vP60R35M3U0.5 60.3 35.3 3 0.5 1
rP50R45M3U1 50 45 3 1 1
vP50R45M3U1 50 45 3 1 1
P51R45M3U0 51 45 3 0 1
P70R25M4UQ 70 25 4 0 1
rP69R25M5U0 69 25 5 0 1
rP68R25M5U1 68 25 5 1 1

Note; The selected formulations from the mixture experimental design were camied out. The rPTOR25M3U1
means 70 wt3 PP, 25 wit9% RWF, 3 wtd6 MAPP, and 1 wit%% UV.

9.3.3 Testing
Mechanical properties. Tensile, compressive, and flexural tests were carried
out on an Instron Universal Testing Machine (Model 5582 from Instron Corporation,
Massachusetts, USA), according to ASTM standards D638-99, D6108-97, and D790-92,
respectively. The cross-head speed used for the type-IV tensile specimens was 5
mm/min. The compressive test was also conducted using a constant displacement

rate of 0.5 mm/min, and prism specimens were used to determine the compressive
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strength and modulus. For the flexural test, specimens with nominal dimensions of
48 mm x 13 mm x 100 mm, a span of 80 mm, and a cross-head speed of 2
mm/min were used. Al the mechanical tests were performed at room temperature
(25 °C) with five replications.

Hardness testing. Hardness measurements were performed according to
ASTM D2240-91 specification, using two Durometers (Shore D scales) for the
composites. The dimensions of the specimens tested were approximately 16 mm x

16 mm x 6.5 mm. The measurements were performed at room temperature (25 °0).

9.3.4 Analysis

Morphological analysis. The interfacial morphology and phase dispersion of
the wood flour in the polymeric matrix were analyzed with a scanning electron
microscope (SEM). SEM imaging was performed using a FEI Quanta 400 microscope
(Oregon, USA) at an accelerating voltage of 20 kV. The samples were sputter-coated
with gold to prevent electrical charging during the observation. Specimens were
imaged at magnifications of 150x and 1000x.

Statistical analysis. Results, such as mean values and standard deviations,
from five samples of each test were statistically analyzed. The effects of composition
on the wood-plastic composites’ properties were evaluated by analysis of variance
(ANOVA) and student’s t-test. ANOVA indicated the significant differences between
wood flour contents, and then a comparison of the means was done with Tukey's
multiple comparison test. A two-sample t-test was also used to detect significant
differences between levels of additives. All the statistical analyses used a 5%

significance level (a = 0.05).

9.4 Results and discussion

The specimens produced from blends of polypropylene and
rubberwood flour were characterized. The mechanical and physical properties of
WPCs are summarized in Tables 9.2 and 9.3. The average values and standard
deviations of the flexural strength and modulus, compressive strength and modulus,

tensile strength and modulus, and hardness, were calculated from five replications.
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Table 9.2 Effects of rubberwood flour content on mechanical and physical properties

of WPCs

Flexural Compressive Tensile
Composite Strength  Modulus ~ Strength  Modulus - -Strength’ Modulus Hardness
sample code (MPa) (GPa) (MPa) (GPa) (MPa) (GPa) (shore D)
rP100 3702° 127 10100 0.79° 2412° 055 725
vP100 5007 167" 2003 097" 3012 069" 756"
rP70R25M3U1 3694" 176 825 071’ 2300 065 = 732°
VPTOR25M3U1  4431° 193" 1534° 106" 2586° 084" 764"
rP50RG5M3U1 39.66°  2.68° 1359°  1.20° 2397 099° 752
VPSORA5M3U1  43.41° 266" 1677  1.40° 2793  1.09° 783"
rP6OR35M3U0.5*  40.23 217 1573 1.15 2538  0.88 743
VP60R35M3U0.5* 44.85 231 1963 128 2841 099 778

Note; *rP60R35M3U0.5 and vP60R35M3U0.5 were not analyzed to compare the statistical effect of rubberwood

content, but they were employed to show the trend of increasing RWF content. Means within each property with

the same letter (suffixes a-c for rPP and A-C for vPP) are not significantty different (Tukey’s test, a = 0.05).

Table 9.3 Effect of MAPP and UV stabilizer contents on mechanical and physical

properties of WPCs

Fows o Tewe
Composite -~ Strength “Modulus ~ Strength Modutus s strength Modulus Hardness |
PIORZSMBUL 3698  1.76° 825 o1t 23000 065 73.2°
P6BR25M5U1  37.068°  2.01° 821° 083 2329 074" 73.7°
PT0R25MAUC 3895  1.90° 1055  1.01° 2465  0.76 736
rP69R25MSUC  3844°  1.93° 896" 079" 2501° 0.78° 738"
P69R25M5U0  38.44° 193 896  0.79° 2501° 078 73.8°
P68R25M5U1  37.04°  2.01° 821° 083 2329° 074" 73.7°
P51RA5M3U0  46.24°  2.60° 17.96° 145" 2836 1.09° 76.1°
(PSORA5SM3UL  39.66°  2.68° 1359°  1.20° 2397° 099" 75.2°

Note; Means within each couple of formulation with the same letter are not significantly different (student’s ¢-

test, a = 0.05).
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9.4.1 Flexural properties

The flexural properties are important factors in decision making of
WPCs applications. Figures 9.1(a) and 9.1(b) show the flexural strength and modulus,
respectively, of the composites with virgin or recycled polypropylene and different
amounts of rubberwood flour. Generally, an increase in the wood flour content
(without the coupling agent) clearly decreases the flexural strength, but the flexural
modulus slightly increases [20, 21]. It was found in the present work that an increase
of RWF content in recycled polypropylene increased the flexural strength. This is
because of the reinforcing effect of the wood flour that distributes a uniform stress
from a continuous plastic matrix to a dispersed wood flour phase [22, 23]. Likewise,
the flexural modulus of composites (both virgin and recycled plastics) linearly
increased with wood flour loadings. Since RWF is a high modulus material compared
to the plastic matrix, composites with higher wood flour concentration require a
higher stress for the same deformation [16]. These results are verified by the
statistical analysis of variance. According to the one-way ANOVA of the composites
between RWF and rPP or vPP in Table 9.4, the RWF content significantly (p<5%)
affects the flexural strength and modulus of the composite materials. Tukey’s test in
Table 9.2 also indicates that unfilled rPP (suffix @) has insignificantly higher flexural
strength than rPP composites with 25 wt% RWF (suffix a), but unfilled PP and
composites with 25 wt% RWF have significantly lower flexural strength than rPP
composites with 45 wt% RWF (suffix b). Furthermore, unfilled vPP and composites
based on vPP exhibit higher flexural properties than those based on rPP, for the
same plastic to wood ratio. This is probably due to the virgin plastic being stiffer than
recycled plastic. The recycled plastic has the lowering of the melt viscosity, which is

attributed to decrease of molecular weight [24].
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Figure 9.1 Effect of RWF content and plastic grade on (a) flexural strength and (b)

flexural modulus for PP-rubberwood flour composites
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Table 9.4 Results of one-way ANOVA for the effect of RWF content on mechanical

and physical properties of PP-rubberwood flour composites

rPP/RWF composites VvPP/RWF composites
Property Fs p-value Fo p-value
Flexural strength 4.60 0.003* 22.99 0.000*
Flexural modutus 112.55 0.000* 38.75 0.000*
Compressive strength 10.46 0.003* 13.15 0.001*
Compressive modulus 19.69 0.000* 9.88 - 0.004*
Tensile strength 0.96 0.417 17.46 0.000*
Tensile modulus 20.82 0.000* 178.66 0.000*
Hardness 112.99 0.000* 23.35 0.000*

*The effect of RWF content is significant at p < 0.05.

The effects of different amounts of MAPP and UV stabilizer on the
flexural strength and modulus are shown in Figures 9.2(a) and 9.2(b), respectively.
The effects of 3 and 5 wt% MAPP additions on the flexural properties of rPP/RWF
composites containing 25 wt% RWF show that the addition of 5 wit% MAPP gives
higher flexural strength (not statistically significant) and modulus (significantly) than
the 3 wt% MAPP addition. This was expected because MAPP can improve the
compatibility between wood flour and PP matrix [8, 21, 22], improving the stress
transfer from polymer to wood particles [22]. However, comparing additions of 4 and
5 wt% MAPP, the composites adding 4 wt% MAPP show higher strength (not
statistically significant) than composites adding 5 wt% MAPP in accordance with prior
research [22, 25]. Too much MAPP relative to wood flour causes self-entanglement,
and results in slippage with the PP molecules [22]. These trends conclude that
addition of 3 wt% MAPP in composites shows lower flexural properties than those
based on additions of 4 and 5 wt% MAPP, and addition of 5 wt% MAPP exhibits
lower flexural strength than those based on additions of 4 wt% MAPP. Furthermore,
adding 1 wt% UV stabilizer affects the flexural properties of the composites with 25
wt% RWF so that the strength is reduced (ﬁot statistically significant), but the
modulus increases slightly. Again, composites with 45 wt% RWF showed a significant
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decrease in strength with UV stabilizer content. This may be attributed to

nonhomogeneous spatial distribution of wood flour, polymer, and UV stabilizer [26].
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Figure 9.2 Influence of MAPP and UV stabilizer concentration on (a) flexural strength

and (b) flexural modulus of rPP-rubberwood flour composites
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9.4.2 Compressive properties

Figures 9.3(a) and 9.3(b) show variation of the compressive strength
and modulus with different wood flour loadings, for PP/RWF composites with both
virgin and recycled PP. Compressive strength of the composites decreases with the
addition of 25 wt% RWF, but increases clearly with the further addition to 35.3 wt%
RWF. However, it was observed that the increase of RWF content to 45 wt% exhibits
a slight reduction of the compressive strength. This decrease is probably because of
weak interfacial bonding of the wood within the polymer, with microcrack formation
at the interface [22]. Besides, the compressive modulus exhibited a similar trend to
the flexural modulus: the modulus increased progressively with wood flour content.
Similar results were found by Garcia et al. [27], reporting that the increase of
compressive modulus was caused the wood flour being stiffer than the neat plastics.
in addition, composites based on VPP exhibit a similar trend to rPP/RWF composites
with increased wood flour loading. The ANOVA results in Table 9.4 demonstrate that
the effects of the wood flour concentration on the compressive properties are
statistically significant, for both virgin and recycled PP composites.

The effects of MAPP and UV stabilizer contents on the compressive
strength and modulus of WPCs are shown in Figures 9.4(a) and 9.4(b), respectively. As
can be seen, the compressive properties (both strength and modulus) of composites
with MAPP between 3 wt% and 5 wt% showed a similar trend to the flexural
properties. However, for the coupling agent MAPP between 4 wt% and 5 wt%, both
the strength and the modulus of composites decreased significantly. Furthermore,
the change in the compressive strength and modulus with different UV stabilizer
concentration, for 25 wt% RWF, is similar to that found in the flexural properties. The
composites with 45 wt% RWF show a significant decrease of both strength and
modulus with an increase (from 0 to 1 wtd%) of UV stabilizer. The reason for this
phenomenon is probably similar to that shown in the flexural properties. Using 1
wt% of UV stabilizer may be unnecessary, and to reduce the negative effects on the

mechanical properties the amouﬁt of UV stabilizer should be minimized [26].
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Figure 9.3 Effect of RWF content and plastic grade on (a) compressive strength and

(b) compressive modulus for PP-rubberwood flour composites
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Figure 9.4 Influence of MAPP and UV stabilizer concentration on (a) compressive

strength and (b) compressive modulus of rPP-rubberwood flour composites

9.4.3 Tensile properties
Figures 9.5(a) and 9.5(b) show the tensile strength and modulus of

PP/wood flour composites with different rubberwood contents. Both the tensile
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strength and modulus exhibited a similar behavior to the flexural properties,
increasing slightly with wood flour content. These results can be substantiated by
considering the SEM micrographs in Figure 9.6 [Figures 9.6(a), 9.6(b) for 25 wt% RWF
and 9.6(c), 9.6(d) for 45 wt% RWF]. It could be seen that the shape of irregular short
fibers shows in the composites. The composites containing 25 and 45 wt% RWF had
few voids, good dispersion of the fibers in the matrix, and strong interfacial adhesion
between the wood flour and the PP matrix. Hence, stress transfer is supported at
these high wood flour contents. According to this SEM study, the coupling agent
used in the composites improves the compatibility between the wood flour and the
PP matrix of all the formulations, resulting in the good interfacial bonding and
enhancement of mechanical properties. In contrast, the previous work [20] was
found that rPP/RWF composites without the compatibilizer showed numerous
cavities and weak interfacial adhesion, and these results in a decrease in the
mechanical properties of the composites. Besides, the unfilled vPP and composites
based on vPP exhibit higher tensile properties than those based on rPP, for the same
plastic to wood flour ratio. Moreover, unfilled vPP has a higher tensile strength than
the composites based on vPP. This is because high melt viscosity or low melt flow
index (about 7 ¢/10 min) of vPP reduces the encapsulation of wood flour into the
resin, resulting in poor dispersion and weak interfacial bonding between wood
particles and polymer. The ANOVA results in Table 9.4 show a statistically significant
effect of rubberwood flour content on the tensile properties of reinforced rPP or vPP,
although the tensile strength that effects on composites with rPP is not significant at
5% level.

Figures 9.7(a) and 9.7(b) (tensile strength and modulus, respectively)
show the influence of MAPP and UV concentrations on the tensile properties of
rPP/rubberwood flour composites. The effects of these concentrations have similar
trends as in the flexural and compressive properties. Increasing MAPP content
between 3 and 5 wt% does not significantly increase the tensile strength but
significantly enhances the tensile modulus. In contrast, an increase of UV stabilizer
content reduced the tensile properties (both strength and modulus). Potential

mechanisms causing these trends were discussed earlier for flexural properties.
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tensile modulus for PP-rubberwood flour composites
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Figure 9.7 Influence of MAPP and UV stabilizer concentration on (a) tensile strength

and (b) tensile modulus of rPP-rubberwood flour composites



193

9.4.4 Hardness

Figure 9.8 shows the hardness of both virgin and recycled PP/RWF
composites with different amounts of wood flour. The average hardness (both for
virgin and recycled PP) greatly increased with the reinforcing fitler. This is caused by
the fact that the wood filler has a considerably higher hardness than the weak plastic
matrix (28], and adding RWF decreases flexibility resulting in more rigid composites
[16, 29]. The virgin PP/RWF composites seem to have much higher hardness
compared to the recycled PP since vPP has lower melt flow index than that of the
PP, leading to lower flexibility composites. Usually, composites with a less flexible
matrix have a higher hardness [29]. Moreover, results of the analysis of variance

(Table 9.4) show that the hardness of PP/RWF composites was significantly affected

by wood flour content.
80
.18
(&)
e
2 16 |
IC)
a
g 74 ]
T
[
I
72 -
4
9995
70 25558
$
Bwp & &
9]
vPP

Figure 9.8 Effect of RWF content and plastic grade on hardness for PP-rubberwood

flour composites

Hardness of rPP/RWF composites with different coupling agent and UV
stabilizer contents are presented in Figure 9.9. The addition of coupling agent to
composites based on 25 wt% RWF showed a significant increase of hardness with
MAPP concentration. This could be attributed to both better dispersion of the wood
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flour into the polymer with minimum voids, and stronger coupling between the RWF
and rPP [16, 29]. When the UV stabitizer was added into the composites containing
45 wt% RWF, the hardness decreased significantly. This decrease is probably due to

the negative interaction of mixtures (namely wood flour and UV stabilizer).
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Figure 9.9 Influence of MAPP and UV stabilizer concentration on hardness of rPP-

rubberwood flour composites

9.5 Conclusions

The influence of plastic grades (virgin and recycled) and contents of
wood flour, coupling agent, and UV stabilizer on the mechanical and physical
properties of PP/RWF composites was examined. The results demonstrated that the
strengths (flexure, compression, and tension) of RWF reinforced rPP composites could
be enhanced with increasing wood flour contents beyond 25 wt%, whereas those
composites based on VPP show lower strengths than the unfilled vPP due to poorer
encapsulation of wood flour into the resin. The modulus and hardness of composites
(both virgin and recycled plastics) increased tinearly with wood flour loadings due to
the fact that wood flour is much stiffer than the PP matrices. The unfilled rPP and
composites based on rPP exhibit lower mechanical properties than those based on

vPP for the same plastic to wood ratio. The MAPP content affected on the
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mechanical and physical properties of the composites; however, the addition level

of 4.0 wt% MAPP in the rPP/wood flour composites is suggested for economical

benefit and good mechanical properties. The strength, modulus, and hardness of

composites were reduced by an addition of 1 wt% UV stabilizer content. To limit the

negative effects of the UV stabilizer on the mechanical properties of the composites,

its use should be minimized. The overall result highlights effects of composition and

new information to facilitate development of engineering performance of composite

materials, making use of wastes and by products from industry, and lending

technology towards another effective environmental conservation.

9.6 References

(1]

(2]

(3]

(4]

{51

(6]

D.R. Carroll, RB. Stone, AM. Sirignano, R.M. Saindon, S.C. Gose, and M.A.
Friedman. “Structural Properties of Recycled Plastic/Sawdust Lumber Decking
Planks." Resources, Conservation and Recycling, vol. 31, pp. 241-251, 2011.

. Ganguly and L.L. Eastin. "Trends in the US Decking Market: A National Survey
of Deck and Home Builders." The Forestry Chronicle, vol. 85, pp. 82-90, 2009.
N. Sombatsompop, W. Prapruit, K Chaochanchaikul, T. Pulngem, and V.
Rosarpitak. "Effects of Cross Section Design and Testing Conditions on the
Flexural Properties of Wood/PVC Composite Beams." Joumnal of Vinyl and
Additive Technology, vol. 16, pp. 33-41, 2010.

H. Bouafif, A. Koubaa, P. Perre, and A. Cloutier. "Effects of Fiber Characteristics
on the Physical and Mechanical Properties of Wood Plastic Composites.*
Composites Part A: Applied Science and Manufacturing, vol. 40, pp. 1975-
1981, 2009.

J. Lisperguer, X. Bustos, and Y. Saravia. "Thermal and Mechanical Properties of
Wood Flour-Polystyrene Blends from Postconsumer Plastic Waste." Jounal of
Applied Polymer Science, vol. 119, pp. 443-451, 2011.

S.K. Najafi, E. Hamidinia, and M. Tajvidi. "Mechanical Properties of Composites
from Sawdust and Recycled Plastics." Journal of Applied Polymer Science,
vol. 100, pp. 3641-3645, 2006.



[7]

(81

(9]

[10]

[11]

(12]

[13]

[14]

[15]

196

A. Ashori and S. Sheshmani. "Hybrid Composites Made from Recycled
Materials: Moisture Absorption and Thickness Swelling Behavior." Bioresource
Technology, vol. 101, pp. 4717-4720, 2010.

A. Nourbakhsh, A. Ashori, H.Z. Tabari, and F. Rezaei. "Mechanical and Thermo-
Chemical Properties of Wood-Flour/Polypropylene Blends." Polymer Bulletin,
vol. 65, pp. 691-700, 2010.

ZA. Khan, S. Kamaruddin, and A.N. Siddiquee. "Feasibility Study of Use of
Recycled High Density Polyethylene and Multi Response Optimization of
Injection Moulding Parameters Using Combined Grey Relational and Principal
Component Analyses." Materials and Design, vol. 31, pp. 2925-2931, 2010.

S.L. Favaro, M.S. Lopes, A.G.V.d.C. Neto, RR.d. Santana, and E. Radovanovic.
"Chemical, Morphological, and Mechanical Analysis of Rice Husk/Post-
Consumer Polyethylene Composites." Composites Part A: Applied Science
and Manufacturing, vol. 41, pp. 154-160, 2010.

J. Dullius, C. Ruecker, V. Oliveira, R. Ligabue, and S. Einloft. "Chemical
Recycling of Post-Consumer PET: Alkyd Resins Synthesis." Progress in Organic
Coatings, vol. 57, pp. 123-121, 2006.

S.M. Zabihzadeh. "Influence of Plastic Type and Compatibilizer on Thermal
Properties of Wheat Straw Flour/Thermoplastic Composites." Joumnal of
Thermoplastic Composite Materials, vol. 23, pp. 817-826, 2010.

A. Ashori. "Wood-Plastic Composites as Promising Green-Composites for
Automotive Industriesl.” Bioresource Technology, vol. 99, pp. 4661-4667,
2008.

S. Nahar, RA. Khan, K. Dey, B. Sarker, AK. Das, and S. Ghoshal. "Comparative
Studies of Mechanical and Interfacial Properties between Jute and Bamboo
Fiber-Reinforced Polypropylene-Based Composites." Journal of Thermoplastic
Composite Materials, vol. 25, pp. 15-32, 2012.

M.C.N. Yemele, A. Koubaa, A. Cloutier, P. Soulounganga, and M. Wolcott.
"Effect of Bark Fiber Content and Size on the Mechanical Properties of
Bark/HDPE Composites." Composites Part A: Applied Science and
Manufacturing, vol. 41, pp. 131-137, 2010.



[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

197

M.R. Rahman, M.M. Huque, M.N. islam, and M. Hasan. "Improvement of
Physico-Mechanical Properties of Jute Fiber Reinforced Polypropylene
Composites by Post-Treatment." Composites Part A: Applied Science and
Manufacturing, vol. 39, pp. 1739-1747, 2008.

C.R. Reddy, A.P. Sardashti, and L.C. Simon. "Preparation and Characterization
of Polypropylene-Wheat Straw-Clay Composites." Composites Science and
Technology, vol. 70, pp. 1674-1680, 2010.

P. Petchpradab, T. Yoshida, T. Charinpanitkul, and Y. Matsumura.
"Hydrothermal Pretreatment of Rubber Wood for the Saccharification
Process.” Industrial and Engineering Chemistry Research, vol. 48, pp. 4587-
4591, 2009.

B. Li, H. Jiang, L. Guo, and H. Shi. "Comparative Study on the Effect of
Manchurian Ash and Larch Wood Flour on Mechanical Property, Morphology,
and Rheology of HDPE/Wood Flour Composites.” Journal of Applied Polymer
Science, vol. 107, pp. 2520-2530, 2008.

C. Homkhiew, T. Ratanawilai, and W. Thongruang. "Effect of Wood Flour
Content and Cooling Rate on Properties of Rubberwood Flour/Recycled
Polypropylene Composites.”" Advanced Materials Research, vol. 488-489, pp.
495-500, 2012.

K.B. Adhikary, S. Pang, and M.P. Staiger. "Dimensional Stability and Mechanical
Behaviour of Wood-Plastic Composites based Recycled and Virgin High-Density
Polyethylene." Composites Part B: Engineering, vol. 39, pp. 807-815, 2008.

S. Mohanty, S.K Verma, SK Nayak, and S.S. Tripathy. "Influence of Fiber
Treatment on the Performance of Sisal-Polypropylene Composites.” Journal
of Applied Polymer Science, vol. 94, pp. 1336-1345, 2004.

T. Ratanawilai, P. Lekanukit, and S. Urapantamas. "Effect of Rubberwood and
Palm Oil Content on the Properties of Wood-Polyvinyl Chloride Composites.”
Joumnal of Thermoplastic Composite Materials, Epub ahead of print 9 August
2012. DOI: 10.1177/0892705712454863.



(24]

[25]

[26]

[27]

(28]

[29]

198

J. Aurrekoetxea, M.A. Sarrionandia, I. Urrutibeascoa, and M.L. Maspoch. "Effects
of Recycling on the Microstructure and the Mechanical Properties of Isotactic
Polypropylene.” Journal of Materials Science, vol. 36, pp. 2607-2613, 2001.
P.Y. Kuo, S.Y. Wang, J.H. Chen, H.C. Hsueh, and M.J. Tsai. "Effects of Material
Compositions on the Mechanical Properties of Wood-Plastic Composites
Manufactured by Injection Molding." Materials and Design, vol. 30, pp. 3489-
3496, 2009.

A. Wechsler and S. Hiziroglu. "Some of the Properties of Wood-Plastic
Composites.” Building and Environment, vol. 42, pp. 2637-2644, 2007.

M. Garcia, J. Hidalgo, I. Garmendia, and J. Garcia-Jaca. "Wood-Plastics
Composites with Better Fire Retardancy and Durability Performance.”
Composites Part A: Applied Science and Manufacturing, vol. 40, pp. 1772-
1776, 2009.

B. Kord. "Effect of Wood Flour Content on the Hardness and Water Uptake of
Thermoplastic Polymer Composites." World Applied Sciences Journal, vol. 12,
pp. 1632-1634, 2011.

M.R. Rahman, M.M. Hugue, M.N. Islam, and M. Hasan. "Mechanical Properties
of Polypropylene Composites Reinforced with Chemically Treated Abaca."
Composites Part A: Applied Science and Manufacturing, vol. 40, pp. 511-517,
20009.



199

CHAPTER 10

The Optimal Formulation of Recycled Polypropylene/Rubberwood
Flour Composites from Experiments with Mixture Design based on

Mechanical Properties

10.1 Chapter summary

A mixture design was used in experiments, to determine the optimal
mixture for composites of rubberwood flour (RWF) and reinforced recycled
polypropylene (rPP). The mixed materials were extruded into panels. Effects of the
mixture components rPP, RWF, maleic anhydride-grafted polypropylene (MAPP), and
ultraviolet (UV) stabilizer, on the mechanical properties were determined. The overall
compositions significantly affected flexural, compressive, tensile and hardness
properties. The fractions of recycled polypropylene and rubberwood flour increased
all the mechanical material properties; however, increasing one fraction must be
balanced by decreasing the other, and the rubberwood flour fraction had a higher
effect size. The fraction of MAPP was best kept in mid-range of the fractions tested,
while the UV stabilizer fraction overall degraded the mechanical properties. This
research suggests that the fraction of UV stabilizer should be as small as possible to
minimize its negative influences. The models fitted were used for optimization of a
desirability score, substituting for the multiple objectives modeled. The optimal
formulation found was 50.3 wt% PP, 44.5 wt% RWF, 3.9 wt% MAPP, 0.2 wt% UV
stabilizer, and 1.0 wt% lubricant with density of 1.085 g/cm3. The composite made
with this formulation had good mechanical properties that closely matched the
model predictions.

10.2 Introduction
Wood wastes are generated when wood is processed for various

applications, such as in sawmills and in furniture making. The wastes in the forms of
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flour, sawdust, and chips have primarily been used as inexpensive filler in plastic
industries, to reduce raw material costs and to increase the strength and modulus of
various thermoplastics. Likewise, the wood particles show high specific strength and
modulus that allow the production of low-density composites with higher filler
content [1, 2], and advantages associated with wood particles include their non-
abrasive nature, low energy consumption, and biodegradability. Hence, these natural
plant based fillers offer several benefits over synthetic fillers {1]. Recent advances in
natural fillers may lead to improved materials using renewable resources; this trend
would also support global sustainability [3]. The mechanical properties of
environmentally friendly plastic composites have been improved with wood wastes
from various tree species including eastern red cedar [4], maple [5], oak [4], pine [6],
and rubberwood [7]. In addition, the increasing worldwide production and
consumption of plastics has caused serious public concerns about effective and safe
disposal [8]; however, plastic wastes could be a promising raw material source for
wood-plastic composites (WPCs) [9]. The use of recycled plastics for producing WPCs
would not only decrease the consumption of energy and natural resources, but also
offers an effective way to dispose of plastic wastes [10]. Therefore, increasing the use
of wood and plastic wastes could reduce solid waste, lessen the amounts going to
landfills, and decrease the costs of making WPCs [6, 8].

A D-optimal mixture experimental design is a special type of statistical
approach to experimentally find the individual effects and interactions of
components in a mixture, and the fitted models can be used to find the optimal
formulation of a composite material [11]. A D-optimal design can considerably
reduce the number of experiments needed for scientific and technical information
on the composition ratio. It allows restricting the ranges of component fractions, and
within this range of formulations helps fit the mathematical models, used to improve
the characteristics of final goods [11, 12]. Moreover, this method is appropriate for
non-linear models [13].

The fractions of components in wood-plastic composites, such as
polymer, filler and coupling agent, significantly affect their mechanical properties.

Recently, several publications have assessed the effects of each material component
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on the thermal and mechanical properties. Mixture designs and factorial designs have
been used in experiments on WPCs. Matuana et al. [14] used a four-factor central
composite design to develop a response surface model and to study the foamability
of rigid PVC/wood-flour composites. Stark et al. [15] applied a 2* factorial design to
determine the effects of two hindered amine light stabilizers, a colorant, an
ultraviolet absorber, and their interactions on the photostabilization of wood
flour/high-density polyethylene composites. Jun et al. [16] used a Box-Behnken
design with response surface method to determine which variables influenced board
performance significantly. Prior studies on the component effects and interactions,
~ and optimization of the formulation for WPCs, seem not to have used a D-optimal
mixture design. Here, a D-optimal mixture design was applied to model mechanical
characteristics of WPCs. The main objective of this work is to optimize the mixture
ratios for composites made from recycled polypropylene and rubberwood flour,
based on mechanical properties determined experimentally. The new information

will facilitate informed decisions regarding manufacture of such composites.

10.3 Experirnentat
10.3.1 Materials

Rubberwood flour (RWF) collected from local furniture factory was
used as lignocellulosic filler, and the size of the wood flour particles was smaller
than 180 um, after sieving through a standard sieve of 80 mesh. The chemical
composition of RWF was, by weight: cellulose 39%; hemicellulose 29%; lignin 28%;
and ash 4% [17]. Recycled polypropylene (rPP) pellets with a melt flow index of 11
¢/10 min at 230 °C were supplied by Withaya Intertrade Co., Ltd (Samutprakam,
Thailand) under the trade name WT170. The interfacial adhesion between wood
flour and polymer was improved using maleic anhydride-grafted polypropylene
(MAPP), supplied by Sigma-Aldrich (Missouri, USA) with 8-10% of maleic anhydride as
a coupling agent. The ultraviolet (UV) stabilizer used was hindered amine light
stabilizer additive, purchased from TH Color Co., Ltd (Samutprakarn, Thailand) under
the trade name MEUV008. Paraffin wax chosen as a lubricant (Lub) was supplied by
Nippon Seiro Co., Ltd (Yamaguchi, Japan).
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10.3.2 Experimental design to optimize formulation

The responses of a process to various factors and parameters are
effectively explored with designed experiments, using approaches such as the
taguchi method, factorial design, and mixture design [18, 19]. The fractions of
components in a mixture cannot be changed independently, and for these cases the
mixture designs are appropriate. The nonnegative fractions must add up to 100%.

The region of interest for the current experiments is not this simplex
but has additional constraints added [18], so a D-optimal design was used to
statistically evaluate the effects of component fractions on the mechanical
properties, and the identified models were used to optimize the formulation. The
experimental optimized design had mixture compositions for the manufacture of
WPCs, the components being rPP (x;), RWF (x,), MAPP (x3), UV (x,), and Lub (xs). The
upper and lower limits of experimental range for the compositions are shown in
Table 5.1. Despite the fraction of Lub being held constant, it is included as a variable
because it contributes to the 100% in the mixture. The experimental design and
analysis were done with Design-Expert software (version 8.0.6, Stat-Ease, Inc.),
according to D-optimal mixture design. The design included 15 different formulations
and 5 replications to check the lack of fit. Thus, the total number of runs was 20, as
shown in Tables 10.1 and 10.2. After data collection, linear and quadratic models

following equations 2.1 and 2.2, respectively, were used to model the responses.

10.3.3 Composites processing

To minimize its moisture content, the rubberwood flour was carefully
dried prior to use in an oven at 110 °C for 8 h. WPCs were then manufactured in a
two-stage process. In the first stage to produce WPC pellets, rubberwood flour and
recycled polypropylene were dry-blended, and then melt-blended into wood-plastic
composite pellets using a twin-screw extruder machine (Model SHJ-36 from En Mach
Co., Ltd, Nonthaburi, Thailand). The 10 temperature zones of the extruder were set
to a profile in range 130-170 °C, to reduce degradation of the mixture components,
while the screw rotating speed was controlled at 70 rpm. The extruded strand

passed through a water bath and was subsequently pelletized. In the second stage
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to produce WPC panels, the WPC pellets were again dried at 110 “C for 8 h. WPC
pellets, MAPP, UV stabilizer, and lubricant compositions indicated in Tables 10.1 and
10.2 were then dry-mixed, and added into the feeder of a twin-screw extruder. The
processing conditions for extruding were as follows: (1) barrel temperatures: 130-190
°G; (2) screw rotation speed: 50 rpm; (3) melt pressure: 0.10-0.20 MPa depending on
wood flour content; and (4) vacuum venting at nine temperature zones: 0.022 MPa.
The samples were extruded through a 9 mm x 22 mm rectangular die and cooted in
atmospheric air. Consequently, the specimens were machined following the
standards of American Society for Testing and Materials (ASTM) for flexural,

compressive, tensile and hardness tests.

Table 10.1 Experimental compositions and hardness response based on mixture

experimental design

. Mixture Pfoportion (m%) Hardness ~ Mixture proportion (wiS

Run No. g % o X ?:(shore 0 RunNox, x2 % % % (GhoeD)
1 639 29.9 4.5 0.7 1.0 733(0.40)* 11 | 50.0 45.0 3.0 i.O 1.0 752 (0.19)
2 70.0 250 3.0 1.0 1.0 732(017) 12* 50.0 430 50 1.0 1.0 749(0449)
3 50.0 43.0 50 1.0 1.0 74.8(0.38) 13 603 353 3.0 05 1.0 74.3(0.39
4 549 389 45 07 1.0 755(0.40) 14 64.9 304 35 02 1.0 746(0.10)
5 59.5 345 50 0.0 1.0 74.6(0.53) 15* 700 250 3.0 1.0 1.0 729037
6 55.4 399 35 02 1.0 74.7(0.46) 16 51.0 450 30 00 1.0 76.1(0.09)
7 59.5 345 4.0 1.0 1.0 74.9(0.60) 17 510 450 30 0.0 1.0 758(0.29)
8* 59.5 345 50 0.0 1.0 75.0(0.39) 18* 500 450 30 1.0 1.0 749(033)
9 50.0 443 43 05 1.0 75.3(0.51) 19 700 250 40 00 1.0 73.6(0.36)
10 68.0 25.0 50 1.0 1.0 73.7(0.26) 20 69.0 250 50 00 1.0 738(0.19)

Note; *duplicate experiments, **the values in parentheses are standard deviations from five replications.
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Table 10.2 Experimental compositions and responses based on mixture experimental

design
Mixture component fraction (wt%) Response (MPa)

Experiment Flexure Compression  Tension

run No. Xy Xz X3 Xy X5 MOR = MOE G M. T5 ™ .
1 639 299 45 07 1.0 39.38 2120 1243 978 2486 833
2 70,0 250 30 1.0 1.0 36.84 1807 9.45 163 2389 787
3 500 430 50 10 10 36.91 2429 8.89 1133 23.37 1058
q 549 389 45 07 1.0 41.62 2387 14.43 1018 26.17 967
5 595 345 50 00 10 42.51 1965 1482 830 26.32 872
6 554 399 35 02 1.0 43.97 2472 16.44 1123 2810 997
7 595 345 40 1.0 10 36.64 2119 9.03 945 2379 961
8* 595 345 50 00 10 41.41 2040 1561 915 2742  B67
9 500 443 43 05 10 40.44 2569 1502 1287 26.84 1067
10 680 250 50 10 10 37.04 2007 821 826 2329 738
11 500 450 30 10 10 39.66 2685 1359 1202 2397 993
12* 500 430 50 10 1.0 37.85 2485 10.23 1236 2400 1083
13 603 353 30 05 1.0 40.23 2175 15.73 1151 2538 879
14 649 304 35 02 10 41.01 1969 13.02 832 2520 765
15* 700 250 30 10 10 36.94 1760 825 1M1 2300 649
16 510 450 30 00 10 46.24 2601 17.96 1449 2836 1087
17 510 450 30 00 1.0 47.63 2740 1820 1418 2833 1074
ig* 500 450 30 10 10 39.49 2676 11.74 1262 24.70 1024
19 700 250 40 00 10 38.95 1902 10.55 1006 2465 160
20 690 250 S50 00 10 3844 1929 896 789 2501 785

Note; *duplicate experiments

10.3.4 Mechanical properties

Flexural properties were measured in a three-point bending test at a

cross-head speed of 2 mm/min, with nominal dimensions of 4.8 mm x 13 mm x 100

mm, and a span of 80 mm in accordance with ASTM D790-92. For compressive

properties, prism specimens were used to determine the compressive strength and

modulus. The displacement rate was a constant 0.5 mm/min, following ASTM
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standard D6108-97. Type-IV tensile bar specimens with dimensions of 115 mm x 19
mm x 4 mm were cut and machined from the extruded composite panels. The
cross-head speed of tensile test was 5 mm/min, according to ASTM standard D638-
99. The flexural, compressive and tensile measurements were carried out on an
Instron Universal Testing Machine (Model 5582 from Instron Corporation,
Massachusetts, USA) and performed at ambient conditions of 25 °C. Five replications
of each composite formulation were tested. Extrusion is directional and orients the
fibers and polymer chains. The composite will not be similar in all directions
(isotropic), instead it has a preferred direction. The span in flexural testing was in the
extrusion direction, and the same for tensile testing. The compression tests, however,

compressed normal to the extrusion direction.

10.3.5 Hardness
Hardness measurement of the composites was tested according to
ASTM D2240-91 standard by using mechanical Shore D Durometer (Model GS-702G
from Teclock Corporation, Nagano, Japan). The rectanéular specimens with
dimensions of 16 mm x 16 mm x 6.5 mm were tested. The test was characterized at

room temperature (25 °0). Average of five specimens was measured and calculated.

10.4 Results and discussion

The D-optimal mixture design of experiments, with five fractions as
(mutually dependent) variables (that sum to one), had 20 runs in a randomized
order. The seven determined responses were flexural strength (MOR) and modulus
(MOE), compressive strength (CS) and modulus (CM), tensile strength (TS) and
modulus (TM), and hardness, and the results are summarized in Tables 10.1 and 10.2.

10.4.1 Statistical analysis of the response models
Analysis of variance (ANOVA) of the response surface models is
revealed that quadratic model was best fit with MOR, MOE, CS, CM, and TS than
linear and special cubic models except TM and hardness which was fit with linear

model. It showed large insignificance of lack of fit, high adjusted coefficient of
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determination (adj-RZ), and high predicted coefficient of determination (pred-Rz),
when compared with the other models. For example in TS response, the lack of fit
of quadratic, special cubic, and linear are 0.5874, 0.3987, and 0.1256 respectively, the
adj—RZ values are 0.9112, 0.9045, and 0.7747 respectively, and the pred—R2 values are
0.8004, -5.8708, and 0.7051 respectively. The ANOVA analysis in Table 10.3 also
shows statistical significance of these models, indicating by p-value less than o (a =
0.05). This result concludes that at least one of the four variables contributes each
response. For the linear mixture, fractions of rPP, RWF, MAPP, and UV stabilizer
significantly influence (p<0.0001) all the mechanical properties. No interaction
between the components had a significant effect on MOR, CM, or TS; however, there
were significant interactions between rPP and RWF and between MAPP and UV
stabilizer for MOE. Regarding of the CS property, the interaction effects between PP
and UV stabilizer, RWF and UV stabilizer, MAPP and UV stabilizer are significant. The
frequent interactions with UV stabilizer might indicate it has some chemical reactions
with the other components. In addition, the ANOVA also showed that lack of fit was
not significant for any of the response surface models at 95% confidence level. This
concludes that the regression model fits the data.

The fit of models was also checked by the coefficient of
determination (Rz), adj-Rz, pred-Rz, and coefficient of variation (C.V.), see Table 10.4.
The R’ values of the seven response fits are in the range from 0.8336 to 0.9838. The
extreme R values of hardness (0.8336) and MOE (0.9838) indicate that only 16.64%
and 1.62%, respectively, of the total variability in observations is not explained by
the models; R’ values close to 1 indicate good fits [20]. Also the adj—Rz values in the
range from 0.8024 to 0.9693 suggest good fits; and the same goes for pred-R2 values.
The pred-R2 value of MOE was 0.9237 meaning that the full model would explain
about 92.37% of the variability in new data. The coefficients of variation, of MOR,
MOE, CS, CM, TS, TM, and hardness, were estimated at 2.63%, 2.51%, 8.15%, 7.949%,
2.04%, 4.72%, and 0.53%, respectively, based on the replications of experiments. The
low C.V. values indicate that the determinations of material characteristics had a
good precision, and can serve the fitting of parametric models. Basically, the

coefficient of variation was used to measure the residual variation in the data [18].
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Table 10.3 P-values from analysis of variance, for the quadratic and linear models,

and for the individual interaction terms included in the quadratic models

Resource MOR MOE s ™M TS ™ Hardness

quadratic qguadratic quadratic quadratic quadratic  linear linear
<0.0001* <0.0001* <0.0001* 0.0002* <0.0001* <0.0001* <0.0001*
Linear Mixture <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Model

XX 05289  0.0072* 0.1054 00958  0.9599 - -
XX 08167 03759 03675 09867 0.3210 - -
XgXg 06484 00844 00171* 04518  0.1583 - -
X 07577 05301 03433 09665 0.3374 - -
XX 0.7047  0.0841 0.0196* 04440 0.1918 - -
XX 0.5885  0.0195* 0.0273* 01605 0.1815 - -

Lack of Fit 0.0628 0.4678 0.2521 0.0631 05874 0.6260 0.0510

*P-value less than 0.05 is considered significant.

Table 10.4 Model adequacy indicators for each response of rPP/RWF composites

Response R . -AdR P.réd—.-_R2 e
MOR 0.9390 0.8841 0.5496 2.63
MOE 0.9838 0.9693 0.9237 2.51
s 0.9490 0.9031 0.6751 8.15
™M 0.9258 0.8589 0.6135 794
TS 0.9533 09112 0.8004 204

™ 0.9153 0.8995 0.8577 4.72
Hardness 0.8336 0.8024 0.7663 0.53

10.4.2 Effect of composition on the flexural properties and optimal
formulation
The quadratic regression models fitted to experimental MOR and MOE

values were:

MOR = 39.04x, + 47.14x, + 107.71x; - 646.43x, + 2.09x1x, - T7.5x:x3 +
668.48x x4 - 102.86xax3 + 555.13xx4 + 728.26x3x4 (10.1)
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MOE = 1803.43x; + 2743.06x, - 11575.14x; - 136983x, - 573.4x,x, +
16071.92x;x; + 145070x;x, + 11237.53x,%; + 145344.6x,x, +
192792.7x5x4 (10.2)

The equation of MOR shows a negative coefficient for fraction of UV stabilizer (x,),
and MOE shows negative coefficients for MAPP (x3) and UV stabilizer (x,). However,
since these are quadratic models, also the quadratic interaction terms must be
inspected, for example at some reasonable values of the other fractions. This is why
linear models are much more interpretable, and even on inspecting them, the
dependency between the fractions (they must sum to one) makes model
interpretation difficult. The addition of UV stabilizer in the wood-plastic composites is
known to reduce the flexural properties due to non-homogeneous spatial
distribution of wood flour, polymer, and UV stabilizer [21]. The covered experimental
regions of MOR and MOE are shown in Figures 10.1(a) and 10.1(b), respectively. In
these triangular plots the three pure components (PP, RWF, and MAPP) are
represented by the corners, while the additive levels were fixed (UV stabilizer at 0.5 -
wt% and Lub at 1 wt%). The contours in the colored areas, that include the
experimental observations, present the MOR and MOE regression fits varying from 39
to 43 MPa and 2000 to 2600 MPa, respectively. MOR and MOE clearly increase with
the rubberwood flour content, and its good interfacial adhesion to recycled
polypropylene contributes to this. MAPP acts as a compatibilizer providing a
hydrophobic rich layer attached to wood flour [22]. Generally, the strength and
modulus of wood flour reinforced composites depend on the properties of
constituents and the interfacial adhesion [22]. The MAPP addition of about 3-4 wt% is
close to optimal for MOE, based on the regression fit. Similar results were found in
the work of Kuo et al. [23] who reported that the optimal content of MAPP was 3-4.5

wt% because of the interfacial adhesion weakens at higher MAPP contents.
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Figure 10.1 Triangular contour plots for composition effects at fixed UV stabilizer

fraction of 0.5 wt%, and Lub fraction 1 wt%: (a) MOR, and (b) MOE. The contours

represent the models fit to experimental data

Figures 10.2(a) and 10.2(b) show the MOR and MOE model predictions

vs. observations. The model outputs fit the actual observations quite well, with MOR

model deviating from actual by less than about 5%, and MOE model being slightly

more accurate. These correlations verified that the equations 10.1 and 10.2 are

adequate to predict the MOR and MOE responses. The numerically optimized

composition, based on these model fits, is shown in Figure 10.3. Since two models

are optimized simultaneously, the software actually uses a single surrogate called

“desirability” to balance them. The model-based optimal formulation is included in

Table 10.5.
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composites. Model output was (a) MOR and (b) MOE
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Table 10.5 Predicted responses with optimized formulation of each property

Mixture proportion (wWt%)

Predicted response

Property Xi X XX, X5 Strength Modulus Hardness Desirability
Flexure (MPa) 508 444 36 0.2 1.0 44.50 2643 - 0.803
Compression (MPa) 51.2 442 34 02 1.0 17.51 1333 B 0.886
Tension (MPa) 500 448 40 02 1.0 28.47 1065 - 0.975
Hardness (shore D) 500 450 39 01 1.0 - - 75.73 0.887

10.4.3 Effect of composition on the compressive properties and optimal

formulation

The quadratic regression models for the compressive properties CS

and CM were:

CS =9.76X1 + 18.28x, + 28782)(3 -3776.11x4 + 5.56x:x, - 299.68)(1)(3 +

3956.09x:1x4 - 314.6xx3 + 3852.86x.x, + 3278.65x3%4

(10.3)

CM =1014.25x; + 1461.58x, - 1406.56x; - 87880.43x, - 462.14x,x, +
435.39x,x; + 87388.18x,x, - 1096.7x2x; + 89032x%4 +

155014.6x5x4

(10.4)

Again these equations do not lend themselves to easy interpretation, due to

interaction terms and dependencies between the model input variables. This resorts

to inspecting plots of the model outputs. Figure 10.4(a) shows that CS (in range of 16
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to 10 MPa) decreases for high fractions of the UV stabilizer. The reason for this
phenomenon is probably similar to what was discussed in relation to flexural
properties. In Figure 10.4(b), the CM values vary in range of 900 to 1300 MPa and
increase with wood flour loadings, since wood flour is stiffer than the neat plastic
[24]. Likewise, the optimal addition of MAPP for the compressive modulus is
approximately 3-4 wt%. Too much MAPP relative to wood flour will cause self-
entanglement, resulting in slippage with the PP molecules [25]. Figures 10.5(a) and
10.5(b) display the values of CS and CM model prediction vs. actual observations,
and show model precisions of the order 5% for CM and 10% for CS. Figure 10.6
shows the optimal formulation based on these numerical models, and a desirability

score combining their outputs. The optimal formulation is included in Table 10.5.
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Figure 10.4 Triangular contour plots for effects of the compositions on (a) CS fixed
rPP at 59.8 wt%, Lub at 1 wt% and (b) CM fixed UV stabilizer at 0.5 wt%, Lub at 1
wit%
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Figure 10.6 The optimal formulation for compressive properties

10.4.4 Effect of composition on the tensile properties and optimal

formulation

were:

The regression fits for the tensile strength (TS) and modulus (TM)

TS

TM =717.6x; + 1067.03x, + 1114.53x; + 687.04x,

=23.50x, + 28.60x, - 112.44x; - 989.02x, + 0.081x;x, + 166.14x;x5 +

1059.37x:x4 + 159.72xx3 + 973.37x2x4 + 914.15x3%4

(10.5)

(10.6)
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By these equations, rPP (x;) and RWF (x,) increase the tensile properties; all terms
containing these variables have positive coefficients. Of these two, RWF has the
larger coefficient in the fit for TS and TM, so it should be maximized. The fractions of
MAPP (x5) and UV stabilizer (x,) each have both positive and negative coefficients in
the model for tensile strength, but both increase the tensile modulus. Figures 10.7(a)
and 10.7(b) show that TS and TM increase with the rubberwood flour content. The
composition optimized based on these regression models is shown graphically in

Figure 10.8, and numerically in Table 10.5.
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10.4.5 Effect of composition on the hardness property and optimal
formulation

Linear significant model, the hardness property affected by the WPC

compositions, was obtained from the hardness response. The equation calculated

from the regression data was:
Hardness = 73.74x; + 75.82x; + 75.12x3 + 62.02x, (10.7)

The linear equation of hardness shows positive coefficient of all the compositions,
revealing the positive effect on the hardness property. The rubberwood flour (x,)
yielded the highest positive effect as compared with the other compositions. The
covered experimental regions of hardness property are shown in Figures 10.9(a) and
10.9(b). As seen in Figure 10.9(a), the clear area in triangular contour plot reveals the
hardness values varying in range of 73.66 to 75.38 shore D. The average hardness
greatly increased with rubberwood flour loading, whereas an increase of recycled
polypropylene content highly decreased the hardness property. This is because of the
rubberwood filler to be a considerably higher hardness than the weak polymer matrix
[26, 27], and flexibility was reduced by an increase of RWF content, resulting in more
rigid composites [28, 29]. The enhancing addition of MAPP (from 3 to 5 wt%)
unaffected the hardness property as shown in the contour plot [Figure 10.9(a)l.
Generally, addition of the coupling agent to the composites increases the hardness
with MAPP concentration. This is due to both stronger coupling between the RWF and
rPP and better dispersion of the wood flour into the plastic matrix with minimum
voids [27-29]. Furthermore, the effect of UV stabilizer addition is also exhibited in the
contour plot [Figure 10.9(b)], in which two compositions fixed were the PP at 59.8
wt% and the Lub at 1 wit%. The area in triangular contour plot presents the hardness
values varying in range of 74.2 to 74.8 shore D. The hardness value of rPP/RWF
composites slightly reduced with increasing addition of the UV stabilizer. This
decrease is attributed due to the negative interaction of mixtures (namely wood flour
and UV stabilizer) [27]. In the chapter 9, this research was found that composites
containing 45 wt% RWF and 1 wt% UV stabilizer showed a higher decrease of
hardness value than composites with 25 wt% RWF and 1 wt% UV. The composition
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optimized based on linear regression model is shown graphically in Figure 10.10, and

numerically in Table 10.5.
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Figure 10.10 The optimal formulation for hardness property

10.4.6 Optimal formulation of the overall mechanical properties

Multiobjective optimization using all of the regression models was

performed with the Design-Expert software, using its default settings to construct a

desirability score that balances all of the fitted models. The plot in Figure 10.11

shows the formulation that was considered optimal, along with contours of the
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desirability score. The optimal formulation is given in Table 10.6, and can be
compared with the formulations in Table 10.5: all the previous optima were practical
at the same formulation, so a reasonable desirability score must also give this
formulation. Table 10.6 also shows the model predicted responses for this
formulation. Test samples with five replications were prepared with this formulation,
and the average material properties along with their standard deviations are also
included in Table 10.6. The maximum deviation between model prediction and

experimental average occurs for MOR and is the order 10%.
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Figure 10.11 The optimal formulation for overall desirability

Table 10.6 Predicted and observed responses with the formulation optimized jointly

for all the mechanical properties

Mixture component proportion  Response (MPa)

(wt%) Flexure Compression Tension
X3 X5 X3 Xa X5 MOR MOE CS M TS ™
Predicted 43.82 2628 16.88 1292 28.32 1059
50.3 445 39 02 10
Observed 47.28 2527 17.11 1369 27.68 1024

(.92 (112) (2.72)  (109) (2.41) (128)

*The values in parentheses are standard deviations from five replications. The optimal formulation has the

density of 1.085 g/cm’.
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10.5 Conclusions

Design and analysis of a D-optimal mixture experiment were used to
obtain the optimal formulation of rPP/RWF composites. The formulation provides
high values for all the material characteristics modeled. Analysis of variance revealed
that all the component fractions experimentally varied, namely of rPP, RWF, MAPP,
and UV stabilizer, significantly affected every one of the mechanical properties (MOR,
MOE, CS, CM, TS, TM, and hardness). In general, a high fraction of RWF improved all
of these, and the optima found had close to 45% RWF which was the maximum in
the experimental design. At this wood flour loading stress transfer was still supported
by good dispersion and surface contact with the polymer; and the wood flour is
much stiffer than the rPP matrix. The compatibilizer MAPP had negative effects on
MOE and CM, while for TS a middle of the range value seemed optimal [Figure 7(a)l.
The fraction of UV stabilizer overall reduced the mechanical properties. While the
actual optimal composition may depend on a variety of factors, including the quality
of raw materials and processing conditions, this work has demonstrated the
applicability of particular techniques to optimizing properties of composites. In this
case, the optima for various mechanical properties agreed well, while in general the

joint optimization of multiple responses will depend on their prioritization.
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CHAPTER 11

Time-Temperature and Stress Dependent Behaviors of Composites

between Recycled Polypropylene and Rubberwood Flour

11.1 Chapter summary

In previous chapter (Chapter 10), the optimal composite formulation
on mechanical properties found was 50.3 wt% rPP, 44.5 wt% RWF, 3.9 wt% MAPP,
0.2 wt% UV stabilizer, and 1.0 wt% Lub with density 1.085 g/cm3, flexural strength
47.28 MPa, and modulus 2527 MPa. Therefore, this chapter used such formulation to
investigate the time-temperature and stress dependent behaviors of the composites.
The effects of time, temperature, and stress on the flexural creep of composites
from recycled polypropylene and rubberwood flour were experimentally investigated
and modeled numerically. The composites were formed into panel samples with a
twin-screw extruder. The creep increased with time, temperature, and stress. The
Burger, Power law, and HRZ models fit the creep profiles well in general, but at high
temperature and stress levels the Power law and HRZ models performed poorly.
However, the HRZ model interpolated creep well across the applied stresses, or
across the temperatures. The time-temperature superposition (TTS) and the time-
stress superposition (TSS) principles were used to model long-term creep. The
master curves from TTS and TSS principles were in good agreement with each other.
They predicted that the lifetime limitation by long-term creep exceeds 10 years for
15 MPa stress at 25 °C, and is irrelevant for 3 MPa stress at the same temperature. All

these results pertain to a specific formulation of rPP/RWF composites.

11.2 Introduction
In recent decades, reinforcing thermoplastics with inorganic fibers such
as carbon, glass, graphite, and talc have successfully produced high performance

composites [1]. Likewise, the reinforcement of organic fibers in plastic composites,



222

particularly use of wood flour, is great interest due to several potential advantages,
such as low cost, biodegradability, low health hazard during handling, and non-
abrasive nature [2]. Therefore, the use of wood flour to replace inorganic filler has an
increasing trend in the plastic composite industries. Wood-plastic composites (WPCs)
may have good moisture resistance and dimensional stability because of the
continuous thermoplastic matrices [3]. They have been largely used as a
replacement for softwood lumber as decking, railings, door and window frames, and
other outdoor applications, where they have better durability than softwood lumber
(4, 51.

Rubber tree (Hevea brasiliensis) is widely planted in Thailand for the
production of latex, and is cut down when it becomes unproductive at about 25
years of age [6]. Rubberwood lumber is mainly used to produce furniture, toys, and
packing materials. In these rubberwood industries, a large amount of wood waste in
the forms of flour, sawdust, and chips is generated at different stages of processing.
Generally, rubberwood waste is dumped in landfills or burned, but some of the
waste is also used to produce medium-density fiberboard and particleboard [7]. The
utilization of rubberwood waste as a filler in polymer composites could decrease
environmental impacts from the waste, as well as add value when contributing to
the composite properties.

The mechanical characteristics of WPCs include creep, i.e. time-
dependent deformation under loading, due to their continuous themmoplastic
matrices, and such creep is a critical issue in many engineering applications; for
example biomedical, aerospace, and civil engineering infrastructure applications [8].
Hence, creep is an important material characteristic in the design of wood-plastic
composite products, and relates to load-bearing capacity of end products. Likewise,
durability and lifetime limitations of products, from intolerably large deformations,
should be estimated at the design stage [9]. Environmental parameters, such as
temperature and humidity, influence the creep of WPCs, because of temperature
effects on the polymer and moisture effects on the wood filler [10]. Long term
evaluation of creep would be prohibitively cost, so accelerated testing methods and

mathematical models are used instead [10]. Acha et al. [8] investigated the effects of
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modifying the interfacial adhesion between jute and polypropylene on the creep
behavior, and used the time-temperature superposition (TTS) to predict long-term
creep deformation. Mosiewicki et al. [11] experimentally evaluated the creep of
composites made from linseed oil-based polyester thermoset, and compared the
results with Power law and Burger models; both models fit the data well. Chevali et
al. [12] studied flexural creep behavior of nylon 6/6, polypropylene, high-density
polyethylene, and their long fiber thermoplastic composites. The HRZ (for Hadid,
Rechak, and Zouani [13]) model provided an excellent fit to the experimental data,
and the master curves obtained from TTS were able to predict the long-term creep.
Banik et al. [14] investigated the influence of unidirectional and cross-ply
polypropylene composites on the creep behavior, and both Burger and Findley
power law models were satisfactory for fitting short-term creep behavior.
Subramanian and Senthilvelan [15] experimentally evaluated the creep of leaf
springs from glass-fiber-reinforced thermoplastic composites at various loads, and
compared the results with the HRZ model. Despite extensive prior research on
inorganic fiber and natural fiber reinforced plastics, only a few studies on creep
behavior have used rubberwood flour (RWF) to reinforce virgin plastics, and there is
no prior report on the creep of RWF-reinforced postconsumer plastics that this work
focuses on.

in earlier chapter, the formulation of recycled polypropylene/RWF
composites was optimized, based on mechanical properties, but cfeep deformation
was not investigated. The evaluation of creep is indispensable for developing a new
product subjected to long-term loading, when the materials are known to have
viscoelastic time-dependent behavior. Therefore, creep must affect the design of
WPCs and selecting their end-use applications. The objective of current work is to
investigate the creep characteristic of composites from recycled polypropylene and
rubberwood flour, in particular the effects of temperature and stress levels. The
Burger, Power taw, and HRZ models were fit to creep data. The time-temperature
superposition and the time-stress superposition (TSS) principles were used to

construct master curves of creep deformation to predict long-time creep.
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11.3 Experimental
11.3.1 Materials

Rubberwood flour collected from local furniture factory was used as
reinforcing filler. Before use it was sieved through a standard sieve of mesh size 80
(passing particles smaller than 180 um) and dried in an oven at 110 °C for 8 h to
minimize the moisture content. The main chemical constituents of rubberwood are:
cellulose (39%), hemicellulose (29%), lignin (28%), and ash (4%) [16]. The matrix
polymer was recycled polypropylene (rPP), purchased as pellets with a melt flow
index of 11 ¢/10 min at 230 °C from Withaya Intertrade Co., Ltd (Samutprakarn,
Thailand). Maleic anhydride-grafted polypropylene (MAPP) with 8-10% of maleic
anhydride, used as a coupling agent to improve interfacial bonding between wood
flour and plastic matrix, was supplied by Sigma-Aldrich (Missouri, USA). TH Color Co.,,
Ltd (Samutprakarn, Thailand) supplied hindered amine light stabilizer additive, under
the trade name MEUV008, chosen as the ultraviolet (UV) stabilizer. Paraffin wax used
as lubricant (Lub) in processing was procured from Nippon Seiro Co., Ltd (Yamaguchi,
Japan).

11.3.2 Preparation of composite samples

The WPCs were produced in a two-step process. In the first step to
produce WPC pellets, RWF and rPP were blended into wood-plastic composite
pellets using a twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi,
Thailand). Barrel temperatures in ten zones were set in the range 130-170 °C from
feed to die, to limit degradation of the raw materials, while the screw rotating speed
was controlled at 70 rpm. The extruded strand passed through a water bath and was
subsequently pelletized. in the second step to produce WPC panels, the WPC
pellets were again dried prior to use, in an oven at 110 °C for 8 h. The WPC pellets,
MAPP, UV stabilizer, and lubricant were dry-mixed, and fed to the twin-screw
extruder. The extruding conditions were as follows: (1) temperature profiles: 130-190
°G; (2) screw rotating speed: 50 rpm; (3) vacuum venting at 9 temperature zones:
0.022 MPa; and (4) melt pressure: 0.10-0.20 MPa. The samples were extruded through

a rectangular 9 mm x 22 mm die and cooled in atmospheric air. Consequently, the
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specimens were machined, following the flexural creep testing standard of American

Society for Testing and Materials (ASTM).

11.3.3 Characterization

Short-term creep tests of rPP/RWF composites were carried out using
an Instron Universal Testing Machine (Model 5582 from Instron Corporation,
Massachusetts, USA) with three-point bending as shown in Figure 8.1, following ASTM
D2990-01 standard. In all tests, the flexural strain was measured by an Instron
extensometer with a travel of 5 mm and a gauge length of 10 mm. The specimens
were 13 mm x 4.8 mm x 100 mm (width x thickness x length), and the test span was
80 mm in the direction of extrusion. To evaluate the effects of various stress levels,
creep tests were conducted at 25 °C ambient temperature at ten different stress
levels: 3, 7, 11, 15, 19, 23, 27, 31, 35, and 39 MPa. Five levels of temperature in the
range from 25 to 65 °C were used with constant 19 MPa stress to assess temperature
effects. This constant stress was approximately 40% of the ultimate flexural strength,
from quasi-static tests at 25 °C. Before each creep test the specimens were
equilibrated in an environmental chamber for 15 min. The loading duration of a test

was 6000 sec (100 min), and there were five replications at each test condition.

11.3.4 Creep models

Creep is the slow deformation of a material under constant stress. it is
important in applications with long-term loading. When a material subjected to
constant load creeps, its deflection continuously accumulates with time [14, 17].
Wood-reinforced plastics show this type of viscoelastic behavior. The creep strain of
polymers or wood-plastic composites, &g, t, T), mainly depends on stress (o), time
(), and temperature (7) [18, 19]. Conceptually this strain has three main components:
() elastic deformation (stress-temperature dependence, reversible) elo, T) (i)
viscoelastic deformation (stress-time-temperature dependence, reversible) &,{0, t, T);
and (iii) viscoplastic deformation (stress-time-temperature dependence, irreversible)

g, t, T) [18, 19]:
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e(0,t,T) =€,(0,T) + £,0 (0,1, T) + £,(0,t,T) (11.1)

- The modeling of experimental data helps bridge the gap between material
properties and engineering designs [17]. For applications to predicting the creep
behavior of WPCs, several models developed from the constitutive relations of
polymeric materials [14] can be explored. If reinforced polymer materials are tested
within their linearly viscoelastic range, simple rheological models are appropriate
[14]. A simple constitutive model, the four-element Burger model, has given
satisfactory descriptions and predictions [14, 20, 21]. It combines Maxwell and Kelvin-
Voigt models; instantaneous deformation comes from the Maxwell spring;
viscoelastic deformation from Kelvin units; and viscoplastic deformation from the

Maxwell dashpot [22]. Mathematical description for response to constant stress is:

eW="1+2 1—exp(—t£5—) 1> (11.2)
Ew Nk Mm

where ¢ is the strain at time t, with constant stress o. Ey and Ex are the elastic
moduli, and 5y and nx are the viscosities, of the Maxwell and Kelvin bodies,
respectively [21]. Especially with non-linear creep behavior, empirical mathematical
models have often been applied with satisfactory prediction, despite simple forms
{14, 23]). An example of such simple model is the Power law model. Subramanian
and Senthilvelan [15] and Hadid et al. [13] used the Power law model for the three-
point bending creep of glass fiber reinforced thermoplastics. Also the American
Society of Civil Engineers (ASCE) recommend this model for the analysis of composite
materials under long-term structural loading, in their structural plastics design manual

[15, 24]. The Power law equation is:
e®) =r,t" (11.3)

where ¢ is the creep strain at time t, ry is a coefficient, and n is the Power law
exponent [23].

The two Power law parameters, the coefficient and the exponent, are
significantly affected by the stress level [15]. This model was modified by Hadid et al.

[13] to incorporate also stress dependence. This HRZ model has the form:
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glt) = a-gb -t o) (11.8)

where the model parameters q, b, ¢, and e are fit to data by non-linear regression.
Subramanian and Senthilvelan [15] and Chevali et al. [12] used the HRZ model to fit
experimental data, finding excellent fit to short-time flexural creep over a wide range

of stresses.

11.3.5 Time-temperature and stress superposition

Time-temperature and stress superposition principles are widely used
with viscoelastic materials such as wood-reinforced plastics. They are empirical
relationships between time and temperature, or time and stress [25], stating that the
effect of a constant temperature or stress change on a time-dependent response
equals a uniform shift in logarithmic time-scale [25]. Then a single master curve at a
reference temperature (or stress), using a logarithmic time scale, includes the creep
curves obtained at different temperatures (or stresses); these are superposed on the
master curve by a horizontal shift [11]. The master curve can be used to predict

creep response at large time scales, even if experiments are limited to short times.

11.4 Results and discussion
11.4.1 Effect of the various stress levels

in service the plastic composites may be subjected to long-term
stresses. The logarithmic re-scaling of time, according to the superposition principles,
suggests accelerated testing by use of elevated stresses and/or temperatures, so a
range of each stress or temperature was experimented. The creep strain against time,
with the specific composite formulation described earlier, is shown at different stress
levels ranging from 3 MPa to 39 MPa in Figure 11.1. The creep of the rPP/RWF
composites was clearly dependent on the test stress, and increased with the stress
level as expected. At the highest applied 39 MPa stress (83% of ultimate strength)
the rate of creep deformation was the highest. At stresses close to the 47.28 MPa
ultimate strength the mobility of the macromolecular chains strongly increases, and

this mobility leads to eventual failure of the test specimen.
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Figure 11.1 Short-term flexural creep at different stress levels, fitted with Burger

model (solid tines) and Power law model (dashed lines)

The creep was modeled with equations (11.2) and (11.3), for Burger
and Power law models. The solid and dashed lines represent the fit for each stress
level of Burger and Power law models, respectively, while symbols in the legend
represent experimental averages across replications. Both Burger and Power law
models fit the experimental data overall well, but at 39 MPa stress level the Burger
model is clearly better. This is not surprising since the Power law model is simpler
with fewer parameters than the Burger model [11]. Also Hadid et al. [13] observed
poorer fits at higher stress levels.

The four parameters of Burger model can be calculated as these steps:

1) The shortterm creep curve was divided into three stages; instantaneous
creep strain (C,), viscoelastic creep strain (C..), and viscoplastic creep strain (Cy). For
example, the creep curve of stress 39 MPa and temperature 25 °C was included with
Ce 1.844139%, C, 0.525461%, and C, 0.863364%.

2) The time intervals of C., C., and C, are 0, 450, and 5950 second,
respectively.

3) Each parameter of Burger model can be expressed as follows:
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9
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The fitted parameters of Burger and Power law models obtained from the rPP/RWF
composites are shown in Table 11.1. Al parameters (Ey, Ex 7w and 7 in the Burger
model decrease with stress level. The moduli (), and Ex) decrease because new
mechanisms of molecular bond breaking and slippage emerge as stress is increased.
The viscosities (7y and n) similarly decrease due to increased polymer chain
mobility. The Power law parameter r, is for instantaneous strain (time-independent)
and relates to the elastic initial response, while the parameter n relates to viscous
creep response (time-dependent) [11]. Both parameters increase with the stress level

for the same molecular mobility reasons discussed earlier.

11.4.2 Effects of temperature

The short-term bending creep responses of rPP/RWF composites at
five different temperatures are shown in Figure 11.2. The creep curves were still in
the secondary creep stage at the end of the tests for temperatures from 25 °C to 55
°C, but the highest 65 °c temperature produced failure after 1500 sec (25 min),
before the end of the test duration, and showed the tertiary creep stage. This
indicates that 65 °C is a critical temperature for the recycled polypropylene
composites containing 44.5 wt% of rubberwood flour. Both the instantaneous
- deformation and viscous creep increase with temperature, see Figure 11.4. Normally,
thermoplastic materials are softened by an increase in temperature and creep

deformation of matrix-dominant composites increases [1].
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Table 11.1 Parameters of Burger model and Power law model

Burger model Power law model
oMPa) TCQ  E,(MPa) Ec(MPa) 71y (MPas) 1, (MPa:s) I n
3 25 2742 15268 6.62E + 07 7.83E + 06 0.079 0.089
7 25 2695 14815 6.27€ + 07 7.41E + 06 0.158  0.091
11 25 2585 13679 5.79E + 07  6.84E + 06 0.260  0.095
15 25 2539 12714 5.53E + 07 6.36E + 06 0.358 0.098
19 25 2505 11970 5.35E + 07 5.49E + 06 0.457  0.101
23 25 2487 10705 509E + 07 4.82E+ 06 0.561 0.103
27 25 2391 9879 4.51E + 07 4.45E + 06 0.722 0.105
31 25 2366 9847 4.04E + 07 4.43E + 06 0.814 0.108
35 25 2351 9025 3.85E + 07 4.06E + 06 0.903 0.111
39 25 2115 7422 2.69E + 07 3.34E + 06 1.108  0.117
19 35 2065 8004 3.49E + 07 4.00E + 06 0.583 0.104
19 45 1508 7691 2.84E + 07 3.85E + 06 0.771 0.106
19 55 1215 7386 1.56E + 07 3.69E + 06 0.905 0.109
19 65 967 7276 23TE + 06 7.28E + 05 1.305 0.115
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Figure 11.2 Short-term flexural creep at different temperatures fitted with Burger

model (solid lines) and Power law model (dashed lines)
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The curve fits with Burger and Power law models are included in
Figure 11.2, with solid and dashed lines. The fits were otherwise good, but at high
temperatures (55 °C and 65 °C) the Power law model performed poorly. The Power
law model appears appropriate with low creep deformation only, while the Burger
model fits all of the data well. This might be due to the better flexibility of Burger
model, as it has more parameters, or because this model actually describes some of
the mechanisms determining the constitutive behavior [14].

The Burger parameters listed in Table 11.1 decrease with temperature.
The moduli may decrease due to softening of the composite materiats [14]. Likewise,
the viscosities decrease and contribute to creep deformation with increasing
temperature [14]. This confirms increasing molecular mobility with temperature [11,
14]. The parameters of Power law model both increased with temperature due to

the same reasons {11].

11.4.3 Empirical model for short-term creep

The creep of the rPP/RWF composites for stresses from 3 MPa to 39
MPa and temperatures ranging from 25 °C to 65 °C is shown in Figures 11.1 and 11.2.
The Power law coefficient r, and the exponent n increase with stress and
temperature levels. This agrees with prior works in Subramanian and Senthilvelan
[15], and Hadid et al. [13].

Figures 11.3 and 11.4 show the curve fits of the type used in the HRZ
model, of the Power law parameters. The found HRZ model parameters (q, b, ¢, and
e) are shown in these figures and listed in Table 11.2. Parameters @ and b are
determined by the instantaneous elastic strain immediately after load application,
and depend on the degree of crystallinity and glass transition temperature [12, 15,
26]. Parameters ¢ and e describe how the creep depends on stress, testing time, and
relaxation of the composites [12, 15]. The HRZ and Power law fits are shown in
Figures 11.5 and 11.6. The HRZ model fits the data almost as well as the Power law
fits of individual curve, but performs poorly at the highest stress level tested. Similar
lack of fit at high stresses was found by Hadid et al. [13] and Subramanian and
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Senthilvelan [15]. The HRZ model allows interpolation between the stresses and

temperatures used experimentally.

Table 11.2 HRZ model parameters (g, b, ¢, and e) that allow interpolation of stress

and temperature

Parameter a b C e
Stress dependence 0.023 1.034 0.087 0.0072
Temperature dependence  0.026 0.885 0.095 0.0025

11.4.4 Time-temperature and stress superposition

In order to predict the long-term creep behavior of the composites,
the time-temperature superposition (TTS) and the time-stress superposition (TSS)
principles were utilized, using master curves produced from the short-term creep
tests accelerated by temperature and stress. In Figure 11.7, the short-term creep data
from different temperatures are superposed by horizontal shifts of log time scale.
The reference temperature chosen was 25 °C, and the master curve constructed
reveals long-term behavior at this temperature, based on accelerated testing. Figure
11.8 has similarly constructed master curve from the various stress levels, with 19

MPa as the reference stress whose long-term creep is revealed.
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stress levels
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Figure 11.8 Short-term creep curves superposed to a master curve; the reference

stress is 19 MPa

In order to show the lifetime creep deformation of rPP/RWF
composites, Figure 11.9 displays master curves at reference temperature 25 °C with
constant load 19 MPa as well as reference stresses at 3, 11, and 19 MPa with
temperature fixed at 25 °C, with the vertical lines indicating 1, 10, 100, and 1000
years [27]. The two master curves, accelerated by temperature and stress, agree well
at 25 °C and 19 MPa. The highest temperature tested affected the curve from
temperature acceleration, causing deviation of the two master curves at high strain.
The two master curves predict a lifetime of less than 1 year at this stress level.
However, at lower stress levels and 25 °C the predicted lifetimes of rPP/RWF
composites exceed 10 years for 15 MPa stress and 1000 years for 3 MPa stress. Low
creep deformation at 3 MPa stress results the predicted lifetimes of rPP/RWF
composites exceed 1000 years. However, the applications of the composites with

very low stress level have been rarely limited.
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Figure 11.9 Creep master curves for three-point flexure predict lifetimes

11.5 Conclusions

Creep deformation is an important characteristic of a composite
material, when the end products are subjected to loading. The creep of a specific
composite formulation from recycled potypropylene and rubberwood flour was
investigated experimentally and modeled numerically. The creep was dependent on
both temperature and stress, increasing with both of these. The Burger and Power
law models were both able to fit well the creep data in general, but at high
temperature and stress levels the Power law gave the poorer fit to these models.
The HRZ model provided an approximate interpolation across temperatures or
stresses of the Power law fits, and also fit these data well in cases where the Power
law performed well. The master curves from time-temperature and time-stress
superpositions were in good agreement with each other. From the master curves the
long-term creep was predicted with stresses 3 and 15 MPa at 25 °c, suggesting that
the creep-limited lifetime of rPP/RWF composites exceeds 10 years at the higher

stress level, and is no longer a relevant limitation at the lower stress level.
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CHAPTER 12

Effect of Extruded Density on Mechanical and Physical Properties of
Recycled Polypropylene Composites Reinforced with Rubberwood

Flour

12.1 Chapter summary

The effects of extruded density of composites from recycled
polypropylene and rubberwood flour were experimentally investigated. The
composite materials were manufactured by using twin-screw extruder into panels
with three cross-section sizes: 9 mm x 22 mm; 17 mm x 36 mm; and 25 mm x 50
mm. Flexural strength, and tensile strength and modulus significantly decreased with
a decrease of the extruded density, whereas hardness, flexural modulus,
compressive strength and modulus, and screw and nail withdrawal strengths
insignificantly reduced with a decrease of the extruded density from 1.085 g/cm3 to
1.029 g/cm3, but significantly decreased for the density 0.963 g/cm3. Estimated cost
of decking board product with dimensions of 25 mm x 50 mm x 1000 mm is 388
baht per piece.

12.2 introduction

Rubber tree (Hevea brasiliensis) is widely planted in the South and
the Northeast of Thailand. it is major economic important plant because the latex
extracted from the tree is the primary source of natural rubber. However, when it
becomes unproductive at about 25 years of age, it is cut down [1]. The cut
rubberwood is generally produced as wood wastes about 34% and plantation wastes
about 54%. Only 12% of the rubberwood ends up as the goods [2]. In addition,
rubberwood lumber and root could be mainly utilized to manufacture furniture,
toys, and packing materials. In these rubberwood industries, a large amount of wood

waste in the forms of flour, sawdust, and chips is generated at different stages of
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processing. Generally, some of the wood waste can be used as raw material to
manufacture plywood, particleboard, and medium-density fiberboard [3], but most of
such waste is disposed in landfills (dump in space areas) or burning, resulting in
pollution issues. Therefore, the utilization of rubberwood waste as filler in polymer
composites ié great interest, which decreases environmental impacts but increases
value of waste. The wastes in the forms of flour, sawdust, and chips have primarily
been used as inexpensive filler in plastic industries, to reduce material costs and to
increase the strength and modulus of various thermoplastics. Moreover, the
rubberwood waste reinforced thermoplastics also offers many advantages including
biodegradability, renewable character, absence of associated health hazards, and low
equipment wear during their processings [4], compared to synthetic fillers.

Recently, wood-plastic composites (WPCs) have become popular.
They are extensively investigated for applications in automotive industry,
construction business, and infrastructure. Numerous researchers have studied the
thermal, physical, and mechanical properties of thermoplastics filled with natural
fibers in an attempt to reduce the cost and improve the properties of plastics [5, 6],
whereas the utilization of rubberwood filler in WPCs has been rarely studied. Ghahri
et al. [7] improved the impact strength of composites from recycled polypropylene
(PP) and wood flour (beech; Fagus orientalis) through impact modification. The
addition of ethylene vinyl acetate 9 wt% increased the impact strengths of the
composites made with recycled PP up to two times. Butylina et al. [8] examined the
effects of outdoor weathering on the properties of wood-polypropylene composites
with and without pigments, and found that better color stability experienced with
composites containing darker color pigments. Sombatsompop and Chaochanchaikul
[9] assessed the effect of moisture content on mechanical properties and thermal
and structural changes of polyvinyl chloride/wood sawdust composites. The tensile
modulus decreased but elongation at break of the composites increased with
increasing moisture content, while the glass transition temperature did not change
~ with varying moisture content. Petchwattana et al. [10] investigated the influences of

rice hull (RH) contents filled into high-density polyethylene composites on the
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mechanical, physical, and thermal properties, and found that the flexural and the
tensile strengths increased with increasing RH contents. Homkhiew et al. [3] studied
the effects of different grades of plastic (virgin and recycled) and amounts of
components on mechanical and physical properties of PP/rubberwood flour (RWF)
composites. Virgin PP gave better mechanical properties than recycled PP, both in
composites and as unfilled plastic, and the modulus and hardness of composites
increased linearly with wood flour loadings in range of 25-45 wt%. Nourbakhsh et al.
[11] also concluded that polypropylene waste and wood waste are promising
alternative raw materials for making low cost WPCs.

The interfacial adhesion between fiber and polymer can be improved
through modification of either the fiber surfaces or the polymeric matrix [12]. ichazo
et al. [13] treated the wood flour with sodium hydroxide and vinil-tris-(2-
metoxietoxi)-silane, and found that the treated composites showed the same
tendency to slightly increase the tensile strength and modulus. Bengtsson et al. [14]
found that the addition of MAPP in the composites increased significantly the
stiffness and strength but decreased the elongation break due to an improvement in
dispersion of the cellulose fibers in the polypropylene matrix. Adhikary et al. [15]
reported that both the stability and mechanical properties were significantly
improved by addition of MAPP 3-5 wt% in the composite formulation. Likewise, Kuo
et al. [16] reported that addition of MAPP 3-4.5 wt% gave the optimal increase in
mechanical properties of the WPCs. The increasing polymer content or addition of
coupling agent can improve the dimensional stability and strength properties of the
composites. Nachtigall et al. [17] explained that the degradation temperature of the
fibers was affected by the use of coupling agents. However, the commercial coupling
agents gave the different effect on WPC performances, and the important parameters
that determine the efficiency of the additive are the molecular weight and amount
of maleic grafted [18].

) From the recent literatures, most of the researches have been
extensively published the experimental results related with the property
developments and structure-property relationships of WPC products [5], but effects
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of extruded density due to cross-section sizes were not investigated and still open
for discussion. The evaluation of extruded density is necessary for expanding the
product to large sizes. Therefore, the extruded density must affect the design and
application of WPCs. The main objective of present work is to assess the effects of
extruded density on physical and mechanical properties of recycled polypropylene/
rubberwood flour composites produced by a twin-screw extruder with @ 36 mm and
to estimate cost of decking board product with dimensions of 25 mm x 50 mm x
1000 mm. The experimental results in this work will provide the new information to
facilitate informed decisions regarding designer and manufacturer of such

composites.

12.3 Experimental
12.3.1 Materials

Recycled polypropylene (rPP) pellets, WT170 with a melt flow index
of 11 ¢/10 min at 230 °C, were purchased from Withaya Intertrade Co., Ltd
(Samutprakarn, Thailand). Rubberwood flour (RWF) obtained from the cutting process
in local furniture industry (Songkhla, Thailand) was used as reinforcement. Maleic
anhydride-grafted polypropylene (MAPP) with 8-10% of maleic anhydride was
supplied by Sigma-Aldrich (Missouri, USA) and used as a coupling agent to improve
the interfacial adhesion between filler and matrix. Hindered amine light stabilizer
(HALS) additive, chosen as the UV stabilizer, was supplied by TH Color Co., Ltd
(Samutprakarn, Thailand) under the trade name MEUV008. A paraffin wax lubricant
(Lub) was purchased from Nippon Seiro Co., Ltd (Yamaguchi, Japan).

In chapter 10, the formulation of recycled polypropylene/RWF
composites was optimized on mechanical properties. Thus, in the current work the
composite formulation was held constant at 50.3 wt% rPP, 44.5 wt% RWF, 3.9 wt%
MAPP, 0.2 wt% UV stabilizer, and 1.0 wt% Lub, which has flexural strength 47.28 MPa
and modulus 2527 MPa. '
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12.3.2 Preparation of the composites

Prior to compounding, the RWF was sieved through a standard sieve
of mesh size 80 (passing particles smaller than 180 ym) and was dried in an oven at
110 °C for 8 h. WPCs were produced in a two-stage process. In the first stage to
produce WPC pellets, RWF and rPP were dry-blended, melt-blended, and pelletized
into wood-plastic composite pellets using a twin-screw extruder (Modet SHJ-36 from
En Mach Co., Ltd, Nonthaburi, Thailand). The 10 temperature zones of the extruder
were controlled at 130-170 °C from feeding to die zones, to reduce degradation of
the compositions, while the screw rotating speed was maintained at 70 rpm. In the
second stage to produce WPC panels, the WPC pellets were again dried prior to use,
in an oven at 110 °C for 8 h. The WPC pellets, MAPP, UV stabilizer, and lubricant
were then dry-mixed and fed into the twin-screw extruder. The temperature profiles
in the extruding process were 130-190 °C, with 50 rpm. Melt pressure at the die
varied between 0.05-0.15 MPa, depending on cross-section size. Vacuum venting at 9
temperature zones was also used to purge volatile compounds. The samples were
then extruded through rectangular 9 mm x 22 mm, 17 mm x 36 mm, and 25 mm x
50 mm dies with density 1.085 g¢/cm’, 1.029 g¢/cm’, and 0.963 g/cm’, respectively, as
shown in Figure 12.1, and cooled in atmospheric air. Subsequently, the specimens

were machined according to ASTM for mechanical and physical tests.

12.3.3 Characterizations

Hardness on the horizontal plane. Hardness measurements of rPP/RWF
composite samples were performed according to ASTM D2240-91 specification, using
two Durometers (Shore D scales) for the plastic composites. The dimensions of the
specimens tested were approximately 16 mm x 16 mm x 65 mm. The
measurements were performed at room temperature (25 °0).

Mechanical tests. Flexural properties were measured in a three-point
bending test at a cross-head speed of 2 mm/min, with nominal dimensions of 4.8
mm x 13 mm x 100 mm, and a span of 80 mm in accordance with ASTM D790-92.

For compressive properties, prism specimens were used to determine the
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compressive strength and modulus. The displacement rate was a constant 0.5
mm/min, following ASTM standard D6108-97. Type-lV tensile bar specimens with
dimensions of 115 mm x 19 mm x 4 mm were cut and machined from the extruded
composite panels. The cross-head speed of tensile test was 5 mm/min, according to
ASTM standard D638-99. The flexural, compressive, and tensile measurements were
carried out on an Instron Universal Testing Machine (Model 5582 from Instron
Corporation, Massachusetts, USA) and performed at ambient conditions of 25 °C. Five

replications of each composite formulation were tested.
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Figure 12.1 Cross-section of different die sizes (a) head die, (b) 9 mm x 22 mm, (c) 17

mm x 36 mm, and (d) 25 mm x 50 mm
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Screw and nail withdrawal. Screw and nail withdrawal strengths are
measured to determine maximum load required to pull a standard screw and nail
from the panel specimens. These tests were carried out according to BS Standard
(DD CEN/TS 15534-1:2007) [19]. Specimens’ dimension for screw and nail withdrawal
was 23 mm x 23 mm x 10 mm. The screws used in the study are sheet metal screws
with diameter of 4.1 mm and length of 25 mm, and the nails have diameter of 3.0
mm and length of 60 mm. Each specimen of screw test was predrilled 5 mm (pilot
hole) with diameter 3.5 mm, while nail test was predrilled 10 mm with diameter 1.5
mm. Then screw and nail were hand-driven 5 mm into the panel specimens. The
cross-head speed of screw and nail withdrawal tests was set at 10 mm/min. The
tests were carried out on an Instron Universal Testing Machine and performed at
ambient conditions of 25 °C. Five replications of each composite formulation were
tested. Screw and nail withdrawal strengths were determined using the following

equation [20].

N
WR = Fin (——) (12.1)

D mm
where WR is withdrawal strength, P, is ultimate load (N) required to pull out screw
or nail from the panel specimen, and D is the depth (mm) of the screw or nail
penetrated into specimen [20].

Statistical analysis. Results, such as mean values and standard deviations,
from five samples of each test were statistically analyzed. The effects of extruded
density on the WPCs’ properties were evaluated by analysis of variance (ANOVA), and
then a comparison of the means was done with Tukey’s multiple comparison test.

All the statistical analyses used a 5% significance level (a = 0.05).

12.4 Results and discussion
12.4.1 Density and hardness analysis
Results for composite density are given in Figure 12.2. They are found
that the density of the rPP/RWF composites ranges from 0.963 g/cm3 to 1.085 g/cms,

depending on the cross-section size. An increase of the cross section clearly
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decreased the composite density. This is because of the decrease of compressive

forces in the extruding as well as the increasing number of porosity.
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Figure 12.2 Effect of cross section on density of rPP/RWF composites

The hardness of rPP/RWF composites was found in the range of 72.65
to 75.56 shore D in Figure 12.3 and Table 12.1. The hardness steadily reduced with a
decrease of extruded density. This is because the rPP/RWF composites with lower
density allow easy access of indenter of the Durometer. In addition, these results are
verified by the statistical analysis of variance (ANOVA). According to the one-way
ANOVA of the rPP/RWF composites (in Table 12.1), the extruded density significantly
affected the hardness of the composites. Tukey’s test in Table 12.1 also indicates
that the decreasing density of composites from 1.085 g/cm3 (suffix a) to 1.029 g/cm3
(suffix a) insignificantly reduced the density, but significantly decreased for the
density 0.963 g/cm3.
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Figure 12.3 Effect of extruded density on hardness of rPP/RWF composites

Table 12.1 Effect of extruded density in physical and mechanical properties of the
rPP/RWF composites

Extruded density (g/cm) | it
Popety 1085 1029 0963  pualue
Hardness (shore D) 75.56" 70727 7265 0028
Flexural strength (MPa) 47.28° 37.55° 2529 0.001
Flexural modutus (GPa) 253 2.40° 181°  0.000
Compressive strength (MPa)  17.1 1° 14.35% 10.76° 0.000
Compressive modulus {GPa) 1.37° 1.14% 0.95° 0.001
Tensile strength (MPa) 27.68° 16.23" 911° 0001
Tensite modutus (GPa) 1.02° 0.51° 031° 0000
Screw withdrawal (\/mm) ~ 122.09° 12085  9354°  0.008
Nail withdrawal (N/mm) 11.31° 10537 894" 0031

Note; Means within each row with the same letter are not significantly different (Tukey’s test, a = 0.05).

12.4.2 Mechanical properties
Flexural strength and modulus of rPP/RWF composites with three
different densities are shown in Figure 12.4. The flexural strength linearly reduced

with a decrease of density, whereas the flexural modulus stowly reduced with the
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decrease of density 1.029 g/cm3 and sharply decreased with the further decrease of
density 0.963 g/cm3. This is because of the increasing number of porosity, resulting in
poor stress transfer in the composite materials. This reason can be substantiated by
considering in Figure 12.5. The rPP/RWF composites with lower density or higher
cross-section size exhibited the increasing number of voids and larger porosity.
Furthermore, the ANOVA results in Table 12.1 also revealed that the density
significantly affected the flexural properties.

Figure 12.6 shows variation in the compressive strength and modulus
with different density. Both compressive strength and modulus of the rPP/RWF
composites reduced with the decrease of the density. The reason for this
phenomenon is probably similar to that shown in the flexural properties. The ANOVA
results in Table 12.1 demonstrated that the effects of the density on the

compressive properties are statistically significant.
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Figure 12.7 shows the tensile strength and modulus of rPP/RWF
composites with different density. Both the tensile strength and modulus exhibited a
similar behavior to the flexural and compressive properties, decreased sharply with
the decrease of the density. Potential mechanisms causing these trends were
discussed earlier for flexural properties. The increase of voids means that mass of the
specimen decreases. Thus, the intensive stress on the specimen occurred at high and
large porosities, resulting in poor bearing the stress transfer. The ANOVA results in

Table 12.1 showed a significant effect of the density on the tensile properties of

rPP/RWF composites.
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Figure 12.7 Effect of extruded density on tensile strength and modulus of rPP/RWF

composites

12.4.3 Screw and nail withdrawal strengths
Screw and nail withdrawal strengths of the rPP/RWF composites with
three different densities are shown in Figure 12.8. The decrease of density from 1.085
g/cm3 to 1.029 g/cm3 insignificantly reduced both screw and nail withdrawal
strengths of the composites, whereas the composites with density 0.963 g/cm3
steadily decreased the screw and nail withdrawal strengths. This decrease is probably

due to weak structures of composite materials. The increasing void and larger
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porosity easily allow pulling out the screw and nail from the panel composites.
Besides, the screw exhibited significantly higher withdrawal strengths than the nail.
The ANOVA results in Table 12.1 also exhibited that the density significantly affected

both screw and nail withdrawal strengths.
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Figure 12.8 Effect of extruded density on screw and nail withdrawal strengths of
rPP/RWF composites

12.4.4 Cost estimation

When the new materials are successfully developed, the cost
calculation of the products manufactured from such materials is necessary.
Generally, the cost of product consists of seven main types: (1) direct material; (2)
indirect material; (3) energy; (4) overhead; (5) depreciation; (6) direct labor; and (7)
indirect labor, as shown in Figure 12.9. This figure shows the example cost of hub
front product, which could be seen that the main cost of the product is the direct
material cost (64%) and the energy cost (18%) [21). Likewise, flange final driven and
heat sink products were found that the direct material costs are 32% and 58%,
respectively, and the energy costs are 16% and 17%, respectively [21]. Therefore, this

research particularly explores the direct materiat cost and energy cost (or energy cost
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of processing) of decking board produced from new composite materials with

dimensions of 25 mm x 50 mm x 1000 mm.

Overhead cost Depreciation

9% = 3%
indirect labor cost SOt B

2%

gEnergy cost 2552

= 18% A

& &
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Direct material

cost
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755533 2
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Figure 12.9 Cost per unit of hub front product [21]

Direct material cost of rPP/RWF composites. The materials used to
produce the decking board include the five compositions: rPP (50.3 wt%); RWF (44.5
wt9); MAPP (3.9 wtds); UV stabilizer (0.2 wt%); and tubricant (1.0 wt%). The decking
board with dimensions of 25 mm x 50 mm x 1000 mm had the weight of 1,356 g.
Thus, the quantities of each material mixed is 682.068 g for rPP, 603.420 g for RWF,
52.884 ¢ for MAPP, 2.712 ¢ for UV stabitizer, and 13.56 g for lubricant, as shown in
Table 12.2. Likewise, the prices of each material are shown in Table 12.2, such as
0.041 baht/g for rPP, 0.001 baht/g for RWF, etc. Therefore, the direct material cost of

each material can be calculated by using:

Cost_iat = Quantity x price (12.2)

The total cost of direct materials is 375.23 baht per piece.
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Table 12.2 Direct material cost of rPP/RWF composites with dimensions of 25 mm x
50 mm x 1000 mm

Quantity Price Cost

Material 6] (Baht/g) (Baht)
PP 682.068 0.041 27.964
RWF 603.420 0.001 0.603
MAPP 52.884 6.520 344.800
UV stabilizer 2.112 0.291 0.789
Lubricant 13.560 0.079 1.079

Total cost of direct materials 375.235

Energy cost in processing of rPP/RWF composites. The production of
the WPC products was included with three stage processes: (1) preparing process; (2)
mixing process; and (3) manufacturing process. The machines used in the preparing
process are sieve machine and oven, as shown in Table 12.3. The sieve machine and
oven used electric power are 0.37 and 2.17 kW, respectively, and they were
consumed 0.5 and 0.28 hour, respectively. The other processes are also shown the
details in Table 12.3. Furthermore, expense of electric energy for small business with
voltage of 22-33 kV is 2.4649 baht per unit. Therefore, the energy cost of each

machine can be calculated by using:

Energy Cost = electric power x consumption x 2.4649 (12.3)

processing

The total energy cost of processing is 13.11 baht per piece.
The estimated cost of the decking board product with dimensions of
25 mm x 50 mm x 1000 mm based on the summation of direct material cost and

energy cost in processing is approximately 388 baht per piece.
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Table 12.3 Energy cost in processing of rPP/RWF composites with dimensions of 25

mm x 50 mm x 1000 mm

Electric power  Consumption  Cost

Machine ‘ kw) (Hour) (Baht)

Preparing process
Sieve machine 0.37 0.5 0.456
Oven 217 0.28 1.497

Mixing process

Extruder machine 23.65 0.083 4838
Pelletizer machine 1.50 0.083 0.306
Cooling machine 0.55 0.083 0.112
Manufacturing process

Oven 2.17 0.15 0.802
Extruder machine 23.65 0.083 4.838
Vacuum pump 0.75 0.083 0.153
Cooling machine 0.55 0.083 0.112

Total energy cost in processing 13.114

12.5 Conclusions

The evaluation of extruded density of the composite materials is
necessary, when the products are expanded to larger sizes. The effects of extruded
density of the composites from recycled polypropylene and rubberwood flour were
investigated experimentally. The physical and mechanical properties of the
composites were significantly dependent on the density. The properties of flexural
strength, and tensile strength and modulus significantly decreased with a decrease of
the density. However, the hardness, flexural modulus, compressive properties, and
screw and nail withdrawal strengths insignificantly reduced with a decrease of the
density from 1.085 g/cm3 to 1.029 g/cm3, but significantly decreased for the density
0.963 g/cm3 due to the increasing number of porosity, resulting in poor stress transfer
in the composite materials. In addition, the estimated cost of the decking board
product with dimensions of 25 mm x 50 mm x 1000 mm is approximately 388 baht

per piece.
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CHAPTER 13

Conclusions and Recommendations

13.1 Conclusions

Wood-plastic composites (WPCs) were made from recycled
polypropylene (rPP) and rubberwood flour (Hevea brasiliensis) as reinforcement.
Post-consumer polypropytene and rubberwood waste were used as main materials.
Some formulations of WPCs were also made with virgin polypropylene (vPP) for
comparative studies. WPC panels were manufactured by using twin-screw extruder
based on formulations designed with rﬁixture experiment, the components being rPP,
rubberwood flour (RWF), maleic anhydride-grafted polypropylene (MAPP), ultraviolet
(UV) stabilizer, and lubricant (Lub). The experimental design and analysis were done
with Design-Expert software (version 8.0.6, Stat-Ease, Inc.), according to D-optimal
mixture design. Mechanical properties, morphology, durability, and dimensional
stability of WPCs were investigated. Long-term water absorption, thickness swelling,
and mechanical failure of WPCs with water immersion tests were also studied.
Durability performances of WPCs were studied by exposing WPCs to natural
weathering. These characterizations of WPCs were investigated to optimize the
mixture ratios for composites made from rPP and RWF and to assess the effect of the
compositions. In addition, to develop such composites as building products, creep
behavior, lifetime prediction, and extruded density effects were also examined. The

major findings from these studies are summarized in sequent sections.

13.1.1 Long-term water absorption of composites and optimal formulation

The long-term water immersion test of the PP/RWF composites over a

period of 10 weeks (70 days) revealed that both water absorption (WA) and thickness
swelling (TS) increased with wood flour content. At 45 wt% RWF, the rPP composites
had initially higher WA and TS than the vPP composites; however, after 6 weeks of
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immersion the vPP and rPP composites had closely similar saturation values. Besides,
an addition of MAPP at 3 wt% reduced WA and TS, with no further benefit reached
at 5 wt% MAPP: using more than 3 wt% MAPP may be unnecessary and
uneconomical. In contrast, the addition of 1 wt% UV stabilizer increased the WA and
TS of composites, and thus adding amount of UV stabilizer should be as small as
possible. The flexural strength and modulus of composites reduced significantly with
moisture uptake; however, at WA less than 3% its effects on flexural strength were
not significant. The maximum strain of composites significantly increased with
absorption. In addition, the regression models fitted were used for optimization of a
desirability score, substituting for the multiple objectives modeled. The optimal

formulation based on the water absorption was exhibited in Table 13.1.

Table 13.1 Optimal formulation based on each property

Charactert

Water absorption — 68.9 250 50 0.1 1.0\4 |
Natural weathering resistance 61.9 339 31 0.2 10
Creep behavior 50.5 449 35 0.1 1.0
Mechanical properties* 50.3 a45 39 02 1.0

*The optimal formulation based on the mechanical properties has the density of 1.085 g/cma. These optimal
formulations were produced using a twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi,
Thailand). The extruding conditions were as follows: (1) temperature profiles: 130-190 °C; (2) screw rotating
speed: 50 rpm; (3) vacuum venting at 9 temperature zones: 0.022 MPa; and (4) melt pressure: 0.10-0.20 MPa. The
samples were extruded through a rectangular die with the dimensions of 9 mm x 22 mm and cooled in ambient

air.

13.1.2 Exposure to natural weathering of composites and optimal
formulation

In natural weathering test, changes in the physical and mechanical

properties of WPCs based on both virgin and recycled PP were investigated for a

total of 360 days. The results demonstrated that the lightness and discoloration of

unfilled PP and PP/RWF composites sharply increased after exposing 60 days and

then it clearly decreased at 180 weathering days, but it again enhanced slightly after



261

exposing 240 days as the exposure times increased. Moreover, the composites based
on virgin PP (vPP) show lower percentage change of L* and loss percentage of
hardness, flexural strength and modulus than those based on rPP, for the same
plastic to wood ratio. The increasing RWF content from 25 to 45 wt% in vPP and rPP
composites increased the percentage change of lightness and loss percentage of
flexural strength and modulus, and maximum strain. For the effect of UV stabilizer, it
was observed that the rPP/RWF composites adding 1 wt% UV stabilizer exhibited
lower percentage change of lightness and loss percentage of hardness, flexural
strength and modulus, and maximum strain than the composites without UV
stabilizer. In addition, the regression models fitted were used to optimize a
desirability score that balanced multiple physical and mechanical properties. The
optimal formulation based on the exposure to the natural weathering was shown in
Table 13.1.

13.1.3 Creep behavior of composites and optimal formulation

In the creep tests, the plastic grades and rubberwood flour contents
showed a large impact on the creep behavior of the composites. The neat vPP and
composites based on vPP exhibited lower creep deformation than those based on
rPP, for the same plastic to wood ratio. The creep strain reduced as the wood flour
level increased. It was clearly revealed that the addition of rubberwood flour in PP
composites can be efficiently improved the poor creep stability of polyolefin. The
additions of 5 wt% MAPP content increased the creep strain of composites. Likewise,
the creep strain was significantly increased by an addition of 1 wt% UV stabilizer
content. Further, the short-term flexural creep behavior could be well fitted by using
the Burger model. Besides, the approximately optimal formulation jointly minimizing
all creep characteristics was shown in Table 13.1. The joint optimization maximized a
desirability score that balanced the multiple objectives, and the jointly optimal

formulation was experimentally validated to produce low creep nearly as predicted.
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13.1.4 Mechanical properties and optimal formulation

The mechanical and physical properties of PP/RWF composites
affected plastic grades (virgin and recycled) and contents of wood flour, coupling
agent, and UV stabilizer were also examined. The results revealed that the strengths
(flexure, compression, and tension) of RWF reinforced rPP composites could be
enhanced with increasing wood flour contents beyond 25 wt%, whereas those
composites based on vPP show lower strengths than the unfilled vPP. The modulus
and hardness of composites (both virgin and recycled plastics) increased linearly with
wood flour loadings. The unfilled rPP and composites based on rPP exhibit lower
mechanical properties than those based on VPP for the same plastic to wood ratio.
The addition level of 4.0 wt% MAPP in the rPP/wood flour composites is suggested
for economical benefit and good mechanical properties. The strength, modulus, and
hardness of composites were reduced by an addition of 1 wt% UV stabilizer content.
To limit the negative effects of the UV stabilizer on the mechanical properties of the
composites, its use should be minimized. Moreover, the models fitted were used for
optimization of a desirability score, substituting for the multiple objectives modeled.
The optimal formulation found was exhibited in Table 13.1; the composite made
with this formulation had good mechanical properties that closely matched the

model predictions.

13.1.5 Time-temperature and stress dependent behaviors

The optimal composite formulation based on mechanical properties
previously found was used to investigate experimentally and model numerically the
time-temperature and stress dependent behaviors and to predict the lifetime of the
buitding products. The creep was dependent on both temperature and stress,
increasing with both of these. The Burger and Power law models were both able to
fit well the creep data, but at high temperature and stress levels the Power law gave
the poorer fit of these models. The HRZ model provided an approximate
interpolation across temperatures or stresses of the Power taw fits, and also fit these
data well in cases where the Power law performed well. The master curves from

time-temperature and time-stress superpositions were in good agreement with each
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other. From the master curves the long-term creep was predicted with stresses 3 and
15 MPa at 25 °C, suggesting that the creep lifetime of rPP/RWF composites exceeds
10 years.

13.1.6 Effect of extruded density on mechanical properties

When the building composite products were expanded to have larger
cross-section sizes, it is necessary to evaluate the effect of different extruded density
on the physical and mechanical properties. The properties of flexural strength, and
tensile strength and modulus significantly decreased with a decrease of the extruded
density. However, the hardness, flexural modulus, compressive properties, and screw
and nail withdrawal strengths insignificantly reduced with a decrease of the density
from 1.085 g/cm3 to 1.029 g/cm3,. but significantly decreased for the density 0.963
g/cm3 due to the increasing number of porosity, resulting in poor stress transfer in
the composite materials. In addition, the estimated cost of the decking board
product with dimensions of 25 mm x 50 mm x 1000 mm is approximately 388 baht
per piece, which composed of 375 baht for direct materials cost and 13 baht for

energy cost in processing.

13.2 Recommendations for future work

- The new information offered in this study will facilitate the
development and manufacturing of the WPCs from recycted polypropylene and
rubberwood flour, but there are still more work needed to investigate additional
performances of the product in applications, for example, the studies in stress
relaxation, fatigue, recovery, etc. Likewise, the manufacturing conditions of the
composites should be also examined. From this study, it was observed that the
optimal formulation on the mechanical and creep properties had almost 45 wt%
RWF. Therefore, the increasing addition of RWF in the composites should be further
investigated to improve the WPC performances and to reduce the cost. Furthermore,
the study in the effects of the natural weathering was found that the lightness and
discoloration of the composites sharply increased, and thus the addition of pigment

filler is necessary. In addition, from the cost estimation of the composites it was
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found that the MAPP is the most ex pensive, comparing to other components;
thereby, other coupling agents should be further studied to replace as a cheaper

coupling agent.

(@

(b)
Figure 13.1 WPC decking products with cross-section sizes (@) 9 mm x 22 mm and

(b) 25 mm x 50 mm
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1. Introduction

Wood waste is genetated when wood is processed for various
applications, such as in sawmills and i fumiture making. The
waste in the forms of Aour, sawdust, and chips, has primarily been
aied 3s inexpensive filler in plastic industries, 1o seduce raw mate-
rial costs andd ta increase the streagth and modulus of various ther-
moplastics. Likewise, the wood particles show high specific
strength and modutus that allow the production of low-density
composites with higher filler content | 1.2}, and advantages assod-
ated with wood particles inchude their non-abrasive pature, low
energy consumption, and biodegradability. Hence, these natural
piant-based fiiiers offer several benefits over synthetic fillers |11
Kecent advances in natural fillers may lead to improved materials
using renewahle resources; this trend would aBo support global
sustainability {31 The mechankal properties of environmentally
friendly plastic composites have been improved with wood waste
from various tree species. including castern red cedar {4], mapie
{9 oak 4L pine 154, and rubberwood (7). In addition, the increas-
ing worldwide production and consumption of plastics has caused
serious public concerns about effective and safe dispasal 181 hurw-
ever, plastic waste could he a promising raw material source oy
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wood plastic composites {WPCs) {9), The use of recycled plastics
for producing WPCs would not only decrease the consumption of
energy and natuzal resources, but also offers an effective and safe
way o dispose of plastic wasoe | 10]. Therefore, increasing the
use of wood and plastic waste coudd reduce solid waste, lessen
the amounts going 10 landfills, and decrease the cost of making
WPCS [6.8).

A D-oprimal mixture experimental design is 2 special type of
statistical approach to experimentally find the individual effects
and intevactions of components in a mixture. and the fitted models
can be used to find the optimal formulation of a composite mate-
rial {11} A D-optimal design can considerably reduce the number
of experiments needed for scientific and technical information on
the composition effects. B allows restricting the ranges of compo-
nent fractions, amnd within thes range of ormulations helps fit the
mathematical models, used to improve the characteristics of final
goods |11 12] Moreover, this method is appropriate for non-linear
maodeds |13

The fracrions of components in wood-plastic compastes, such
as polymer, filler and coupling agent. significantly affect their
mechanical properties. Recently, several publications have as-
sessed the effects of each matenal component on the theymal
and mechanical properties. Mixture designs and factonial designs
have been used i experiments on WPCs. Matuana et al [ 14] vsed
a four-factor central composite design (o develop @ response
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surface maodel and to stady the foamability of rigid PV wond - flows
composttes. Stark and Matwana |15 applied & 2% factoriat design to
determine the effects of two hindered amine lght suabilizers, a ool
arant an ulravioker asarber, and their interactions on he phorn
stabilization of woed Gourfugh-densioy polyethylene composites.
Jun et al 4] esed a Box-Beheken design with response surface
method 1o deteenune which varables influesced board perfor-
mance sigrificamiy, Prior studies on the component effecrs and
interachions, and optimazation of the formulation for WPCs, seem
nut 1o have used & D-optimal ouxture design, Here, a D-optinal
mixTure design was applied 1o model mechanical characteristics
of WPCs. The main objective of this work was 1o optimize the mix-
e ratios tor composites made from recyeled polypropylone and
rubberwoeod Bour, based on mechanical propertios deternuned
expermentatly. The new information will facilitate informed dec-
sons regacding manufacttize of such composites,

2. Materials and methods
2.4, Migerials

Rubberwood flour {RWF; collected from a local furiture factory
was gsed as hgnecellulosic filler, and the size of the wond flour
particles was smaller than 180 jm, after siewving through a stan-
dard sieve of 80 mesh. The chemical composition of RWF was, by
weight’ celiulose 395 hemicelulose 29%: lignin 28% and ash 4%
{17] Withaya Interirade Co. Lid. [Samutprakas, Thailand) sup-
pied recycled polypropytene (P pellets with a melt flow index
of 11 g/10 min at 230 *C, under the trade name WT170. The inter-
facial adhesion: between wood flour and polymer was improved
using maleic anhydride grafted polypropyiens (MAPP), supplied
by Sigma~Aldrich {Missouri, USA], with 8~ 10% of maleic anhydride
{M,, =~ 9100, M, = 3900} as & coupling agent. The ultravioles {UV}
stabilizer used was hindered amine light stabilizer additive, pus-
chased from TH Color Co. Lrd. (Samutprakarn, Thailand) under
the rrade name MEUVOOR, Paraffin wax chosen as the lubricant
{lub} was supplied by Nippon Seiro Co., Lrd. {Yamaguchi, Japan}.

2.2 Experimental design o eptimize formulation

The responses of 2 provess to various factors and parameters are
effectively explored with designed experiments, using approaches
such as the Taguchi method, factorial design, and mixture design
{ 18,19}, The fractions of components in a mixture cannot be chan-
ged independently, and for this sirsation the mixture designs are
appropriate. The nonnegative fractions must add up ro 0%, For
example, if Xy, X;3.....% denote the fractions of | components of a
mixture, then | 18]

Osxysl (=102,...1

and R TR (R | e, |00‘%3

The regien of interest for the current experiments is not this sim-
plex but has additional constraints added [ 18], so a D-optimal de-
sign was used to staustically evaluate the effects of compoenent
fractions on the mechanical properties, and the identified models
weve used o oprimize che formulation, The optimized experimenzal
design had mixrure compositions for the manufacture of WPCs, the
components being rPP ix, ), RWF (x4 MAPP {x: UV {x;), and Lub
(x5 The upper and lower limits of experimental range for the frac-
s are shown in Tabie L Despite the fraction of Lub being held
constant, it is includesd as a variable bevause it contributes o the
100% in the auxture. The experimental design and analysis were
done with DesigrnExpernt software (version 8.0.6, Stat-Ease. lnc.y
accerding to D-oprimal mixture design. The design included 13
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Table &
Sedecrod comgonests and thedr comstrasngs for the mboure
chenamy ol eRpEETITE S,

Fras gy 10 sIctiony (v s

o I

Iy x
MARY (g X355
UV stabilazer (v} [ |
Lud (& wt

different formulations and 5 replicates to check the lack of it Thus,
the total number of runs was 20, as shown m Table 2. After data col-

fection, lnear amd quadratic modets following Eos. (1) and (2
respectively, were used to moedel the responses.
Ev«
¥ \ Bx i1
Fa
{231
- .
Yo N ax + 3N e (2
(5% §vg

where ¥ is the predicted response, § is the model response 1o a puie
component in the blend, each iy scales an interaction between Com-
POnents, X, X,.. .. % are the fractions of components, and x5, -
X are the guadratic interactions of the fractions, Note that
mixture models differ in appearance from the general polynomials
applied i response surface work, hecause the constraint Y x =1
enables climination of terms quadratic in a single fraction {151 He-
vause of this, Bg. {21 has the same power to 8t dats from mixtares as
a general quadratic polynomial: such a polynoemial can be rewritzen
in this form.

2.3, Compusites processing

To minimize its moistuie content. the rubberwood flour was
carefully dried prior to use; in an oven at 130°C for 8 h. WPCs were
then manufactured in a two-stage process. In the first stage to pro-
duce WPC pellers, rubberwond flour and secycled polypropylene
were dry-blended. and then melt-blended into wond-plastic com-
pusite peliets using a twin-sciew extruder mackine {Model SHI-36
from En Mach Co., Lid.. Nonthaburd, Thailand). The 10 temperature
zones of the extruder were set to a profile in range 130-170°C, 10
reduce degradation of the mixture components, while the screw
rotating speed was controtled 3t 70 rpmu The extruded strand
passed through a water bath and was subsequently pelletized. In
the second stage to produce WRC panels. the WPRC pellets were
again dried at 1107°C for 8 h. WPC pellets, MAPP, UV stabilizer,
and lubricant compositions indicated in Table 2 were then dry-
mixed, and added into the feeder of a twin-screw extruder. The
processing conditions for extruding were as follows: {1} barrel
temperatares: 130-190-C; {2} screw votation speed: 50 rpm: {33
melt pressure: D.10-D.20 MPa depending on wood flour content;
and {4) vacuum venting at nine temperatare zones: 0022 MpPa.
The samples were extruded through a 9 mm « 22 mm rectangular
die and cooled in atmospheric air, Consequently, the specimens
were machined following the standards of American Society for
Testing and Materals (ASTM for lexural, compressive. and tengile
Lests.

24, Mechanieal properties

Flexural properties were measured in 2 three-point bending test
at a cross-head speed of 2 mm/min, with nominal dimensions of
4.8 mne < 13 muw o 100 mm, and a span of 80 mm in accordance
with ASTM D790.92. For compressive propenies, prisy specimens
were sed to determine the compressive strength and modulus,
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Flexure LRI Tension
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E 45 4.5 R3] 14 348 2119 ik 945 2379 i
& 595 345 54 0 iy 2046 1581 91 1142 857
& S0 M3 43 (LR 1.0 2569 1552 1287 2684 HRGY
GEG 258 54 14 i 2857 8.2 i26 2328 738
i BN A58 i 1.8 i 285 1350 1200 23167 a3
S04 a9 38 1.8 1o 2455 1045 1296 2406 L]
13 8013 353 94 as 10 073 15.7% 1151 1538 875
14 s 304 35 .2 16 1969 1302 w2 2520 765
15 700 254 34 14 Y 1780 835 711 2300 B4
i 514 454 ET g 0 2001 17256 1445 2836 Y
7 514 456 $1 0 10 2740 1820 1418 1833 w4
£y’ 500 354 30 18 10 2676 1874 1262 470 104
i R FY 45 o 14 12 mAs 06 1465 EL ]
.4 698 258 58 e 14 129 896 k] 2501 %5
* Duphicate cRppriments,
Tabie 3
Tabsstation of pashaes ors analysis of varance, fos the guadratic and Taear modis, aad for U idividaal interation tems iwuded in the guadratic asodels”
Rawrtsres MOR MOE (& M 1s ™
Aol Quadiatic Lueadsativ Ousandratie hadnatic Cuadsniic Linest
00001 Q1 <R faos <08 <@
B0 sRissre €001 <001 @O Q01 <RI i
w5 xy 0.5289 e0p7y 0.1054 Qo858 BYZOR :
Hexy DEIGY $3756 34,3675 V9857 ST -
Ny 16484 0844 as17r 04518 1583
¥y [Phe vl 85301 02433 BUEES 83374 -
ks 047 o084 8198 DAda0 fIBIR .
)% 05885 #0195 a1y DG G815 -
Lk of Fit D68 BAETE 72521 Q0631 85874 Q5260
T Povalae ess than 006 is comsidesed symificant,
The displacement rate was a constant 0.5 mnymin, foliowing Table 4
ASTM standard DG108-97, Type-IV tensile bar specimens with Modet adequady indicaton S sach modeied response of IPPIRWF compasives,
dimensions of 115 mm « 19mm » 4 mm were cut and siachined - .
- : ' ) Resparnae L Adj Prevt-£7 v
from the extruded composite panels. The crosshead speed of ten- P - =
sile test was 5 mmimin, according 10 ASTM standard DE38-99, m“‘"‘ on o‘“"m m‘-‘“‘, s
The Hexurst, compressive and tensile measurements were carried Py 0940 09031 86751 815
out on an Instyon Universal Testing Machine {Model 5582 from In- o D925 05589 06135 784
stron Corporation, Massachuserts, USA) and performed at ambient » 04513 08112 8005 204
conditions of 25 “C. Five replicates of each compesite formulation s b i Rusr? An
were tested. Extrusion is directional and orients the fibers and
polymes chains. The composite will not be simitar in alf directions 3. Results and discussion

{isotropic); instead, it has a preferred direction. The span in flexural
testing was in the extrusion direction, and the same for tensite

testing. The compression tests, however, compressed pormal to
the extrusion direction.

2.5 Morphological analyss

The interfacial morphology and phase dispersion of the wood
flour in the polymeric matrix were assessed by imaging with a
scanming electvon microscope (SEML The surfaces were prepared
by sputter coating with gold. (0 prevent electrical charging, and
were imaged with @ FEl Quanta 400 microscope {FEI Company,
Oregors, USA} at an aceelerating voltage of 20 kV, Magnifications
af 150+ and 1000~ weere wsed,

The D-optimal mixture design of experiments, with five frac-
tions as (mutually dependemt) variables {that sam 1o onel, had
20 runs in a randomized order. The six determined responses were
flexural strength (MOR ) and madulus { MOE), compressive strength
{CS1 and modulus {CM}, and tessile strength {TS) and modulus
CTME The results are summarized in fabie 2.

2.1, Stanstical analysis of the response surface model
Analysis of variance (ANOVA} of the response surface madels

indicated the quadratic model as the best fit with MOR, MOE, 8,
CM. and TS, whibe TM was best it with 3 linear imodel. These best
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(b)

Fig 1. Trisngudar conmur plots for compesiion offonss 3t fed UV stabilizer
Gacthon of G5 va, s Lab Sucties 1 w3 (0 BEOR, and () MOE. The contooss
represent the madels fit ko experioesial Sma

fit modets had insignificant lack of fir and high voefficients of
example the quadratic model for the TS response had insignificant
lack of fit with p-value 0.3874, and the coefficients of determina-
tion adj-R” = 0.9112 and pred-R* =0,8004. The ANOVA analysis in
Table 3 also indicates statistically significant quadratic terms m
these models by p-values less than a significance threshold x (sig-
nificance fevel 2 = 0.05 was used for markings in the table}, In the
linear models, fractions of tPP, RWF, MAFPP, and UV stabilizer sig-
nificantdly wfluence (P <Q.0001} ali the mechanical properties. No
significant interaction effects were indicated on MOR, OM, or T5;
while for modeling MOE there were significant interactions be-
tween PP and RWE, and berween MAPP and UV stabifizer. The
5 was affected by significant interactions between PP and UV sta-
bilizer, RWF and UV stabilizer, and MAPP and UV stabilizer. The
frequent intevactions with UV stabifizer might indicate it reacted
chemcaliy with the ather components. The insignificant p-values
for lack of fit, ar 95% confidence level, also suggest that che fits of
the data are appropriate.

The §it of these empirical models was also checked by the coef-
ficient of determination (R?L the adj-R%, the pred-R%, and the
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Fig 3. The eprawl hormaidation for Bexural prapestics.

coefficient of variation (CV); see Tabie 4 The &7 values of the ssx
response fits are in the range from 09153 to 09838, The extreme
& walues of TM {09153 and MOE {0.9835) indicate that only
8ATL and 162%, respectively, of the total variability in observa-
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Table 5
Predivied sesperses it aptionioed femalativn of ey progaerig.
Propgosy AR COPOOTRL PPN (] Frodredd response IMPa!
x5 X Xy g X5 Modutus Dyecirabniity
Fhegare B 444 i85 194 {3 A4 PUT R [ 1EEY
Lo e e 442 34 1z LR 1751 1333 (AR
Tenvsaon

488 44 32 1.1 AT HEIES G575

(a)

Fig 4. Triangaiar vontonr plots for effects of the compositions os {a) S with PP
fooed ab 598 Wik and Lub at 1 w2%; and (B)OM with U stabifizer fowd 31 0.5 wiX,
and Lot &t ) Wik,

fions was Rot explained by the models: & values close to 1 indicate
good fits {20]. The pred-£ value of MOE was 0.9237. meaning that
thwe st oot 15 estimated o explain about 92,375 of the variabil-
ity i new data, The coefficients of vanation, of MOR, MOE CS, (M.
TS, and TM, were estimated at 2635, 2.51% 8,155, 7.94%, 2.04%.
amed 4.72%, respectively, based on the replicates of experiments.
The low OV values indicate that the determinations of material
charactesistics had 4 good precision. and van serve the fitting of
parametric moglels, Basicatly, the coefficient of variation was used
to measure the residual variation in the data {151

B RWF T8 C: MAPP
(a)
PP
34

&5 1
B8 RWF ™

C: MAPP

Fig. 8. Composition effects om fa] 1S and (8 TM. The fartions held foed were LV
stabibizer a1 05 WS and Lub at 1 witd, The contaer s represent the suavierical modets
listed 1o expesimental observatios,

3.2. Effect of composition o the flexural propertivs, and optimal
formutation

The quadiatic regression models fitted to experimentat MOR
and MOE values were;

MOR 3904 + 47 140, 107 Tixy - 646.43x ¢ 2 0k,
- 77.5.?;1] - 668.48&& - 102,8&(;1; - 555, 135,44
o TI8 26x:%, S
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(¢ 1000%)

Fig. 6. Scarming sdectioa microgaphs of WIRWE camposites with {2 (h) 25 wit RWF and (0] () 45 Wik RWE, Magmifications weee 158, and 1000 =, from beft o wighit,

MOE = 1803 43, + 2743 06, — 11575 14x; - 136983x,
- 573.8x0x; + 16071 92x,25 + 145070,
+ 112375354 + 145344 Buyxe + 192792 Txsey (4

The equation of MOR shows a negative coefficient for fraction
of UV stabilizer {x;} and MOE shows negative coefficients for
MAPP {x33 and UV stabilizer {x;), However, since these are qua-
dratie models, also the quadratic interaction tesms must be in-
spected, for example at some reasonable values of the other
fractions. This 15 why linear medels are much more interpret-
avte, and even on inspecting them, the depeadency between
the fractions {they must sum 1o one} makes mode! interpretation
difficult. The addition of UV stabilizer in the wood-plastic com-
posites is known to reduce the flexural properties due to non-
homogeneous spatial distribution of wood four. polymer. and
UV stabilizer {211 The covered experimental regions of MOR
angd MOE are shiown in Fig. 13 and b, respectively. In these trian-
gular plots the thiee pure components {IPP, RWFE, and MAPP) are
represented by the corners, while the additive levels were fixed
{UV stabilizer at 0.5 wi and Lub at ¥ wtX ) The contours in the
colored areas. that include the experimental observations, pres-
ent the MOR and MOE regression fits varying from 39 to
43MPa and 2000 to 2600 MPa, respectively. MOR and MOE
clearly increase with the rubberveond flowr content, and its good
interfacial adhesion o recycled polypropyiene contributes to
thes, MAPF acts as a compatibilizer providing a hydrophobic rich
layer attached tn wood flour 1270 Generally, the strength and
maodulus of wood four reinforced compaosites depend on the
properties of constituents and the interfacial adbesion {225 The
MAPP addition of about 3-4 wtk is close to optimal for MOE,
based on the regression fie, Similar results were found in the

waork of Kue e al. {231 who reported that the optimal content
of MAPP was 3-4.35 vt because the imterfacial adhesion weak-
ens #t higher MAPP contents,

Fig 2a and b shows the MOR and MOE model predictions vs,
observations. The model outputs it the actual ohservations quite
well, with MOR model deviating from actual by less than about
5%, and MOE mode! being slightly more accurate, These correla-
tions verified that the Eqgs. (3} end 14} are adequate to predict the
MOR and MOE responses. The numerically optimized compositian,
based on these model fits, is shown in Fig. 3. Since hvo models are
optimized simultaneously, the software actually uses a single sur-
rogate calied “desirability™ to balance them. The model-based opti-
mal fermulation is included in Table 5,

3.3, Effect of composition on the compressive properties, and optimal
Jormulation

The quadratic regression models for the compressive properties
TS and CM were:

CS - 976 <« 1828, « 28782x, - 37761 Ixs + 556x;
- 299 68xx5 - 3956.08x,x; ~ 314.6x, %y

< 3852 Bbxgxg ~ 3278 Bingna 5
CM = 1004.25%; - 1461581 — 1406 .56x, - 8788043,
- AEE ARy vy + 4953905 ~ 87388 18x,44
- 1086 7)1;»’1'( « BOO32nxg o+ 155014 fi’f:e,\'.g 6

Again these equations do not lend themselves o easy interpreta-
thom, due to interaction terms and dependencies between the moded
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Fig 7. The optima fonmatation Sar overalt desizability,

nput vanables. We resort to inspecting plots of the moded cutputs.,
Fig % shows that CS {in range of 16-10 MPa) decreases for high
fractions of the UV stabilizee, The reason for this phenomenon is
probably similar to what was discussed in relation to flexural piop-
erties, in Fig. <b, the CM values vary in range of 9001300 MPa and
increase with wood flour loading, since wood flour is stiffer than
feat plastic [24] Likewise, the optimal addition of MAPP for the
compressive modulus is approximately 3-4 wek, Too much MAPP
relative to wood flour will cause self-entanglement, resulting in
shippage with the PP molecules [23). The optimal formulation based
on these regression models is also induded in Tahie &

34, Wfect of compasition on the tensile properties, and optimal
formudazion

The regression fits for the tensile strength (1350 and modulus
{TM] were:
TS o 23 84x, « 28 64xy ~ 112,445, O88.02x, + D.081x,x,
+ T66.14%, x5 + 105937584 + 159.72x, %,
071 37xxg « G914 15x3x {7}

TM 717 Gy + 106700 - 111450 - GE? Oy 18
By these equations, tPP (1 and RWE (%) increase the tensile prop-
erties: all terms containing these variables have positive coeffi-
cients, Of these two, RWF has the larger coefficient in the fir for
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Table &
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* The valnes in parestheses ave sandored deviatsns from fue sephicaices

TS and T84, so it should be maximized. The fractions of MAPP (x.)
and UV stabulizer {x4) cach have both pusitive and segative coedfi-
cients i the model for tensile strength, but both increase the tensile
madulus. Frz % and b show that TS and TM increase with the rub-
berwood flour content, The SEM micrographs in Fig. & show that the
composites with 25 and 45 wis of RWF had low porosity, good con-
fact between the wood Bour and the PP matsix, and good dispersion
of wood flowr. Stress wansfer was therefore supposted at these high
rubberwoaod flour contents. The compesition optimized hased on
these regression models is shown sumerically in Tagle o

3.5, Optimal formudation of the overall mechanico! praperties

Multiohjective optimization using ail of the regression modek
was performed with the Design-Expert software, using its defaulr
settings 1o construct a desiralulity score that balances alf of the fit-
ted models. The plot in Fig. ¥ shows the formwlation that was con-
siderad optimal, along with contours of the desirabitity score. The
optimal formulation is given i Table €, and can be compared with
the formulations in Table 52 all the previous eptima were at prac-
tically the same formulation, so a reasenable desirability score
must also give this formulation. Table 6 also shows the moedel pre-
dicted responses for this formudation. Test samples with five repli-
cates were prepared with this formudation, and the average
material properties alung with their standard deviations are in-
cluded in Tablke 6. The maximum deviation between mode! predic-
tion and experimental average occurs far MOR and is of the order
HE,

4. Conclusions

Design and analysis of a D-optimal mixture experiment were
used to obtain the optimal formulation of an rPP/RWF composite,
The formulation provides high values for all the material character-
istics modeled. Analysis of varianve revealed that ait the compo-
nent fractions experimentally varied, namely of (PP, RWF, MAPP.
and UV stabilizer. statistically significantly affected every one of
the mechanical properties {MOR, MOE, €5, OM, TS, and TM ). In gen-
eral, & high fraction of RWF improved all of these, and the optima
found had close to 45% RWF that was the maximum in the exper-
imental design. At this wood fiour loading stress transfer was still
supporeed by good dispersion and surface contact with the poly-
mer, and the wood flour is much stiffer than the PP matrix. The
compatibilizer MAPP had negative effects on MOE and M, while
for 15 o middle of the range value seemed optimal {tig, 5a% The
fraction of UV stabilizer overall degraded the mechanical proper-
ties. While the actust optinsal composition may depend on a vari-
ety of factors, including the quality of raw materials and processing
conditions, we have demonstrated the applicability of particular
techniques 10 optimiing properties of compasites, In this case,
the optima for various mechanical properties agreed well. while
in general the joint optimization of mulziple responses will depend
on their prioritization.
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Abstract

The mechanical properties of composites from recycled waste plastic and waste
sawdust are of interest in trying to convert these waste streams to useful products.
The development of these composites from natural fiber is therefore receiving
widespread attention due to the growing environmental awareness. The effects of
compositions were investigated including different grades of plastic (virgin and
recycled) and amounts of wood flour, coupling agent, and ultraviolet (UV) stabilizer
on mechanical and physical properties of polypropylene/rubberwood flour (RWF)
composites. Virgin polypropylene gave better mechanical properties than recycled
(recycled polypropylene (rPP)), both in composites and as unfilled plastic. RWF
content exceeding 25 wt% enhanced the strength of RWF.reinforced rPP compo-
sites. The modulus and hardness of composites increased linearly with wood flour
loadings. Maleic anhydride-grafted polypropylene (MAPP) as a coupling agent
increased the strength, modulus, and hardness of the composites. However, addition
of 1 wt% UV stabilizer degraded the mechanical properties. Therefore, 4 wt% MAPP
content is recommended to achieve good mechanical properties of rPP/RWF com-
posites, while the amount of UV suabilizer should be as small as possible to avoid its
negative Influence,
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Introduction

Nowadavs. wood-plastic composites (WPCs) have become popular. They are exien-
sively used in awtomotive industry as door inner pancls, seat backs, and headliners; in
construction business as decking, cladding, and fencing: and in infrastructure as marina
and boardwalk. This is due to recyelability. low density, Tow cost, low maintenance, and
cco-fricndliness with good mechanical properties, Morcover, softwood lumber is
increasingly replaced as WPCs and plastic lumber in applications of deck building
because of its better durability than softwood lumber.'” and the demand for WPCs is
also expected to expand nearly (290 each year between 2000 and 2010 in the
United States.”

Numerous investigators have recently studied the thermal and mechanical propertics
of virgin plastics filled with ecllulosic fibers in an attempt to reduce the cost and improve
the properties of plastics,™* whereas the utilization of postconsumer plastics in WPCs
has been studied littie. Lisperguer ¢t al.” compared the WPCs manufactured from wood
flour and virgin and/or recycled polystyrene (rPS). They reported that the mechanical
properties of the composites based on virgin polystyrene were not better than those based
on rPS. Najafi ct al.® studied the mechanical properties of WPCs produced from sawdust
and virgin or recycled plastics, namely high-density polycthylene (HDPE) and polypro-
pyiene (PP). The composites containing HDPE (recycled and virgin) exhibited lower
stiftness and strength than those made from PP, Ashori and Sheshmani” investigated the
effects of weight fraction of fibers in hybrid composites made from combinations of
recycled newspaper fiber, poplar wood flour, and recycled polypropylene (rPP). The
composites with a high fraction of reeyeled newspaper fiber showed maximum water
absorption during the whole duration of immersion. Nourbakhsh et al.® also concluded
that waste PP and wasic wood are promising aliemative raw matetials for making
low-cost WPCs.

Plastic wastes are the major constituent of municipal solid waste and a promising raw
material source for WPCs.” Using recycled plastics to produce WPCs would not only
decrcase the consumption of cnergy and natural resources but also offer an effective and
safc method of disposing plastic waste.” The development of new composites from
postconsumer polymers, and a better understanding of the effects of composition on the
physical and mechanical properties. will facilitate economic application of these
compositcs in consumer products and accordingly decrease environmental impacts.'™!!

Application of waste fiber as reinforcement or filler is increasing in WPCs. These
fibers offer several advantages including biodegradability, rencwable character. low
cost, casy fiber surface modification, absence of associated health hazards, and Jow
cquipment wear during their processing.'™ % Natwral fibers have been extensively
popularized and successfully used to improve the mechanical propertics of plastic
composites, with bagasse, bamboo, banana, flax, hemp, jute. kenaf, oil pahm. pincapple.
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sisal. wood, and other wastes as examples.' '™ Yemele et al.'s mixed bark and HDPE and
exammned the effects of wood species on mechanical propertios. They found that hlack
spruce bark composites had better strength than aspen bark composites. Rahman ct al.*”
atso investigated the effeets of jute fiber content on the mechanical properties of reinforced
PP. The tensile strength of the composites decreased with an increasing jute fiber loading.
but the Young's modulus decreased only slowly. Reddy et al.’” reported that an increase in
the wheat straw and clay contents ina PP hybnd composite increased the flexural modulus
and water absorption. Despite extensive research in the arca of natural fiber-reinforced
plastics, foew studies have used rubberwood flour (RWF) to reinforee virgin plastics, and
there is no prior report on RWF-reinforced posiconsumer PP,

The rubberwood (Hevea brasiliensiy) flour is a waste fiber gencrated from sawmills
and furniture industrics, such as local factories in Thailand. These industries generally
produced waswe wood of abowt 364 and small branches of about 5497, Only 10% of the
rubberwood ends up as the goods.'™ Most of the waste wood can be used as raw material
to manufacture particle board and medium-density fiberboard. However. there is a great
deal of interest in utilizing the waste fibers as reinforcement of plastic composites. The
fillers (wood flour or wood fiber) are also a more important factor affecting the mechan-
ical propertics of the WPCs because the different wood specics consisted of different
contents and components. such as cellulose, hemicellulose. lignin, and extractams. '
Hence. the effect of filler (RWF) and grade of plastic (virgin and rPP) on the composites
are needed to be further studied. In the current work, the effects of material compositions
{including different grades of plastic and the contents of RWF, coupling agent. and
ultraviolet (UV) stabilizer) on the mechanical and physical propertics of composites
were investigated. The goal of this research was to determine the effects of composition
on the mechanical and physical properties of RWF-reinforced rPP. The new information
will facilitate informed decisions regarding manufacture of such composites.

Materials and methods
Materials

PP pellets were obtained from Withaya Intertrade Co., Ltd (Samutprakam, Thailand)
under the trade name WT170. The material has a melt flow index of 11 g/10 min at
230°C. Virgin polypropylene (vPP), HIPOL J600 with a melt flow index of 7 /10 min at
230°C was supplied by Mitsui Petrochemical Industries Co.. Ltd (Tokyo, Japan). RWF,
used as a lignocellulosic filler, was supplied by S.T.A. Furniture Group Co., Lid
(Songkhla, Thailand). Its chemical composition (by weight) was cellulose 39%. hemi-
cellulose 29%, lignin 284, and ash 49" The interfacial adhesion between filler and
matrix was also modificd using a coupling agent maleic anhydride-grafied polyvpropy-
lenc (MAPP). supplied by Sigma-Aldrich. Missouri. USA: 427845 Aldrich (8-10% of
maleic anhydride. M, = 9100. M, = 3900). Hindered amine hght stabilizer additive,
chosen as the UV stabilizer. was supplied by TH Color Co.., Ltd (Samutprakam. Thai-
land) under the trade name MEUV00S. A lubricant (Lub). paraffin wax. was purchased
from Nippon Sciro Co., Ltd ( Yamaguchi. Japan).
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Table |. Wood-plastic composite formulation (percentage by weight).”

Composite sample code rPP vPP RVVF MAPP uv Lub
cPP100 100

vPP1OO {00

rPTORISMIUI 70 25 3 i |
vP70R25M3 L1 70 25 3 ! |
rP6OR35M3U0.5 60.3 353 3 0.5 |
vP&OR35M3U0.5 60.3 353 3 0.5 !
rPSOR4SM3UI 50 15 3 1 |
vPSOR45M3U1 50 45 3 1 |
rP5IR45M30U0 3 45 3 0 ]
rP70R25M40U0 70 25 4 0 |
rP69R25MS5UI0 69 25 5 0 1
rP6BR25SMSUI 68 25 5 I !

UV: uitravicler; rPP: recycled polypropylene; RWF: rubberwood flour; MAPP: maleic anhydride-grafted poly-
propylene: vPP; virgin polypropylene.

* The selected formulations from the mixture experiment design were carried out. The rPTOR25M3UI means
70w vPP, 25 wi% RWE, 3wt MAPP, and | wr% UV,

Preparation of the composites

Prior to compounding. the RWF was sicved (80 mesh) and dried in an oven at 110°C for
8 h. WPCs werce then produced in a two-stage process. In the first stage, WPC pellets
were produced: PP and wood particles were compounded into WPC pellets using a
twin-screw extruder (Model SHI-36 from En Mach Co., Ltd, Nonthaburi. Thailand). The
barrel with 10 temperature zones was controlled at 130-170%C to reduce the degradation
of the compositions, while the screw rotation speed was fixed at 70 r/min. In the second
stage, WPC pancis were produced and the WPC pellets were dried at 110°C for 8 h. WPC
pellets, MAPP, UV sabilizer, and lubricant (formulations in Tablc 1) were then dry
mixed and fed into a twin-screw extruder. The weinperature profile in the extruding pro-
cess was 130-190°C, with 50 r/min. Mclt pressure at the dic varied between 0.10 MPa
and 0.20 MPa, depending on the wood flour content. Vacuum venting at nine tempera-
ture zones was also used to purge volatile compounds, The aamplc« were then extruded
through a rectangular 9 x 22 mm® die and cooled in atmospheric air. Subsequently, the
specimens were machined according to American Society for Testing and Materials
(ASTM) for mechanical and physical testing.

Testing

Mechanical properties. Tensile, compressive. and flexural tests were carried out in an
Instron Universal Testing Machine (Maodel 5582, Instron Corporation, Massachusetts.
USA). according to ASTM standards D638, D610, and D790, respectively. The
crosshead speed used for the type IV tensile specimens was S mmymin, The compressive
test was also conducted using a constant displacement rate of 0.5 mimvmin, and the prism
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specimens were used 1o determine the compressive strength and modulus. For the
flexural test. specimens with nominal dimensions of 4.8 « 13 > 100 mm™. a span of
R0 . and a crosshead speed of 2 mimmin were ased. Al the mechanical wests were
performed at room temperature (25°C) with live replications.

Hardness testing. Hardness measurements were performed according to ASTM D2240
specification. using two durometers (Shore D scales) for the compaosites. The dimensions
of the specimens tested were approximately 16~ 16 « 6.3 mm’. The measurements
were performed at room temperature (25°C).

Analysis

Morphological analysis. The interfacial morphology and phase dispersion of the wood
flour in the polymeric matrix were analyzed with a scanning electron microscope.
Scanning electron microscopic (SEM) imaging was performed using an FEI Quanta 400
microscope (FEI Company, Oregon, USA) at an accelerating voltage of 20 kV. The
samples were sputter coated with gold to prevent electrical charging during the obser-
vation. Specimens were imaged at magnifications of 150 and 1000x% .

Statistical analysis. Results, such as mean valucs and standard deviations, from five
samples of cach test were statistically analyzed. The effects of composition on the
WPCs” properties were evaluated by analysis of variance (ANOVA) and student’s 7 test.
ANOVA indicated the significant differences between wood flour contents. and then a
comparison of the means was done with Tukey's multiple comparison test. A
two-sample 7 test was also used to detect significant differences between the levels of
additives. All the statistical analyses used a 5% significance level (o = 0.05).

Results and discussion

The specimens produced from the blends of PP and RWF were characterized. The
mechanical and physical properties of WPCs are summarized in Tables 2 and 3. The
average values and standard deviations of the flexural strength and modulus.
compressive strength and modulus, tensile strength and modulus, and hardness were
calculated from five replications.

Fexural properties

The flexural properties are important factors in decision making of WPCs® applications,
Figure 1(a) and (b) shows the flexural strength and modulus, respectively, of the com-
posites with virgin or rPP and different amounts of RWF. Generally. an increase in the
wood flour content (without the coupling agent) clearly decrcases the flexural strength,
but the flexural modulus sh;,lulv increases.” ™ It was found in the present work that an
incrcase in RWF content in fPP muxascd the flexural strength. This is because of the
reinforcing effect of the wood flour that distributes a uniform stress from # continuous
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Table 2. Effects of RWF content on mechanical and physical properties of WPCs”

Flexural Compressive Tensile

Strength Modulus Strength Modulus Strength Modulus  Hardness
Composite sample code  (MPa) (GPa) (MPa} (GPa) {MPa} {GPa) (Shore D)

rPP100 37.02°  1.27% 0 10.0° 079" 2412 0sS® 72.5%
vPP100 50.07° 147 2003  097° 30.12F  069%° 75.6°
rP7OR25M3U1 36.94® 1.7 8.25° 071  23.00" 0654 73.2°
vP70R25M3U1 4431 183° 1534 1065 2586°  0.84° 76.4°
rPSOR45M3UI 39.66%  2.68 13.597 120 2397  0.99° 75.2¢
vPSOR45M3UI 43.41°  266° 1677 140 27938 |.09% 78.3%
P6OR3ISM3ILIQ, 5" 40.23 2.17 15.73 115 25.38 0.88 74.3

vP6OR3I5M3UL0.5" 4485 2.31 19.63 1.28 28.41 0.99 778

PP: recycled polypropylens: RWF. rubberwoad flour: WPC: wood-plastic compasite: vPP: virgin polypropylene.
* Means within each property with the same letter (suffixes b, d, and f for rPP and ¢, e, and g for vPP) are not
significancly different (Tukey's test, a == 0.05).

* rP6OR35M3U0.S and vPEORISMILIO.S were not analyzed to compare the statstical effect of rubberwood
content, but they were employed to show the trend of increasing RWF content.

Table 3. Effect of MAPP and UV stabilizer content on mechanical and physical properdes of
WPCs.?

Flexural Compressive Tensile

Strength Modulus  Strength Modulus Strength Modulus  Hardness
Composite sample code  (MPa) {GPa) {MPa) (GPa) (MPa) (GPa) (Shore D)

rPPOR25M3IUL 3694  L76* 825" 071  23.00° 063° 73.2°
rP6BR2SMSU 37.04% 201° 821 083 2129 074 73.7¢
rP70R25M4L0 3895° 190 1055  1.01®  24.65° 076" 73.6°
rP69R25M50U0 3844° 193 8965 0.79° 2501® 078° 73.8°
rP69R25MSUO 38.44° 1.93° 896" 079° 2501® o78° 73.8°
rP68RISMSUI 37045 201° 821 083" 2329 074 73.7°
PS IR45M3U0 4624 260° 1796° 145 2836 109 76.1°
rPSOR45M3UI 39.66° 268" 1359 120 2397 099 75.2¢

UV: ultraviclet; MAPP: maleic antrydride-grafted polypropylene; WPC: wood-plastic composite,
* Means wichin each couple of formulation with the same letzer are not significantly different (student's t tese,
o == 0.08).

plastic matnix to a dispersed wood flour phasce.”?™* Likewisc, the flexural modulus of
composites (both virgin and reeveled plastics) linearly incrcased with wood flour
loadings. Since RWF is a high modulus material compared to the plastic matrix,
composites with higher wood flour concentration require a higher stress for the same
deformation.'® These results are verified by the siatistical ANOVA. According to the
one-way ANOVA of the composites between RWF and rPP or vPP in Table 4. the RWF
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Figure 1. Effect of RWF content and plastic grade on (a) flexural strength and (b) flexural modulus
for PP-RWF composites. RWF: rubberwood flour; PP: polypropylene.

Table 4. Resuits of one-way ANOVA for the effect of RWF content on mechanical and physical
properties of PP-RWF composites.

rPP/RWF composites vPP/RWF composites
Property Fy p Value Fq p Value
Flexural strength 4,60 0.003" 2299 0.000*
Flexural modulus 112.55 0.000% 38.75 0.000*
Compressive strength 10.46 0.003° 13.15 0.001"
Compressive modulus 19.69 0.000° 9.88 0.004*
Tensile strength 0.96 0417 17.46 0.000%
Tensile modulus 20.82 0.000° 178.66 0.000"
Hardness 112,99 0.000” 2335 0.000*

ANOVA: amalysis of variance; rPP: recycled polypropylene; RWF: rubberwood flour: PP: polypropylene; vPP:
virgin polypropylene.
* The effect of RWF content is significant at p < 0.05.

content significantly (p = 5%) affects the flexural strength and modulus of the composite
materials. Tukey’s test in Table 2 also indicates that unfilled rPP (suffix b) has insignif-
icantly higher flexural strength than PP composites with 25 wt% RWF (suffix b), but
unfilled rPP and composites with 25 wt% RWF have significantly lower flexural strength
than PP composites with 45 wt'4 RWF (suffix d). Furthermore. unfilled vPP and
composites based on vPP exhibit higher flexural properties than those based on PP, for
the same plastic to wood ratio. This is probably due to the virgin plastic being stiffer than
recycled plastic. The recyeled plastic has the capacity 1o lower the meh viscosity. which
is attributed 1o the deercase in molecular weight ™

The effects of different amounts of MAPP and UV stabilizer on the flexural strength
and moduius are shown in Figure 2(a) and (b), respectively. The effects of 3 and § wi's
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Figure 2. Influence of MAPP and UV stabilizer concentration on (a) flexural strength and {b) flex-
ural modulus of rPP-rubberwood flour composites. UV: ultraviolet; rPP: recycled polypropylene:
MAPP: maleic anhydride-grafted polypropylene.

MAPP additions on the flexural properties of rPP/RWF composites containing 25 wt'{
RWF show that the addition of 5 wit'’i MAPP gives higher flexural strength (not
statistically significant) and modulus (significantly) than the 3 wt'Z MAPP addition. This
was expected because MAPP can improve the compatibility between wood flour and rPP
matrix,™*"** improving the stress transfer from polymer to wood particles.”> However,
comparing additions of 4 and 3 wi% MAPP, the composites adding 4 wi% MAPP shows
higher strength (not stmisticaﬂg"signiﬁczmt’} than composites adding 5 wt” MAPP in
accordance with prior research.*** Too much MAPP relative to wood flour causes self-
entanglement and results in slippage with the PP molecules.” These trends conclude that
addition of 3 wt'”i. MAPP in composites shows lower flexural properties than those based
on the addition of 4 and 5 wt% MAPP, and addition of 5 wt% MAPP exhibits lower
flexural strength than those added with 4 wit% MAPP. Furthermore, adding 1 w4
UV stabilizer affects the flexural properties of the composites with 25 w2 RWF so that
the strength is reduced (not statistically significantly), but the modulus increases slightly.
Again, composites with 45 wt% RWF showed a significant decrease in strength with
UV stabilizer content. This may be attributed to the nonhomogencous spatial distribution
of wood flour, polymer, and UV stabilizer.2®

Compressive properties

Figure 3(a) and (b) shows variation in the compressive strength and modulus with
different wood flour loadings, for PP/RWF composites with both virgin and recycled PP.
Compressive strength of the composites decreases with the addition of 25 wi% RWF but
increases clearly with the further addition of 35.3 wt/ RWF. However. it was observed
that the increase in RWF content 10 45 wi'/ exhibits a slight reduction in the COMPressive
strength. This decrease is probably because of weak interfacial bonding of the wood
within the polymer. with microcrack formation at the interface.”> Besides, the
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Figure 3. Effect of RWF content and plastic grade on (a) compressive strength and (b) compres-
sive modulus for PP-RWF composites. RWF: rubberwood flour; PP: polypropylene.
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Figure 4. Influence of MAPP and UV suabilizer concentration on (a) compressive strength and (b)
compressive modulus of rPP-rubberwood flour composites. UV: ultraviolet; rPP: recycled poly-
propylene; MAPP: maleic anhydride-grafted polypropylene.

compressive modulus exhibited a similar trend to the flexural modulus: the modulus
increased progressively with wood flour content. Similar results were found by Garcia
et al..”” reporting that the increase in compressive modulus caused the wood flour being
stiffer than the neat plastics. In addition. composites based on vPP exhibit a trend similar
to rPP/RWF composites with increased wood flour loading. The ANOVA results in
Table 4 demonstrate that the effects of the wood flour concentration on the compressive
properties are statistically significant, for both virgin and recveled PP composites.

The effects of MAPP and UV stabilizer contents on the compressive strength and
modulus of WPCs are shown in Figure 4(a) and (b). respectively, As can be scen. the
compressive properties (both strength and modulus) of composites with MAPP between
3 wtl and 5 wt'd showed a similar trend to the flexural propertics. However., for the
coupling agent the MAPP between 4 wit's and 3 w14, both the strength and the modulus



284

10 Journal of Thermoplastic Composite Materials

“(a)

Teasile stoength (MPa)

Tensdle moditus (GPat

F¥ S S O
x . SR e » &
2 AT ST e

L R ad mrr

Figure 5. Effect of RWF content and plastic grade on {a) tensile strength and (b) tensile modulus
for PP-RWF composites. RWF: rubberwood flour; PP polypropylene.

of composites decreased significantly. Furthermore. the change in the compressive
strengih and modulus with different UV stabilizer concentrations. for 25 wi'/ RWF, is
simifar to that found in the flexural properties. The composites with 45 wt'! RWF show a
significant decrease in both strength and modulus with an increase (from 0 wt'4 o
I wt%) in UV stabilizer. The reason for this phenomenon is probably similar to that
shown in the flexural properties. Using | wi% of UV stabilizer may be unnceessary, and
to reduce the negative effects on the mechanical propertics, the amount of UV stabilizer
should be minimized.?®

Tensile properties

Figure 5(a) and (b) shows the tensile strength and modulus of PP/wood flour composites
with ditferent rubberwood contents. Both the tensile strength and modulus exhibited a
behavior similar to the flexural properties, increasing slightly with wood flour content.
These results can be substantiated by considering the scanning electron micrographs in
Figure 6 (Figure 6(a) and (b) for 25 wi% RWF and Figure 6(c) and (d) for 45 wi% RWF).
The composites are comprised of irregular short fibers. The composites containing
25 wt%: and 45 wt%{ RWF had few voids, good dispersion of the fibers in the matrix, and
strong intertacial adhesion between the wood flour and the PP matrix. Hence, stress
transfer is supported by these high wood flour contents. According to this SEM study, the
coupling agent used in the composites improves the compatibility between the wood
flour and the PP matrix of all the formulations, resulting in the good interfacial bonding
and enhancement of mechanical properties. In contrast, the previous work™ found that
PP/RWF composites without the compatibilizer showed numerous cavities and weak
interfacial adhesion, and thesc results in a decrease in the mechanical properties of the
composites. Besides. the unfilied vPP and composites based on vPP exhibit higher
iensile propertics than those based on rPP. for the same plastic 1o wood Nour ratio.
Morcover. unfilled vPP has a higher tensile strength than the composites based on vPP,
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{c) (150x) {d) (1000x)

Figure 6. Sanning electron micrographs of rPP-rubberwood flour composites showing voids, dis-
persion of the fibers in the matrix, and interfacial adhesion based on various formulations (magni-
fication = 150 and = 1000); (a and b) rP70R25M3U1 and (c and d) rPS0R45M3U 1. rPP: recycled
polypropylene.

This is because high melt viscosity or low melt flow index (about 7 g/10 min) of vPP
reduces the encapsulation of wood flour into the resin. resulting in poor dispersion and
weak interfacial bonding between wood particles and polymer. The ANOVA results in
Table 4 show a statistically significant effect of RWF content on the tensile properties of
reinforeed rPP or \‘PP. although the tensile strength effects on composites with rPP are
not significant at 3% level.

Figure 7(a) and (b) (tensile strength and modulus, respectively ) shows the influence of
MAPP and UV concentrations on the tensile properties of tPP/RWF composites. The
effects of these concentrations have similar trends as in the flexural and COMPressive
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Figure 7. Influence of MAPP and UV stabilizer concentration on (a) tensile strength and (b) tensile
modulus of rPP-rubberwood flour composites. UV: ultraviolet: rPP: recycled polypropylene;
MAPP: maleic anhydride-grafted polypropylene.
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Figure 8. Effect of RWF content and plastic grade on hardness for PP-RWF composites. RWF:
rubberwood flour; PP: polypropylene.

pr()pcrtics Increasing MAPP content does not significantly increase the tensile prop-
erties, until between 3 wi'% and 5 wt% MAPP. it significantly enhanced the tensile
modulus. In contrast, an increase in UV slabilizer content reduced the tensile properties
(both strength and modulus). Potential mechanisms causing these trends were discussed
carlicr for flexural properties.

Hardness

Figure 8 shows the hardness of both virgin and recycled PP/RWF composites with
different amounts of wood flour. The average hardness (both for virgin and for recveled
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Figure 9. Influence of MAPP and UV suabilizer concentration on hardness of rPP-rubberwood
flour composites. UV: ultraviolet: rPP: recycled polypropylene;: MAPP: maleic anhydride-grafted
polypropylene.

PP) greatly increased with the reinforcing filler. This is caused by the fact that the wood
filler has a considerably higher hardness than the weak plastic matrix,™ and adding RWF
decreases flexibility, resulting in more rigid composites.'®*” The virgin PP/RWF
composites scem 1o have much higher hardness compared to the recycled PP since vPP
has lower melt flow index than that of the rPP, leading to lower flexibility composites.
Usually, composites with a less flexible matrix have a higher hardness.”® Morcover,
results of the ANOVA (Table 4) show that the hardness of PP/RWF compaosites was
significantly affected by wood flour content.

Hardness of rPP/RWF composites with different coupling agents and UV stabilizer
vontents are presented in Figure 9, The addition of coupling agent to composites based
on 25 wi% RWF showed a significant increase in hardness with MAPP concentration,
This could be attributed to both better dispersion of the wood flour into the polymer with
minimum voids and stronger coupling between the RWF and rPP.'*?® When the UV
stabilizer was added into the composites containing 45 wt%i RWF, the hardness
decreased significantly. This decrease is probably due to the negative interaction of
mixtures (namely wood flour and UV stabilizer).

Conclusions

The influence of plastic grades (virgin and recycled) and contents of wood flour, cou-
pling agent, and UV stabilizer on the mechanical and physical properties of PP/RWF
composites was examined. The results demonstrated that the strengths (flexure, com-
pression. and tension) of RWF-reinforced rPP composites could be enhanced with
increasing wood flour contents beyond 25 wt'%, whereas those composites based on vPP
show lower strengths than the unfilled vPP due to poorer encapsulation of wood flour
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into the resin, The modulus and hardness of composites (both virgin and reeyveled plas-
tics) increased lincarly with wood Mour loadings duc to the fuct that wood lour is much
stitfer than the PP matrices. The unfitled rPP and composites based on rPP exhibit fower
mechanical propertics than those based on vPP for the same plastic to wood ratio. The
MAPP contemt affected on the mechanical and physical properties of the compaosites:
however, the addition level of 4.0 wt'si MAPP in the rPP/wood flour composites is sug-
gested for cconomical benefit and good mechanical properties. The strength, modulus,
and hardness of composites were reduced by an addition of 1 wi™ UV stabilizer content.
To limit the negative effects of the UV stabilizer on the mechanical propertics of the
composites. its use should be minimized. The overall result highlights the effects of com-
position and new information to facilitate the development of engineering performance
of composite materials, making usc of wastes and byv-products from industry and lending
technology toward another effective environmental conservation.
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Abstract. The effects of plastic grades and composition contents on crecp behavior of extruded
composies from polypropylene and rubberwood flour were investigated. Virgin polypropylene
gave lower creep strain than recycled polypropylene. both in composites and as unfilled plastic. An
increase of rubberwood flour content reduced the creep deformation of the composites, both virgin
and recyeled plasties. Maleic anhydride-grafied polypropylene as a coupling. 5§ wi% addition
increased the creep strain of the composite materials. Likewise, an addition of 1 wit% ultraviolet
(U'V) stabilizer content significantly enhanced the ereep deformation. The results recommend that
the amount of UV stabilizer should be as small as possible to lmit its negative effects. Four-
element Burger model offered a good fitting on the ercep behavior of cach composite formulation.

Introduction

Natural organic fibers have been often filled to plastic matrix for improving their strength and
stiffiess,  increasing  their durability and thermal stability. Recent advances, they create
opportunities for improved materials from renewable resources, supporting global sustainability {1].
Polypropylenc (PP) is one of the most well-know plastics that have been widely used in wood-
plastic compasite industries in the past fow decades [2]. However, its use in some applications is
limited by several disadvantages, such as low creep stability in long-term loading applications [3].
Remntorcement of natural fibers has demonstrated to be an effective response to increase the creep
stability of PP. For example, wood flour was used to decrease the creep strain of PP (4], while
addition of wood flour from Encalyprus saligna resulied in an increase of the creep resistance of PP
[5). Despite the composites between the natural fiber and the PP were acceptably described for
improving the creep behavior, there is no prior report of the positive effect of rubberwood flour
(RWF) rcinforced PP on the final creep deformation.

As recemtly reported. the natwral organic fibers can considerably improve the mechanical,
physical. and thennal properties of polyolefins, such as polypropylene [2, 6]. Therefore, the
objective of the recent work was 10 assess the effects of material compositions (including different
grades of plastic and the contents of rubberwood flour, coupling agent, and ultraviolet stahilizer) on
the creep behavior of PPARWF composites.

Experimental

Marerials

Recycled polypropylene (rPP) pellets were purchased from Withaya Intertrade Co., Lid
(Samutprakam, Thailand), with a melt flow index of 11 g/10 min at 230 °C. Virgin polvpropylenc
(vPP) granules were procused from Mitsui Petrochemical Industries Co., Lid (Tokyo, Japan), with a
melt flow mdex of 7 @10 min at 230 °C. Rubberwood flour. used as the reintorcement, was supplied
by a local fmiture factory (Songkhla, Thailand). The wood flour was sieved through a standard
steve of X0 mesh size and was dried in an oven at 110 °C for 8 h before compounding. Maleie
anhydride-grafted polypropylene (MAPP). with 8-10% of maleic anhydride, wsad as a coupling agent
was supphed by Sigma-Aldrich (Missouri, USA). Hindered amine light stabilizer additive, chosen as
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the ultraviolet (UV) stabilizer. was supphied by TH Color Co., Ltd (Samutprakam. Thaifand) under
the trade name MEUVOOR. A parathin wax was purchased from Nippon Seiro Co., Lid (Yamagucht,
Japan). used as lubricant (Lubj.

Sample preparation

Wood-plastic compaosites (WPUs) were produced in a two-stage process. [In the first stage to
prodouce WPC pellets, RWTE and PP were mixed into WPC pellets by using a twin-serew extruder
{Model SHI-36 from En Mach Co.. Ltd, Noathabun, Thailund). The extruding temperature ranged
from 130°C to 170 °C 1o reduce degradation of the compositions. In the second stage to produce
WPC panels, WPC pellets, MAPP, UV stabilizer, and lubricant were dry-mixed and added into
feeder of the twin-serew extruder according to the compositions given in Table 1. The 10
temperature zones of extruder were set to prafile in the range of 130-190 "C, while the serew rotating
speed was maintained at 50 rpm. The samples were then extruded through a 9 mm < 22 mm
rectangular die and cooled in atmospheric air. Conseguently, the specunens were machined
{ollowing the standards of ASTM for creep and flexural tests.

Table 1 Wood-plastic composite formulation (percent by weight) and creep strain of PP and
PP/RWF composites (T = 25 °C, 6 = 19 MPa)

Composite sample  Composition (wi%s) Creep strain (%)

code P PP RWF  MAPP UV Lub Cy Coesnn Canon
PPiOG 106 1.27 0.52 1.79
VPP L 100 1.07 044 1.51
rP7ORIZM3ILN 70 3% 3 1 H 1.03 0.40 1.43
VPTOR2IMITT] 70 23 3 1 H .94 038 1.32
rPOORISMALIN.S 63 333 3 5 H {LER 034 1.22
vPGORISMILIN S 60.3 33 3 0.3 H L 027 1.0%8
tPSOR4SM3LY 50 4% 3 1 i 0.70 0235 098
vPSOR4SM3LN S0 435 3 1 i 068 0.23 0.91
PABR2IMSU 68 25 3 1 H 107 0.43 1.50
FUGRISNISUG (5 25 3 { i .96 0.33 1.29

Note. The selected tormulations froms the mixture experiment design were vamied out. The rPTOR2IMIUT means 70 wi®s (PP, 25
wite RWF, 3 wits MAPP, and | wt® UV
Characterizarion

Three-point bending creep tests of PP and PPRWF composites were carried out on an Instron
Universal Testing Machine (Model 5582 from Instron Corporation, Massachusetts, USA) in Figure
la, according to ASTM D2990 standard. Testing specimens of dimenstons 4.8 mm x 13 mm = 100
mm and a span of 80 mm were employed for studying. All the tests were conducted under a constant
load of 19 MPa and performed at ambient conditions of 25 “C. The creep test duration is 100 min
{6000 sec). Modulus of elastic (MOE) was also measured in a three-point flexural test at a cross-head
speed of 2 mmymin, according to ASTM D790 standard. Five replications of each formulation were
tested.

(a) ._ ‘ (b)
UBper fixture, Specimen
Extensometer

e § Bermocouple EK

VIS

wr fixture

Fig. 1 (a) Test apparatus of creep and (b) schematic of the four-element Burger model

wves g et (I 1 1REY 2.238-000713,15.33.88,
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Creep madeling

Basweally, ¢reep strun, eta, o0 1), depends on stress (a1, tune (63, and temperature (1) [7]. It
consists of three main elements: (1) elastic deformation (stress-temperatuze dependence ade, T (D)
viscovlastic deformation (stress-time-temperature depemdence) oole £ T oand (3 viseoplastiy

¢

defonmation (stress-ime-tenperature dependence) ol ¢, 17
stotly=s{alyvs (ot Ty+e (o.0.1) (1

Lo desenibe and predict the shost-term creep behavior. many models were developed and applied
by wsing the constituive relation of polymeric materials |81 The four-clement Burger model
(Figure 1b) is a mathematical model that has been revenled to give a satisfactory prediction and
description [8-10]. This model s combinations of Maxwell and Kelvin-Voigt models, which
consists of elastic and viscous clements {¥, 10]. The mathematical cquation for Burger model can be
expressed as follows:

g(;)a..?_+._fz_[f-expi-,.€a} A @
E, E, Ny ; s

where ¢ is strain accumulated following time (1), when a certain stress () is employed. By,
represents the clastic modulus of the spring in the Maxwell clement, which defines the
instantancows elastic deformation that can be immediately recovered when stress is removed. Fx
and px represent the elastic modulus of the spring and the viscosity of the dashpot. respectively, in
the Kelvin element, which associate with the stiffness and viscous or oriented flow of amorphous
polymer chains in the short term. 4, represents the viscosity of the dashpot in the Maxwell element,
which defines the viscous flow [ 11}

Results and Discussion

Effecr of composition on creep behavior

The shont-term flexural creep behavior of PP and PP/RWF composites with different RWF and
additive contents is shown in Figure 2, while the values of the instantaneous creep strain (C,), of the
viscoelastic creep strain afier 6000 s (C o), and of the total creep strain afier 6000 s (Cuox) are also
exhibited in Table 1. As can be scen in Figure 2a, the neat PP (both virgin and reeycled) presented
the highest creep in the duration of testing, and an increase of rubberwood flour comtent in the
compuosites showed the decreased crecp tendency. This behavior is probably due w an increase in
modutus of clastic (MOE) of composites with high wood flour content [12}, as shown in Table 2.
The MOE of composites (both virgin and recycled plastics) increased with wood flour loadings.
Since RWF is a high modulus material compared to the plastic matrix, composites with higher wood
flour content require a higher stress for the same deformation [13, 14). MOE thus has positive effect
on decreasing deformation and effective improvement in creep behavior. In addition. unfilled PP
and composites based on rPP show higher creep strain than those based on vPP. for the sane plastic
10 woud ratio. This is probably because of the virgin plastic being stiffer than recycled plastics [13].
However, the two types of plastic with 45 w1% RWF seem to have the same creep behavior, in good
agreement with the values of MOE.

The effects of different amounts of MAPP and UV wabilizer ont the creep strain are shown in
Figure 2b. The ctfects of 3 wi%s MAPP (fPTOR25M3UIL) and 5 wi% MAPP (rP6SR2SMSU )
additions on the erexp behavior of tPPARWF composites with 25 wi% RWF show that an increase in
the coupling agent content insiynificantly increases the creep sirain. Generally, the addition of
coupling agent m the wood-plastic composites reduced the creep deformation beeause of the
unproved filler dispersion and the stronger interfacial adhesion between wood flour and polymer
matrix |5, 15, 16]. However, oo much MAPP relative to wood flour will causes self-entanglement,
resulting in slippage with the PP molecules [13, 17]. Furthermore, addition of 1 wt% UV stabilizer
affects the creep strain of the composites with 25 wi%a RWF so that the ereep strain is significantly

wred ME st U 118 ST 2SS 10T 13, 1533 5
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inceeased. This s due o non-homogencous spatial distribution of wood flour. polvmer, and UV
stabilizer [1EIRE Using 1wt of UV stabilizer may fe unnecessary. and to decrease the negative

cffects on thx creep behavior the amount of UV stabalizer should be as small os possable {12 18]
th)
i
3 31
] = '
= gos o rPEERIIMIUL :
& o PLOG * VPIOD Z & PTORISMALL
he DA TR A VPTORIAMSL © PRIRISNISLY
T o PERIDEINS @ PEORISMET S 44 Boreer' ssodsd |
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Fig. 2 Creep strain (dot) as a function of times at 25 °C, affected by (a) rubberwood flour contents
and {b) additive contents; sohid lines represent Burger it

Creep modeling enalysis

Figures 2a and 2b also show fit of creep curves using Burger model with the solid lines. Tt can be
seen that Burger model provided a good fitting with the experimental data of each formulation
Similar results were found in the work of Liu et al. {9] and Tamwakar ¢t ul. {10} who reported that the
Burger model offered a good fitting for the creep curves of the composites. The first instantancous
creep arises from the clastic modulus or the spring (£y) and later time-dependent deflection
participates with the spring (£x) and dashpot (75). and last time-dependent defonnation comes from
the viscous dashpot flow (y) [8]. The short-term cn:ep curves were modeled with the Burger
equation and the paramcicrs are summarized in Table 2. According 1o these results, viscosity
increased with an increase of the rubberwood tlour content and a decrease of the UV stabilizer
concentration, and lower flow occurred in the dashpot and permanent deflection also reduced. In the
Maxwell spring part, the modulus (Ey) of composites from both virgin and recveled plastics
exhibited the cnhanced values with the wood flour loading. This is attributed to the stiffniess of the
composite materials with higher RWF content, and thus reduced the instantancous clastic
deformation during creep experiments. The viscous flow () values tend (o also ephance with the
increase of the wood flour content. This is caused by the fact that increasing additions of wood flour
content reduced the amount of polymer chains in the plastic composites, resulting in the increase of
the viscosity. The retardant elasticity (Ex) and viscosity (x) revealed a similar trend on wood flour,
coupling agent, and UV stabilizer content, increasing with wood flour content and with a decrease of
coupling agent and UV stabilizer content. It could be concluded that the deformation of the Kelvin-
Voigt element decreased with increasing wood flour content snd enhanced with increasing MAPP
and UV stabilizer content.

Table 2 Modulus of clastic and Burger's model parmmneters
C omposite saniple code MOE (GPa) Ly (MPay  Ec(MPay  ny (MPa's)  ng (MPa-s)

fPPIO0 127(006)* 1489 7442 435E- 05  357F - 04
vPP100 167006}  17.64 95,47 467E 05 AT7E - 04
tPPORISMALL 176 (003} 1832 95.95 4.79E ~ 04
VPTOR2SMAUL 193¢006) 20412 1026 $46F - 04
PEORISIMIUG § JAT(008T 2146 §18.01 S.90E ¢ 04
+PGOR3ISMAUD 5 2ALO02) 2430 138.68 6.93E = 04
TPSORISMAL 26%c008) 1702 162,39 S1IE - 04
VPSORASMIL) 266(0.08: 2773 165.21 $26E + 04
rPOSR2SM3AL:L 201 (0043 17.67 94,52 3.7 < 04
PEIRISMALO 1.93¢0409) 1970 110.46 8530 - 04

*The values in palcmhcsu are standard deviations from live rcplxmnons

van g ret G 118 67 3 2150107 13 1533 8k
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Conclusions

The effects of plastie grades and contents of wood {lour, coupling agent. and UV stabthzer on the
creep behavior of PPRWE composites were investigated. The plastte grades and rubberwood Hour
contents showed a large wnpadt on the aeep behavior of the composites, The neat PP and
vomnposiies based on yPP extubited lower ereep deformaiion than those bised on rPP, for the sume
plastic 10 wood ratio. The unfilled PP (both virgin and recveled) demonsirated the highest ereep
stramn in range of tme studicd. The creep strain reduced as the wood flour level inereased, due to the
resuling increase in stiffiiess [4]. 1o was elearly revealed that the addition of rubberwoad flour in PP
vompesites can be efficiently improved the poor creep stability of polvolefin,g The MAPP and UV
stabilizer content also affected the creep deformation of such materials. The additions of & wi%a
MAPP content inercased the creep stramn of composites, because of the resulting slippage of the PP
maolecutes {13, 17]. Likewise. the ercep strain wis significantly increased by an addinon of 1 wite
UV stabilizer content. To reducr negative effeets on the creep behavior the amount of UV stabihizer
should be as smatl as possible. Besides, the short-term flexural creep behavior could be well fitted by
using the Burger model, and the data of modeling offered an understanding of the deformation
mechanisim for three clements: elastic, viscoelastie, and viscoplastic deformation.
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Abstract. Mixtre experimental design was applied to determine the optimal mixture for
compasites between rubberwood flowr (RWF) and recycled polypropylene (fPP). Experiments were
conducted based on a D-optimal mixture design and analyzed using response surface methodology.
Analysis of variance revealed that compositions including tPP. RWF. maleic anhydride grafted
polypropylene (MAPP), and ultraviolet (LiIV} swuabilizer significantly affected hardness property.
Contour plots of the response surface demonstrated that an increase of RWF content steadily
enhanced havdness value, but hardness property shatply decreased with an increase of rPP loading.
An addition of the UV stabilizer in the composites showed a slight decrease of the hardness value.
This result recommends that amount of UV stabilizer used should be minimized. With this
expetimental design, the optimal formulation of rPP/RWF composites found was 50.0 wita PP,
45.0 wt% RWF, 3.9 wi% MAPP_ 0.1 wt% UV subilizer. and 1.0 wt%s Lubricant.

Entroduction

Natural fibers from maple, oak, pine, and rubberwood are reinforcement materials, which have
been extensively popularized and used in composite industries. It was used as a replacement for
synthetic fillers such as glass fiber, carbon fiber, and inorganic filler. Compared to these materials,
natural fibers provide low cost, low density, recyclability, and their non-abrasive natures, A large
amount of natural fibers (wood wastes) is generated at different processing in wood applications
such 88 in sawmills and in furniture making {1). The wastes in the form of flour, sawdust, and chips
have primary been used as inexpensive filler in composites. In addition, an increase of plastic
production and consumption results in plastic wastes to be the major constituent of municipal solid
waste; however, it is a promising raw material for producing wood-plastic composites (WPCs) [2, 3].
The use of recycled plastics for producing WPCs would not only offer a safe and effective disposal
of plastic wastes, but also reduces the consumption of natural resources [4, 5]. Therefore, increasing
the use of recycled plastics by blending with wood wastes provides the chance of lessening wastes
going to landfill, decreasing solid waste disposals. and reducing the costs of making the WPCs {1, 6],

Applications and end-products of WPCs, such as decking and part of cars, have made. k is
necessary to evalume hardness characteristic of such materials. Because the hardness property s a
measurement of the wear resistance, and harder materials resist a better friction and wear [7).
Thereby, the hardness property has to be taken into account in the design of WPCs for final products.

Nowadays, most of the experiment on composite formalations is still conducted by changing the
cottenis of esch composition at a time, and the other compositions are constantly fixed in order to
investigate the cffeets of such specific composition. Mixture experimental design by using D-optimal
is an important method to mediate an effect on the dependent compositions of inerest {8]. It also
decreases the number of experiments but increases the scientific information of compositions, which
are the important values to determine the mathematical equation for improving the properties of end-
products [9. 10]. Therefore, the D-optimal mixture experimental design was applied to determine the
maodel parameters in WPCs. The main purposes of present research were to investigate the effect of
compositions and to determine the optimal mixture ratios by designing mixture experiment for
composites from recycled polypropylene and rubberwood flour based on hardness property.
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Experimental

Vererols

Recyeled polypropylene (PP pellets were purchased from Withayva Interade Co., Lad
(Samutprakaen, Thatland). Rubberwood flowr (RWF)Y was supphied from local furminwe faciory
{Songkhla, Thailand). Maleic anhydnde grafted polypropylene (MAPP) was used as a coupling
agent. manufactured by Sigma-Aldrich (Missouri, USA) It contains 8-10%4 of maleic anhydride.
Hindered amine Bght stabilizer (MELUV008) was purchased from TH Color Co.. Ltd (Samutprakam,
Thaland). chosen as ultraviolet (UV) stabilizer. Paraffin wax was procured from Nippon Seiro Co.,
Lid i Yamaguchi. Japan). used as laubricant (Lub),

Faperimental design o optimize formulation

Mixture experimental design was used to study the hardness property of rPP-RWF composites
using Design Expert software (version 8.0.6, Stat-Ease. Inc.. Minneapolis, USA), according to a D-
optimal design. In mixture experiments, the components are the variables of mixture., and their levels
cannot be changed independently [11]. When interesting region for experiment is not a simplex due
10 irregular experiment region [ ], D-optimal design is appropriate method to statistically evaluate
the effect of caompositions and 1o optimize the formulation. The rPP (x), RWF (x2), MAPP (a3), and
UV stabilizer (x4) were four key variables. studied. while the hardness was the variable response
abtained in the study. The intervals selected 10 conduct the experiment design were; 50-70 wi% PP,
25-45 wits RWF. 3-3 wi% MAPP. 0-1 wt% UV stabilizer, and 1 wi% Lub, The design included 15
formulations and 5 replications to evaluate lack of fit. Thus, the total mumber of rung was 20 in Table
i.

Table | Experimental compositions and response based on mixture experimental design

Experiment Mixture Proportion (witul Hardness Experimem Mixture Proportion (wis) Hardness
run No. X X X ks Xy (Shore D run No. X; X X; Xe  Xs (Shore D}
| 639 W9 45 07 10 733 (0 a0 1t S0 450 36 L6 1o 752(0.19)
2 700 250 30 10 1.0 2324017 12 504 430 SO L0 1O MHY04)
3 S0 430 SO0 10 1.0 748038y 13 i3 353 36 0% Lo 74.3(039)
4 549 389 45 07 10 755(040) 4 6449 304 35 02 10 TdA010
X 595 343% 50 0o 10 74.610.53) 15+ HO 250 30 1o 14 72.9¢037
6 554 399 385 02 10 74.7(0.436) 16 510 450 30 00 L0 761 (UOV)
7 393 345 40 10 10 749(0.60) 17* S10 450 30 09 190 75R029)
& §95 345 50 00 10 7500039 18" 500 450 30 10 10 749(033)
300 443 43 05 10 753051 19 700 250 40 00 1O 73.6(036)
¢ 630 250 50 [0 10 73.710.26) 20 690 220 SO 00 1o 738019

Nade, *duplicate experiments, ** the valucs in parentheses are standard deviations from five replications,

Preparation of wood-plastic composites

Before compounding, RWF was sieved through a standard sieve of 80 mesh size and dried in an
oven at 110 °C for 8 h. RWF and rPP were then mixed into WPC pellets by using a twin-screw
extruder (Model SHJ-36 from En Mach Co.. Ltd, Nonthaburi. Thailand). The extruding temperature
ranged from 130°C to 170 “C to reduce degradation of the compositions. After compounding, the
WPC panels were also prepared. WPC pellets, MAPP, UV stabilizer, and lubricant were dry-mixed
and added into feeder of the twin-screw extruder according to the compositions given in Table 1. The
10 wemperature zones of extruder were set 1o profile in range of 130-190 °C. while the screw rotating
speed was controlled at 50 rpm. The samples were then extruded through a @ mm » 22 mm
rectangular die and cooled in atmospheric air. Consequently, the specimens were machined
following the standard of American Society for Testing and Materials (ASTM) for hardness test.
Compasite characierization

Hardness measurement of the composites was tested according to ASTM D2240 standard by
using mechanical Shore D Durometer (Model GS-702G from teclock corporation. Nagano, Japan).
‘The rectangular specimens with dimensions of 16 mm x 16 mm x 6.5 mm were tested. The test was
charactenized at room temperature (25 “C). Average of five specimens was measured and calculated.
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Resuits sand Discassion
Snutistical condvsis af response surface mode!

The statistical significance ol hinear model was analyzed by analysis of variance (ANOVA), as
given in Table 2. The resufts revealed that the model was statistcally signiticant at 5% signiicance
level. indicating by p-value kess than o (o = 0.05). This result indicates that at least one of the four

variables contributes the hardness respanse, For the linear mixwre, variables of rPP, RWF, MAPP,
and UV stabulizer significamly affect hardness property. In additon. the ANOVA ualso showed that
fack of i was not sigmificant tor the model. This concludes that the regression model fits the data.

Table 2 Analysis of variance and model adequacy for hardness of tPP/RWF composites

Rusprisnse Madel Lirmear nuxiure Lack of fit ® Adi-R* Pred-R OV %
Hardness RIALLI N <) (KL ™ HOS 1Y 1.8336 {823 {6603 (.33

*Pvzhuc bess than G035 is consadored significant,

The fit of the model was also checked by detenmination coefficient (), adjusted determination
coefficient (adj-l{‘) predicted determination coefYicient (pred-R7), and coefficient of variation (CV.
The K value of hardness (0.8336) reveals that abowr 83.36% of variability in observation is
explained by the four key compositions of composnes whereas only 16.64% of the total vanab:ht)
couldn’t be explained. A closer to 1 of R value indicates good fits [12]. Also the adji-R’ value of
hardness (0.8024) is large and very close to the ordinary R”. This indicates that there is a less chance
of insignificant terms included in the model [13], The pred-R” value of hardness was 0.7663 meaning
that this model could be expected to » explain about 76.63% of the vanability in predicting new data.
This result also revealed that pred-R” of 0.7663 is in reasonable agreement with the adj-R" of 0.8024.
At the same time, the coefficient of variation found was 0.53%. The low value of CV indicates the
good relative dispersion of the experimental points from the predictions of the meodels [14].
Basically. the coefficient of variation was used to measure the residual variation in the data [11].

Model adequacy checking

Model adequacy checking is always necessary to verify the fitted model to ensure that it provides
an adequate approximation [13]. Figure 1a displays a normal probability plot of residuals. The plot
of these points is reasonably attached close to a straight line, supporting the conclusion that enly rPP,
RWF, MAPP, and UV stabilizer significantly affect. Likewise. there is no strong indication of
nonnormality and possible presence of outliers, which is the very much Earger residual than any of
the others [11]. The predicted hardness vs. actual hardness is also shown in Figure 1b. It illustrates
the linear correlation between the predactcd value and observation data, which was well fitted. These
correlations verified that the model is adequate to predict the hardness value. From model adequacy
checking, the overall predictive capability of model based on the residuals is very satisfactory.

Noermat Pick of Regicualy . Predicted ve. Actual
[ DESIIRENDRrNs Softwam A Mwemm t
fl-!u:lxn (a) 7700 : Ge e (b’
Ecm vastoes of -t
Ll LI gy .l
.. Eimw e ; lras -
= i -
Z ﬁ 28 ‘3.' g, ™
£ P bt 3 -
W £ BRI 1
s 3 o ‘e "--°°- ®
B3 1t % . . - : . _,-
T 81 P 73.00+
g (e ®
£ ‘ . T200-
2% 400 noo 10 2m 7200 7300 TAOD TSOD 600 YOO
heee rmally S tucke mrest o adush At

Fig. 1 (a) Normal probability plot of residuals and (b) plot of predicted versus actuat hardness,

Efievt of compositions on hardness
Significant linear model of the harduess property. affected by the WPC compositions, was
obtained from the hardness response. The cquation caleutated from the regression data was:
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Blardness = 73 78x, » 75 82+ 73 2o B2 02x, 11

The lincar equation of hardness shows positive coeflicient of all the compositions. revealing the
positive effect an the hardness property, The rubberwood flour Do) vielded the highest positive effect
as compared with the other composawons, The coversd experimental regions of hardness property are
shown in Figures 2a and 2b. As seen in Figure 2a. the region is triangular comour plot, i which
three compositions {rPP, RWF, and MAPP) were placed at the comers, while the other materials
were fixed (UV stbilizer at 0.5 wi% and Lub at 1 wi%s). The clear srea i srangubar contour plot
reveals the hardness values varying in range of 73.66 to 7538 shore D, The hardness value sharphy
increased with enhancing RWF content but greatly decreased with increase of 1PP loading. This is
because of higher hardness of rubberwood filler than the weak polvmer mateix [3, 7], In addition,
flexibility of the composites was reduced by an increase of RWT content, resulting in more rigid
composites [15, 16]. The enhancing addition of MAPP {(from 3 wit? to 5 wi%) unaffected the
hardness property as showa in the contour plot (Figuse 2a), Generally, addition of the coupling agent -
1o the composites increases the hasdness with MAPP concentration. This is due 10 both stronger
coupling berween the RWF and PP and better dispersion of the wood tlour into the plastic matrix
with minimum voids [3, 13, MS] Furthermore, the effect of UV stabilizer addition is also exhibited in
the contour plot (Figure 2b), in which twoe compositions fixed were the +PP at 59.8 wi% and the Lub
at 1 wis. The area in triangular contour plot presents the hardness values varying in snge of 74.2 to
748 shore D, The hardness value of tPP/RWF composites slightly reduced with increasing addition
of the UV stabilizer. This decrease is auributed due to the negative interaction of mixtures (namely
wood flour and UV smbilizer) [3]. In the previous work, Homkhiew et al. [3] found that composites
containing 45 wi% RWF and 1 wit%s UV stabilizer showed a higher decrease of hardness value than
composites with 25 wi% RWF and 1 wi% LIV,

CesgnERpee Suttae C*‘-w%w?w et

Compemet Codig Aot ; Comgen g At

e ABE (ﬂ) [ t%})
fai PE
3% ' (]
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lﬂ-’-u 80

Asast Uhempitaniy
KA BRR i
Eagie g

e s

A L% ]

comarp Huwr o covapp

Hardross ' Hardnass
Fig. 2 Triangular contour plots for effects of the compositions on hardness (a) fixed UV stabilizer at
0.5 wt%, Lub at I wi% and (b) fixed tPP at 59.8 wit%, Lub at | wt%.

Optimal formuiation of harduess

An optimal formulation of rPP/RWF composites was conducted to obtain maximum of the
hardness value, It was generated by the software, which was produced, analyzed. and presented as a

graphical optimization. The optimized point of mixture ratio on desirability and overlay plot is
represented in Figures 3a and 3b, respectively. The desirability plot shows a point that maximizes the
desirability function 1o be 0.887, revealing satisfactory value. The desimability level is close 10 1,
indicating a good hardiess response. The obtained desirability exhibited thar this point can represent
the desired formulation. Likewise, the overlay plot in Figure 3b shows the point of optimal
formulation, which is the same point with the desirability plot. The optimal formulation found was
300 wito PP, 450 wi¥ RWF, 3.9 wi% MAPP, 0.1 wi% UV stabilizer, and 1.0 wi% Lub. Besides,
o confirm the accuracy of the model and predicted response. a measurement of the closeness of
hardness response obtained from the predicted value and observed result was also validated in Table

B rwr

>
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3. Thix result confirmed thar the predicted hardness value was not sigaificantly different from the
mensured value Concluding that the earlier propose formulation of (PP/RWE composites for the
hardness property is reasonable and can be well apphed i the WPC industries,

Ses i Expeth Bfterars
Cupenant Doy Aot
Dty P

ey rwr o
Dssraany Cveriay Pt

Fig. 3 {a) Destrability plot and (b) overlay plot of hardness for the optimal formulation.

OMAPRE

Table 3 Predicied and observed responses with optimized formulation
Mixture component proportion (at?e]  Haedness (Shore DY
Ay X X3 Xy A Prodicred Dbservexd
304 450 39 01ty 7573 75,56 15, 40)*
* The value in parentheses 15 standard deviation from five replications.

Conclusions

Mixture experimental design, response surface, and optimization methods were applied to
determine the optimal formulation based on maximum of the hardness property. Analysis of variance
demonstrated that the compositions including PP, RWF, MAPP, and UV stabilizer significantly
affected the hardness property. Model adequacy checking also revealed that the overall predictive
capability of model based on the residuals was very strong. From the contour plots, the hardness
value sharply enhanced with mcreasing RWF content but greatly reduced with increase of PP
loading. This is due to the polymer matrix to be & considerably lower hardness than the rigd
rubberwood filler [3, 7]. The addition of the UV stabilizer in the composites showed the negative
effect. which shightly decreased the hardness value, This result is atiributed due to the negative
interaction of mixtures [3]. The optimal formulation of PP/RWF composites using D-optimal
mixture design based on maximum hardness value was found (o be 50.0 wi%e (PP, 45.0 wi%% RWF,
3.9 wi%s MAPP, 0.1 wi% UV swabilizer, and 1.0 wi® Lub with the desirability function to be 0.887.
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Conclusions

Mixture experimental desige. response surface, and optimization methods were applied to
determine the optimal formulation based on maximum of the hardness property. Analysis of variance
demonstrated that the compositions including PP, RWF, MAPP, and UV stabilizer symificantly
affected the hardness property. Model adequacy checking also revealed that the overall predictive
capability of model based on the residuals was very strong. From the contour plots, the hardness
value sharply enhanced with increasing RWF content but greatly reduced with increase of tPP
loading. This is due to the polymer matrix 10 be a considerably fower hardness than the rigid
rubberwood filler [3. 7]. The addition of the UV stabilizer in the composites showed the negative
effect, which slightly decreased the hardness value. This result is attributed due to the negative
ineraction of mixtures [3]. The optimal formulation of rPP/RWF composites using D-optimal
mixture design based on maximum hardness value was found to be 50.0 wt% rPP, 45.0 wi% RWF,
3.9 w4 MAPP, 0.1 wi®e UV stabilizer, and 1.0 wi% Lub with the desirabiliry function 10 be 0.887.
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Abstract

Composites of rubberwood flour (RWF) and recycled polypropylene (rPP) were produced into panel samples by using a
twin-screw extruder. The effects on creep behavior of mixture fractions of rPP, RWF, maleic anhydride-grafted poly-
propylene (MAPP), and ultraviolet (UV) stabilizer were studied in a D-optimal mixture design. Creep was significantly
affected by the composition. Increasing the fraction of RWF decreased creep, while MAPP and UV stabilizer increased it.
The models fitted were used to optimize a desirability score that balanced muktiple creep characteristics. The model-
based optimal formulation 50.5 wt% rPPR, 44.9 wt% RWF, 3.5 wt% MAPP, 0.1 wt% UV stabilizer, and 1.0 wt% lubricant was
experimentally validated to have low creep closely matching the model predictions.

Keywords

Wood-plastic composites, recycled polypropylene, rubberwood flour, mixture experimental design, creep behavior

Introduction

Wood-plastic composites (WPCs) have been extensively
developed and used in non-structural applications,' For
example. WPCs are increasingly used to replace soft-
wood lumber in deck building. to improve durability.>?
The advantages of WPCs include high specific strength
and stiffness, resistance to water absorption, and posi-
tive impact on environmental issues. These have stimu-
lated the development of WPC materials for also
structural applications.'** However, these composites
are poorly suited for some applications due to long-
term creep under loading. This study is aimed to evalu-

ate and improve the creep characteristics of
specific WPCs.
Waste materials locally available in southern

Thailand were used as raw materials because of both
environmental benefits and low cost. Rubberwood
(Hevea brasiliensis) waste is mainly produced by saw-
mills and furniture industry, both prevalent in southern
Thailand. Of their total wood intakes, these industries
generally generate about 34% wood wastes and about
4% rejects of plantation wastes, while only 12% of the

rubberwood ends up in the products.® Most of the
wood waste can be used in medium-density fiberboard
and particle board.” However, the use of wood waste as
reinforcement in plastic composites is of great interest,
with environmental and economic benefits. The advan-
tages of wood particles include biodegradability, low
health hazard during handling, and non-abrasive
nature,®® when substituted for synthetic fillers such as
glass fiber, carbon fiber, and other inorganic fillers.
In addition, plastic waste is one of the major constitu-
ents of global municipal solid waste.'® In 2008, at least
33.6 million tons posi-consumer plastics were generated
in the USA, of which 28.9 million tons went to landfills,
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2.6 million tons to combustion and cner gy recovery,
and only 2.2 million tons to recycling'’ i——onl\ p
tiny fraction of plastic waste is recycled. Blending
post-consumer  plastics with wood flour w0 create
valuc-added products could increase the value of plastic
waste and impact its reuse practices.’? Plastic waste is a
promising raw material for WPCs because of low cost'’
and properties similar to virgin materials. For example,
composites made {rom recycled high-density polyethyi-
ene (rHDPE) have similar or. in some cases, better
mechanical properties than composites made from
virgin HDPE.!'*'? The mechanical properties of com-
posites are not better with virgin polystyrene than with
recycled polystyrene.'® Ashori'® studied the potential of
municipal solid waste materials for making wood plas-
tic composites. Waste wood and paper can replace inor-
ganic fillers in thermoplastic composites, and these
composites can be reclaimed and recyeled repeatedly.
Ashori and Sheshmani'” made hybrid composile mater-
ials with a combination of recycled newspaper fiber
{RNF) and poplar wood flour as reinforcement, and
with recycled polypropylene (rPP) as the polymer
matrix. They found that the composites with a high
fraction .of RNF had high water absorption.
Madhoushi et al.'® studied the effects of sanding dust
loading and nanoclay content on the physical and
mechanical properties of polypropylene., Addition of
sanding dust significantly decreased tensile and flexural
propertics of the composites, and flexural, tensile, and
withdrawal strength of fasteners were improved by the
addition of 2wt% nanoclay in the matrix. Nourbakhsh
and Ashori'® evaluated the effects of the fiber content
and compatibilizing agent concentration on the mech-
anical properties and water absorption of composites
from poplar fiber and rHDPE. The compatibilizer poly-
ethylene-grafted maleic anhydride improved the flex-
ural properties that now increased with wood content.
In another study, no statistically significant differences
were found in mechanical properties of composites, on
comparing recycled plasucs (HDPE and polypropyl-
ene) with virgin plastics.” Polypropylene wasie and
wood waste are promising alternative raw materials
for making low cost WPCs.>! To reduce solid waste
disposal in landfills and have Jow cost WPC products®
with good mechanical properties and low crecp deform-
ation, suitable WPC formulations neced to bhe
developed.

Design of experiments contributes 1o efficiently find-
ing the best formulations. Typical designs include
Taguchi method. factorial  design, and mixture
design.*? The fractions of components in a mixture
cannot be changed independently because they must
add up to 100%, and mixiure designs make use of
this fact.?? A D-optimal mixture experimental design
allows to fit models that can be used to optimize the

Jormulation of a composite material.™ It also allows
placing restrictions on the formulations, such as lower
or upper limits on the fractions of some compo-
nents. w2 Mixture designs have recently been applied
in food and pharmaceutical industries to find optimal
formulations because they appear efficient in providing
uscful models with & comparatively small number of
experiments. However, prior studies on WPCs seem
not to have used D-optimal mixiure designs. A four-
factor central composite design was applied to develop
a response surface modet and to slud\ the foamability
of rigid PVCiwood-flour composites.™ A 2* factorial
design was used to determine the effects of two hin-
dered amine light stabilizers (HALS), a colorant, an
ultraviolet absorber, and their interactions, on the
photostabilization of wood flour;HDPE composites.?®
A Box-Behnken design with response surface method
was adopted to determine which variables influenced
board performance significantly.” In the current
study, a D-optimal mixture design was used to model
the creep of WPCs. The ultimate goal of this work was
to optimize the composite formulation using rPP and
rubberwood flour (RWF) for minimal creep.

Materials and methods
Materials

tPP pellcts, with a2 melt flow index of 11g/10min at
230°C, were purchased {rom Withaya Intertrade Co.,
Ltd (Samutprakarn. Thailand). RWF, used as a natural
reinforcement, was collected from a local furniture fac-
tory (Songkhfa, Thailand). Its chemical composition
(by dry weight) was cellulose 39%; hemicellulose
29%: lignin 28%: and ash 4%.° The interfacial bonding
between wood flour filler and polymer matrix was also
modified, using maleic anhydnde-grafted polypropyl-
ene (MAPP) with 8-10% of maleic anhydride, supplied
by Sigma-Aldrich (Missouri. USA). HALS additive
under the trade name MEUV008, chosen as the ultra-
violet (UV) stabilizer, was supplied by TH Color Co.,
Ltd (Samutprakarn, Thailand). Paraffin wax. chosen as
the lubricant (Lub), was purchased from Nippon Seiro
Co., Lid (Yamaguchi, Japan).

Experimental design to optimize formulation

The D-optimal design of mixture experiments was cre-
ated with Design-Expert software (version 8.0.6, Stat-
Ease, Inc.) to statistically evaluate and mode! the effects
of component fractions on creep properties and to opti-
mize the formulation. The optimal experimental design
of WPC formulations specified the component fractions
of rPP (x;), RWF (x;), MAPP (x3), UV (xy), and Lub
{(xs). The upper and lower limits of experimental range
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Table . Constraints for the mixture design of

experiments.

Proportion
Component restriction (wt¥%})
rPP (x1) 50<x, <70
RWF (x) 25<x, <45
MAPP (x3} 3<x3<5
UV stabilizer {xy) 0<xex |
Lub (x5} =]

Table 2. Experimental compositions in mixture experimental
design and measured responses.

Mixture Creep
proportion {wt%) strain {%)
Run no. x,; X3 x3 x4 x5 Co. Cieooo Cwono
I 639 299 45 07 10 0958 033 1.31
2 700 250 30 0 1.0 103 042 1.45
3 500 430 50 10 10 077 027 1.04
4 549 389 45 07 1.0 075 025 1.00
5 595 345 50 00 1.0 080 037 117
6 554 399 35 02 10 074 029 1.03
7 595 345 40 {0 1.0 078 031 1.09
g 595 345 50 00 1.0 089 038 1.27
9 500 443 43 05 1.0 067 027 0.94
10 $8.0 258 50 1.0 1.0 1.7 043 1.50
I 500 450 3.0 1.0 1.0 070 025 0.95
12 500 430 50 1.0 1.0 071 038 1.07
13 603 353 30 05 10 088 034 122
14 649 304 35 02 1.0 0% 038 1.28
15 700 250 30 10 1.0 103 040 1.43
16 51,0 450 3.0 00 10 070 032 1.02
17 510 450 30 00 1.0 069 026 0.95
18 500 450 30 10 10 073 025 0.98
9 700 250 40 00 1.0 0% 042 136
20 690 250 50 00 1.0 096 033 1.29
*Duplicate experiment.

for the compositions are shown in Table 1. Despite the
fraction of Lub being held constant, it is included as a
variable becaunse it contributes to the 100% in the mix-
ture. The total number of runs was 20, as shown in
Table 2, including 15 different formulations and five
duplications to evaluate reproducibility or variances.

Composites processing

Before compounding, the RWF was sieved through an
80 mesh standard sieve (particles smaller than 180 um
pass) and dried in an oven at 110°C for 8 h to minimize

Figure 1. Testapparatus of three-point bending creep.

moisture content. WPCs were then produced in a two-
stage process. In the first stage, WPC pellets were pro-
duced: rPP and RWF were dry-blended, and then melt-
blended into wood-plasiic composite pellets using a
twin-screw extruder machine (Model SHI-36 from En
Mach Co., Ltd, Nonthaburi, Thailand). The extrusion
barrel with 10 temperatare zones was controlled at
130-170°C to avoid degradation of the components,
while the screw rotaling speed was maintained at
70rpm. The extruded sirand passed through a water
bath and was subsequently pelletized. In the second
stage, WPC panels were produced: the WPC pellets
were again dried at 110°C for 8h. WPC peliets,
MAPP, UV stabilizer, and lubricant compositions indi-
cated in Table 2 were then dry-mixed and added into
the feeder of the twin-screw extruder. The temperature
profile for extruding was 130-190°C, with 30rpm screw
feed. Melt pressure at the die varied between 0.10 and
0.20 MPa, depending on wood flour content. Vacuum
venting at nine temperature zones was also used to
purge volatile compounds. The samples were extruded
through & rectangular 9 mm x 22 mm die and cooled in
atmospheric air. The specimens were machined for flex-
ural creep testing, following the standard of American
Society for Testing and Materials (ASTM).

Characterization

Three-point bending creep tests of rPP/RWF compos-
ites were carried out on an Instron Universal Testing
Machine (Model 5382 from Instron Corporation.
MA, USA) in Figure 1, according to ASTM D2990
standard. All the tests were performed on
13mm x 4.8 mm x 100 mm (width x thickness x length)
rectangular samples, and 4 test span of 80 mm.
Before the creep tests. the specimens were equilibrated
for 15 min, and the tests were conducted at a tempera-
ture of 25°C (ambient conditions). The total time of the
testing was 100 min (6000s) under a constant stress of
19MPa. Five replications of each formulation were
tested. '
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Morphological analysis

The formation of cracks and interfacial morphology
hetween the wood flour and the polvmeric matrix
were analyzed with a scanning clectron microscope
(SEM). The fracture surface of the specimen before
creep testing was [ractured in liquid nitrogen.
Likewise, the fracture surface of the specimen after
creep testing was fractured by the creep characteriza-
tion. SEM imaging was performed using a2 FEI Quanta
400 microscope (Orcgon, USA) at an accelerating voli-
age of 20kV. The samples (fracture surfaces) before
and alter crecp tests were sputter-coated with gold to
prevent electrical charging during the observation.
Specimens were imaged at magnifications of 150x
and 2500 x.

Results and discussion

The D-optimal mixture design of experiments, with
five fractions as (mutually dependent) variables (that
sum to one), had 20 runs in a randomized order. The
three determined responses were the values of the
instantaneous creep strain (C.), of the viscoclastic
creep strain after 6000s (Cieeooo), and of the total
creep strain after 6000s (Cgonp) and the results are
summarized in Table 2.

Statistical analysis of the response surface model

The data for C.. Ciee000, and Ceoop Were fit with linear
models by multiple linear regression, with no statistical
need for quadratic, special cubic, and cubic models. For
example, a summuary of modeling the Cygopp response is
shown in Table 3. The sequentially fit linear model is
significant (p-value less than %=0.05), but the higher
order terms are not. The adjusted coefficient of deter-
mination (adj-R?) and predicted coefficient of determin-
ation (pred-R%) shown in Table 4 have fairly good
values at 0.8780 and 0.8413. respectively. The values
in Table 4 came from an analysis of variance
{ANOVA) on the significant effects relative to the
creep responses. The ANOVA  shows statistical

Table 3. Rt summary of Cygqo response.

Lack
Sequential of fic
Source pwvalue  pvalue Adi-R® Pred-R
Linear <0.0001* 0.1125 0.8780 08413 Suggested
Quadratic 02092 0.1415 0.9045 0.7242
Special cubic  0.2454 0.1161 0.9279 —13.77
Cubic o.t161 - 0.9497 - Aliased

*P < 0,05 indicates that modal terms are significant.

Table 4. P-values from analysis of variance and model adequacy
indicators for each modeled response.

Source C. (%) Clesoco (%} Cesoao (%)
Mode! Linear Linear Linear
<0.0001* 0.0006* <0.0001*
Linear mixture <0.0001* 0.0006* <0.0001*
Lack of fit 0.3331 0.3590 0.1125
R? 09143 0.6555 0.8973
Adj-R? 08982 0.5909 0.8780
Pred-R? 0.8742 0.4296 0.8413
CV (%) 499 12,03 552
*P < 0.05 indicates that model terms are significant.
significance of these lincar models, indicated by

p-values less than a («=0.05). This result implies that
cach modeled output, C,. C,ceon0. and Cigomn. Was sig-
nificantly affected by at least one of the four controlied
variables. The R® value for C.eo is relatively poor,
partly because its determination was “noisy” with a
high CV.

The R values of the Ce, Cicoo00r and Ciooo are
0.9143, 0.6355, and 0.8973, indicating that 8.57%,
34.45%, and 10.27%, respectively, of the total variabil-
ity in observations is not explained by the models; B>
values close to | indicate good fits ® R? values will
always increase when a variable is added to the
model,” and the computed adj-R® should be close to
R value of the model sclected. This indeed is the case
for the fitted models, indicating it is unlikely that the
models have insignificant terms included.*® The pred-&?
value of C, was 0.8742, meaning that the fitted modet is
estimated to explain about 87% of variability in new
cases, and this is in reasonable agreement with the adj-
R? of 0.8982. For C,.eu0 all of R? adj-R?, and pred-R®
have relatively low or poor values, because C,g000 Was
calculated as Cygoop—C, and this increased its relative
inaccuracy. The cocfficients of variation (CV). of Cg,
Coosoop, and Cienoo were estimated at 4.99%, 12.03%,
and 5.52%. respectively. based on the residual vari-
ation. Low CV values indicate good precision of the
determinations.

Model adequacy checking

Model adequacy checking is always necessary with a
fited model.® Figure 2(a) displays normal probabitity
plots of the residuals for elastic ereep strain C., and the
visually good fit with a straight lines suggests the resi-
duals arc about normally distributed. The interpret-
ation is that the residuals are Gaussian measurement
noise, while the explanatory variables (fractions of rPP.
RWF, MAPP, and UV suabilizer) explain the
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Figure 2. Model adequacy checking for elastic creep strain: (a)
normal probability plot of residuals, (b) plot of residuals versus
predicted values, and {c) plot of predicted versus actual vaiues.

deterministic part of the relationship. Likewise, the pre-
sence of outliers is not strong indication, as such a
fuiled experiment would give a large residual disabling
the good straight line fit in a probability plot.?? A plot
of the residuals vs. the predicted values for the model of

T :
334

%ZZRWF

Figure 3. Triangular contour plots for effects of the compos-
ions on elastic creep strain: (a) fixed UV stabilizer at 0.5 wt%
and Lub at | wt% and (b) fixed rPP at 59.8 wt% and Lub at | wt%.

Ce

C. 15 shown in Figure 2(b). There is no obvious pattern
remaining, and therefore no suggestion for adding
some nonlinear terms to the fit.”? Figure 2(c) shows
the C, model predictions vs. observations. The model
outputs fit the actual obscrvations quite well, with C,
model deviating from actual by less than about 5%, in
alignment with the estimated CV. The model adequacy
was similarly checked for Cyegomo and Cigogo. with essen~
tially similar conclusions.

Effect of composition on the elastic creep strain,
and optimal formulation

The linear regression model fitted to experimental C,
alue was

Ce = 0.99x) + 0.66x2 + 0.89x3 + 1.78x; (h
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Table 5. The optimal formulations that minimize each creep
characteristic, with predicted responses.

Mixture

proportion (wt%)
Property Predicted
(%) PP RWF MAPP UV Lub response Desirability
Ce 50.0 450 39 0.1 1.0 0.7 0.996
Cosooo 500 450 30 1.0 1.0 026 0.906
Cescoo 50.1 450 35 03 1.0 095 0.962

G o™

Figure 4. Triangular contour plot for effects of the compos-
itions on viscoelastic creep strain. Constant fractions of UV
stabilizer at 0.5 wt% and Lub at | wt%.

in which all coefficients are positive. RWF (x-) has the
smallest coefficient so it should be maximized to min-
imize creep. The UV stabilizer (x4) has the largest coef-
ficient, so its addition should be as small as possible.
The experimentally covered formulations are shown in
Figure 3(a) and (b), with color coding for the modeled
Ce.. In the triangular contour plot of Figure 3(a), the
three pure components (rPP, RWF, and MAPP) are
represented by the corners, while the additive levels
were fixed (UV stabilizer at 0.5 wi% and Lub at
1wt%). The contours in the colored areas, that include
the experimental observations. present the C, regres-
sion fits varying from 0.7% to 1%. The creep C, clearly
decreases with increasing RWF content. High wood
flour content increases the modulus of elasticity
(MOE) of composites,* so that higher stress is required
for the same deformation.™? The choice of MAPP con-
tent between 3 and 3wt% barely affected the C..
Generally, the addition of coupling agent in the
WPCs decreases the creep strain due to the improved
filler dispersion and improved interfacial adhesion
between wood flour and polymer matrix,™° whereas

(a)

Ci8000
Figure 5. Triangular contour plots for effects of the compos-

itions on tota! creep strain: (a) fixed UV stabilizer at 0.5 wt% and
Lub at | we% and (b) fixed rPP at 59.8 wt% and Lub at | wt%.

too much MAPP relative to wood flour will cause self-
entanglement, resulting in slippage with the PP mol-
ecules.”*® This slippage in the WPC structures leads
to easier creep deformation of the WPC specimens.
The triangular contour plot in Figure 3(b) also shows
that addition of 1 wt% UV stabilizer slightly increased
the elastic creep strain from 0.82% to 0.88% because
UV stabilizer has some chemical reactions with the
other components.” Likewise, it is known to reduce
the flexural properties but to increase creep strain,
due to non-homogeneous spatial distribution of wood
flour, polymer, and UV stabilizer.™ Therefore, the
load-bearing capacity of WPC specimens decreased.
resulting in increase of the creep deformation. Using
Iwt% of UV stabilizer may be unnecessary, and its
fraction should be minimized to minimize creep.

The numerically optimized compositions for each
creep characteristic, based on fitted models, are
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shown in Table 5. In all three cases, the formulations
have about 30.0wit% of rPP and 45.0wt% of RWF,
with minor variation in MAPP and UV stabilizer frac-
tions. Since the requirements of optimizing the different
creep characteristics are net in much of a conflict, they
can be approximately optimized simultaneously.

Effect of composition on the viscoelastic creep
strain, and optimal formulation

The lincar regression medel for the viscoelastic creep
strain (Coaopn) wWas

Cresopy = 0.40x) +0.27x2 4+ 04343 +0.26x:  (2)

with positive coeflicients. In Figare 4 Cigp00 (in the
range of 0.28 1o 0.40%) increases for high fractions

{a)

© (150)

(150x)

of rPP. because the mobility of polymer chains
mcreased in the WPCs and contributed to viscoclasti-
city. The concentration effect of MAPP on Ciegnon Was
insignificant, similar to elastic creep strain. The optimal
composition minimizing viscoelastic creep strain coin-
cided with formulation 11, sce Table 5.

Effect of compasition on the total creep strain,
and optimal formulation

The lincar regression fit for
(Cisono) was

the total creep strain

Cipono = 1.39x) 4 0.93x2 + 1333 +2.04xs (3}

with positive coeflicients. RWF {x,) has the lowest coel~
ficient, while UV stabilizer (x3) had the largest

(b)

" (2500x)

al contact

Weak interia

(2500x%)

Figure 6. SEM micrographs of rPP-rubberwood flour composites showing formation of cracks and interfacial contact between wood
four and plastic matrix (Magnification [50x and 2500} (a), (b) before creep testing and (c), (d) after creep testing.
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Figure 7. The optimal formulation for overall desirability,

coefficient. Figure 5(a) shows that total creep strain
varies in range of 1.0-1.3% and decreases with RWF
loading. RWF had a lower coefficient than rPP because
wood flour is stiffer than the neat plastic.”® Therefore,
the deformation of the composites is reduced with
increased wood flour content. Furthermore, the add-
ition of increasing wood flour replaced the plastic
matrix. It reduced the volume and mobility of the
macromolecules chains in the composite structures,
resulting in decrease of the creep deformation. The
creep of WPCs is mainly caused from the plastic
matrix, and the chains mobility leads to eventual failure
of the WPC specimens. Figure 5(b) presents the effects
of MAPP and UV stabilizer contents on the total creep
strain. The total creep sirain slightly increases with
MAPP and UV stabilizer concentrations, with reasons
similar to what was discussed in relation to C,. The
optimal formulation based on the numerical model is
also shown in Table 3. In addition, the microstructure
analysis of the composites before and after creep

Table 6. Predicted and observed responses with the formula-
tion optimized jointly for all the creep characteristics.

Mixture
component Creep
proportion {wt%} strain {%}

PP RWF MAPP UV Lub C, Ciesooo Crsoca

Predicted 50.5 449 35 0.l 1.0 067 027 0.95
Observed 071  0.29 1.00
.01} (0.02) (0.03}

Note: The values in parentheses are standard deviations from five
replicates.

cxperiment was also observed from the SEM micro-
graphs in Figure 6 (Figure 6(a) and (b) before creep
testing and 6(c) and (d) after creep testing). Irregular
short fibers are seen in the composites. The composites
before creep testing exhibited no crack formation and
good interfacial contact between RWF and PP matrix.
According to this SEM study, the coupling agent used
in the composites improves the compatibility, resulting
in the good interfacial adhesion and enhancement of
creep performance.” In contrast, the composites after
creep testing had farge cracks and poor interfacial con-
tact. This is due to great extension of the composites
bearing load for long time, and the wood flour was
pushed out from the plastic matrix, resulting in failure
of the composites.

Optimal formulation for all creep characteristics

Multiobjective optimization using all of the regression
models was performed with the Design-Expert soft-
ware, using its default settings to construct a desirabil-
ity score that balances all of the fitted models. The plot
in Figure 7 shows the formulation that was considered
optimal, along with contours of the desirability score.
The optimal formulation found was 30.5wi% rPP,
449wt% RWF, 3.5 wt% MAPP, 0.1wt% UV stabil-
izer, and 1.0wt% Lub, corresponding to a high desir-
ability of 0.945. All the previous optima, in Table 3,
were at practically the same formulation. The model
predictions were validated experimentally, and the
results are given in Table 6 for the jointly optimal for-
mulation. The maximum deviations between model
predictions and experimental averages are of the same
order as the earlier estimated CV accuracies of
determinations.

Conclusions

Design and analysis of D-optimal mixture experiments
were used to efliciently obtain the optimal formulation
of rPP/RWF composites that minimizes creep. All the
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component {ractions experimentally varied, namely of
PP. RWF, MAPP, and UV stabilizer. which signifi-
cantly affected all the creep characteristics (C.,
Cocrouos and Ciepop) In general, a high fraction of
RWF reduced all of these. and the optima found had
43wi% RWF which was the maximum in the experi-
mental design. At this wood flour loading. the modulus
of elasticity was maximized, so that a comparatively
high stress is required for a given creep deformation.
Increasing the fraction of MAPP from 3 to Swt% only
slightly affected the creep strain, lacking siatistical sig-
nificance. The addition of 1 wi% UV stabilizer slightly
increased creep. The approximately optimal formula-
tion minimizing jointly all creep characteristics was
30.5wt% PP, 449wi% RWF, 3.5wt% MAPP,
0.1w1% UV stabilizer, and 1.0 wt% Lub. The joint
optimization maximized a desirability score that
balanced the multiple objectives, and the jointly opti-
mal formulation was cxperimentally validated to pro-
duce low creep nearly as predicted.
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Abstract

The present study aims to investigate the moisture absorption of polypropylene (PP)/
rubberwood flour (RWF) composites and its effects on dimensional stability. The
compositions included different grades of plastic, and the amounts of wood flour,
maleic anhydride-grafted polypropylene (MAPP), and ultraviolet (UV) stabilizer were
varied. The composite materials were manufactured into panels by a twin-screw
extruder. Long-term water absorption (WA), long-term thickness swelling (TS), and
degradation of flexural properties of the composites were studied for a range of
water immersion times. The WA and TS of the samples increased with RWF content
and immersion time. Recycled PP gave higher WA and TS than virgin PP, for the com-
posites with 45 wt% RWF. Increasing MAPP content from 3 to 5 wt% had no signif-
icant effect on WA and TS, whereas the addition of | wt% UV stabilizer increased
them. A MAPP content of 3 wi% is recommended for moisture resistance, while the
amount of UV stabilizer should be kept as low as possible. Flexural strength and mod-
ulus of composites also decreased with moisture uptake; however, <3% WA did not
significantly affect the flexural strength. In contrast, the maximum strain of composites
consistently increased with WA,
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Introduction

Natural organic fibers are potential replacements for glass or carbon fibers, inorganic
fillers, and other traditional materials in compositcs.'? The advantages of natural fibers
include low cost, low density, low encrgy consumption, biodegradability, and non-
abrasive nature. ' Likewise, they can have high specific strength and modulus, allowing
the production of low-density composites with high filler content.*> Recent advances in
natural fillers create opportumncs to improve materials from renewable resources, sup-
porting global sustainability.® Natural wood fibers in the form of flour, sawdust, and
chips are available as waste streams from sawmills and furniture factories. In plastics
industries, they have been primarily used as inexpensive reinforcement to enhance the
modulus of several thermoplastics, and as fillers substituting for more costly raw mate-
rials. There have been numerous studies on producing thermoplastlc composntm with
plant t’ bers, plant flour, or wood flour including eastem red cedar,’ flax,? maplc oak,’
pine,'® and rubberwood."! In addition, the i increasing global production and consumption
of plastics significantly contributes to municipal solid waste.'? In 2008, at least 33.6 mil-
lion tons of postconsumer plastics were generated in the United States, of which 85.8%
went to landfills, 7.7% to combustion and energy recovery, and only 6.5% to recy-
cling'*'*—only a tiny fraction of plastic wastes are recycled. Effective and safe disposal
has also become a serious public concern.'> However, plastic wastes could be used as
raw materials for wood-plastic composites (WPCs).'® Increasing the opportunities to use
plastic wastes has motivated the current study. The WPCs produced from recycled plas-
tic would not only provide effective and safe disposal of plastic wastes but also the con-
sumption of energy and natural resources would be reduced.'*!” There are potential
benefits on both environment and economics in recyclmg combinations of wood and
plastic wastes.!%!3

Rubberwood (Hevea brasiliensis) is used in large amounts by sawmills and furniture
industry in southern Thailand, and these produce large quantities of waste in the forms of
sawdust and wood chips. In these industries only 10% of the rubberwood ends up in the
products, while the rest is wood waste about 36% and small branches about 54%.'® Most
of the wood wastes are used to produce medium-density fiberboard and particleboard. '®
However, the utilization of wood waste as reinforcement in plastic composites is great
interest, with both environmental and economic benefits. Wood as reinforcement of plas-
tic composites has many advantages over synthetic fillers,? but its hydrophilic nature is
a disadvantage that impacts the performance of the WPCs.'>?' The cnd-use applications
of WPCs such as dimensional stability were limited by the amount of water absorption
(WA).2 This varies by the wood species, partly because they have different contents of
cellulose, lignin, hemicellulose, and extractants.” Hence, the effects of filler (rubber-
wood flour; RWF) and grade of plastic (virgin or rccycled) on the composite properties
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need to be characterized. The objective of this work was to determine the effects of mate-
rial compositions (including different grades of plastic; and contents of RWF, coupling
agent, and ultraviolet (UV) stabilizer) on the long-term WA, and the resulting thickness
swelling (TS), and degradation of flexural propertics, of RWF-reinforced polypropylene
(PP) composites. Data created from this work would help better understanding of prop-
erties of such samples so that developed products can be used for most suitable applica-
tions in the form of value-added material.

Materials

RWF supplied by a local furniture factory (Songkhla, Thailand) was used as reinfor-
cement. The main chemical constituents were cellulose (39%), hemicellulose (29%),
lignin (28%), and ash (4%).'® The wood flour was screened through a standard sieve of
mesh size 80 (passing particles smaller than 180 um) and was dried in an oven at 110°C
for 8 h before compounding. Recycled polypropylene (rPP) pellets, WT170 with a melt
flow index of 11 g/10 min at 230°C, were supplied by Withaya Intertrade Co. Ltd
(Samutprakarn, Thailand). Virgin polypropylene (vPP) granules, HIPOL J600 with a
melt flow index of 7 g/10 min at 230°C, were procured from Mitsui Petrochemical
Industries Co. Ltd (Tokyo, Japan). The coupling agent used was maleic anhydride-
grafted polypropylene (MAPP), supplied by Sigma-Aldrich (St Louis, Missouri, USA),
with 8-10% of maleic anhydride. Hindered aminc light stabilizer additive, chosen as the
UV stabilizer, was supplied by TH Color Co. Ltd (Samutprakarn, Thailand) under the
trade name MEUVO008. A paraffin wax lubricant (Lub) was purchased from Nippon
Seiro Co. Ltd (Yamaguchi, Japan).

Manufacturing of the samples and testing

WPCs were manufactured in a two-stage process. In the first stage, to produce WPC
pellets RWF and PP were mixed and pelletized using a twin-screw extruder (Model
SHJ-36 from En Mach Co. Ltd, Nonthaburi, Thailand). Barrel temperatures of the
10 zones were controlled at 130-170°C from feeding to die zones, to reduce degrada-
tion of the compositions, while the screw rotation speed was controlled at 70 r min™".
In the second stage, to produce WPC panels, the WPC pellets were carefully dried prior
to use, in an oven at 110°C for 8 h. The WPC pellets, MAPP, UV stabilizer, and Lub
(formulations in Table 1) were then dry mixed and added into the feeder of a twin-
screw extruder. The extruding conditions were as follows: (1) temperature profiles:
130-190°C; (2) screw rotating speed: 50 r min™"; (3) vacuum venting at 9 temperature
zones: 0.022 MPa; and (4) melt pressure: 0.10-0.20 MPa depending on wood flour
content. The samples were extruded through a rectangular die with the dimensions
of 9 x 22 mm? and cooled in ambicnt air. After cooling, the specimens were cut
according to ASTM standard for physical and mechanical testing.

Density. All samples were oven dried at 50°C for 24 h. After oven drying, the samples were
cooled ina desiccator containing calcium chloride and then weighed (a precision of 0.001 g).
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Table |. Wood-plastic composite formulations (percent by weight).

Composite sample code®* PP VP  RWF MAPP UV Lub Density (gem™)

rP100 100 0.886 (0.065)°
vP100 100 0.816 (0.092)
rP70R25M3U 1 70 25 3 I I 0.986 (0.070)
vP70R25M3U I 70 25 3 I I 0.953 (0.069)
rP60R35M3U0.5 60.3 35.3 3 0.5 I 1.015 (0.036)
vP60R35M3U0.5 603 353 3 0.5 I 0.985 (0.063)
rPSOR45M3U | 50 45 3 I [ 1.085 (0.033)
vPSOR45M3U | 50 45 3 I I 1.009 (0.060)
rP68R25SMSU | 68 25 5 I I 0.972 (0.089)
rP69R25M5U0 69 25 5 0 i 0.914 (0.072)

rPP: recycled polypropylene; vPP: virgin polypropylene; RWF: rubberwood flour; MAPP: maleic anhydride-
grafted polypropylene; UV: ultraviolet; lub: lubricant.

*The sample codes summarize the formulation, as in rP70R25M3U1 having 70 wt% rPP, 25 we% RWF, 3 wt%
MAPP, and | wt¥% UV.

®The values in parentheses are standard deviations from five replicadons.

After that, the dimensions of the composite samples were measured using a digital vernier
caliper (a precision of 0.01 mm) and the volume calculated. The full dry density (6,) of PP/
RWF composites was computed using:

- M,

g om™) =72 m
Q

where M is the full dry weight (in grams) and ¥, is the volume (in cubic centimeter) of

the composite.

Water absorption and dimensional stability. WA tests werc carried out according to
ASTM D570-88 specifications. Specimens (4.8 x 13 x 26 mm®) were cut from the
extruded panels and used to measure the WA and TS. Five specimens of each formula-
tion were dried in an oven at 50°C for 24 h. The weight and thickness of dried specimens
were measured to a precision of 0.001 g and 0.01 mm, respectively. The specimens were
then immersed in water at ambient room temperature. After 1 week, soaked specimens
were removed from the water, thoroughly dried with tissue papers, and immediately
weighed and measured to determine the weight and thickness. Then, the specimens were
immersed in water again and stored at ambient room temperature for 10 weeks, during
which time the measurements were repeated at 1-week interval. The percentage of WA
can be calculated using:

W, — Wy .
_— 0
— x 100 (2)
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where WA, is the WA attime ¢, I, is the initial dry weight, and ¥, is the soaked weight of
specimen at a given time 7.
The pereentage of TS was calculated using:

y I, - T .
TS(%) = 2—2 x 100 (3)
To

where TS, is the TS at any time 7, Ty is the initial dry thickness, and T, is the soaked
thickness of specimen at a given time .

Flexure testing. Three-point flexure test was carried out on an Instron universal testing
machine (model 5582; Instron Corporation, Norwood, Massachusetts, USA) at a cross-
head speed of 2 mm min~"' with nominal dimensions of 4.8 x 13 x 100 mm>, a span of
80 mm in accordance with ASTM D790-92 standards. The testing was performed at
ambient room temperature of 25°C with 5 samples in each formulation to obtain an aver-
age value. From flexural strength test, the modulus of rupture (MOR) can be calculated
using:

3PrmaxL

2bd?

where P,y is the maximum load (in newton), L is the span (in millimeter), 4 is the width
of the specimen (in millimeter), and d is the thickness of the specimen (in millimeter).
The modulus of elasticity (MOE) can also be calculated using:

4bd

MOR (MPa) = (4)

MOE (MPa) = (5)
where L is the span (in millimeter), Py, is the incremental load (in newton), 6y is the
incremental bending distance (in millimeter) in the range where the relation is linear, b is
the width of the specimen (in millimeter), and d is the thickness of the specimen
(in millimeter).

The measurements of flexural strength and modulus were repeated at {-week interval,
for otherwise continuously soaked samples. The degradation of the flexural properties
was determined for a total of 6 wecks, at which time the samples were water saturated
and no longer absorbing.

Morphological analysis

Morphological analysis of the samples was carried out using a scanning electron
microscope (SEM) to assess the interfacial adhesion and phase dispersion of wood
flour in the polymeric matrix. SEM imaging was carried out with an FEI Quanta
400 microscope (FEI Company, Hillsboro, Oregon, USA) at an accelerating voltage of
20 kV. Prior to SEM observations, all samples were sputter coated with gold to prevent
clectrical charging during the imaging. Specimens were imaged at magnifications of
150x and 1000x.
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Statistical analysis

The effects of WA on the bending propertics of RWF-reinforced PP composites were
cvaluated by analysis of variance (ANOVA) and Tukey’s multiple comparison test. The
ANOVA revealed significant differences between WA amounts and degradation of flex-
ural properties in each week, whereas comparison of the mean values was carried out
with Tukey’s multiple comparison tests. Results, such as mean and standard deviations
from five samples of each test, were statistically analyzed. All the statistical analyses
used a 5% significance level (a = 0.05).

Results and discussion
Density of WPCs

Densities of the WPCs at various mix ratios and different plastic grades arc shown in
Figure 1. The density of the composites ranges from 0.816 g cm™ for the entirely vPP
panel to 1.085 g em™ for the 45 wt% rubberwood-rPP composite panels with 3 wt%
MAPP. The density of WPC increased linearly with the wood fiber loading; the R values
of linear fits are 0.992 and 0.943 for vPP and rPP composites, respectively. The density
of produced WPCs isover 0.8 g em™>, which can be compared with high-density fiber-
board (0.8-1.040 g cm™). These are high-density boards that could be of interest as
structure materials, among other applications. Generally, the bulk density of most wood
species is in the range 0f 0.32-0.72 g cm™>. Wood with density exceeding 0.8 gcm™ is
considered high density wood.?* Furthermore, the WPCs from rPP had higher densitics
than those from vPP at all mix ratios, although both types of PP gave a similar trend for
the density increase with wood flour loading. The effect of UV stabilizer was to increase
the density of PP/RWF composites, at 1 wt% addition level. This is probably because the
UV stabilizer has higher density than the rPP.

Long-term WA behavior

The long-term WA of the PP/RWF composites was monitored by full water immersion
over a period of 10 weeks as shown in Figure 2. Composites made from vPP and rPP
with 45 wt% RWF absorbed the most water, having moisture ratios 0f9.80 and 10.33%
(relative to solids by weight), respectively, after 10 weeks. Generally, the WA
increased with wood flour content®® because of an increase of free OH groups with
wood cellulose content. These free OH groups interact with polar water molecules,
leading to the weight gain of the composites.'?> During immersion, the wood flour
absorbed a significant quantity of water, while the plastics absorbed very little.'> With
the same wood flour contents up to 35%, the composites based on vPP and rPP had very
similar WA. However, at 45 wt% RWF, the two types of plastics seemed to give dif-
ferent absorption behavior. This may be due to better encapsulation of wood flour into
vPP, with good dispersion and strong interfacial bonding between wood particles and
polymer, and consequently slower WA. Theoretically, the penetration of moisture into
WPCs takes place by three different mechanisms. These are capillary transport of
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Figure 1. Averages of density as a function of wood flour loading, for the PP-RWF composites.
PP: polypropylene: RWF: rubberwood flour.
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Figure 2. Effect of composition contents and plastic grades on long-term water absorption for PP-
RWF composites.

PP: polypropylene; RWF: rubberwood flour.
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Figure 3. Averages of equilibrium water absorption is a practically linear function of wood flour
loading, for the PP-RWF composites.

PP: polypropylene; RWF: rubberwood flour.

water in the pores, and flows at the interfaces between polymer and fibers, due to poor
wettability and impregnation. The last mechanism is the diffusion of water molecules
in the microgaps between polymer chains and transport by microcracks in the
matrix. 226

The effects of MAPP and UV stabilizer contents on the WA are also shown in Figure
2. MAPP addition of 5 wt% in rPP/RWF composites containing 25 wt% RWF (case
rP68R25M5U1) gave a lower WA (not statistically significant) than the addition of 3
wt7% MAPP (case rP70R25M3U1). Similar results have been reported by Adhikary
et al.'? that the coupling agent can increase adhesion in WPCs by improving compat-
ibility between the wood particles and the polymer. Then, the plastic can cover more of
the wood surfaces, resulting in lower WA. Furthermore, adding 1 wt% UV stabilizer
(case rP68R25M5U1) increased the equilibrium moisture content (EMC) from 2.78 to
3.13% without UV stabilizer (case rP69R25MSUO), as shown in Figure 3. This may be
attributed to the nonuniform spatial distribution of wood flour, polymer, and UV sta-
bilizer, %27 which results in higher WA. In Figure 3, the linear correlation between EMC
and wood flour content was high, for both vPP and PP composites (R? = 0.995 and
0.999, respectively). However, the composite board density and EMC were less well
correlated, with the R? value being 0.781. The WA behavior is complex and can be
influenced by several factors, for example, wood content, virgin or recycled plastics, UV
stabilizer, and coupling agent.
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Figure 4. Thickness swelling as function of water immersion time for PP-RWF composites. Solid
lines show virgin polymer and dashed lines represent recycled polymer.
PP: polypropylene; RWF: rubberwood flour.

Long-term TS behavior

The TS of vPP and rPP composites with various contents of RWF are represented in
Figure 4. The TS of virgin and recycled composites was the highest with 45 wt% RWF at
3.20 and 3.51%, respectively, corresponding also to the highest WA. However, the rPP
composites containing 45 wt% RWF had more TS than the vPP composites. These
results can be compared with the scanning electron micrographs of PP composites with
45 wt% RWF in Figure 5 (Figure 5(a) and (b) for vPP and Figure 5(c) and (d) for rPP).
Irregular short fibers were spread in the plastic matrix. The rPP composites showed less
homogenous morphological structure, poorer dispersion of the fibers in the matrix, and
weaker interfacial bonding between the wood flour and the polymer matrix than the vPP
composites. Therefore, the PP composites allow easier access of water to the cellu-
lose.'? With a similar trend to the WA, the TS of rPP/RWF composites increased with
wood flour content and immersion time until saturation at equilibrium. For example, the
PP composites containing 25, 35, and 45 wt% RWF with addition of 3 wt% MAPP
displayed equilibrium TS (ETS) values of 0.89, 1.73, and 3.51%, respectively. Likewise,
the equilibrium TS of vPP composites with 25, 35, and 45 wt% RWF were 0.69, 2.0, and
3.20%, respectively, which have the same trends and qualitative as the rPP composites.

The effects of MAPP and UV stabilizer contents on the TS of WPCs are also shown
in Figure 4. As can be seen, the rPP/RWF composites with 3 wt% MAPP (case
rP70R25M3U1) yielded the same TS as the composites with 5 wt% MAPP (case
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(a) (150%)

PP matrix

(¢) (150%) {d) (1000x)

Figure 5. Scanning electron micrographs of 45 wt% RWF composites based on (a and b) virgin
polypropylene and (c and d) recycled polypropylene. Magnifications of 150 x and 1000 x from left
to right.

RWEF: rubberwood flour.

tP68R25M5U1) and had similar trend with WA, In 3-5 wt% range, changes in MAPP
content had no effect on the WA and TS of rPP/RWF composites, so using MAPP in
excess of 3 wt% may be unnecessary. However, at the same wood flour content, the
WA and TS significantly decreased with addition of 3-5 wt% coupling agent to the
composites, compared with the composites without MAPP.'??® As the coupling agent
improves the interfacial adhesion between wood flour and polymer matrix, the pene-
tration of moisture into WPCs is limited.?® In addition, the change in the TS with
different UV stabilizer concentrations was similar to that found in the WA. The
composites with 25 wt% RWF showed an insignificant increase in ETS with an
increase in UV stabilizer from 0 wt% (case rP69R25MS5UO) to 1 wt% (case
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Figure 6. Averages of equilibrium thickness swelling of the PP-RWF composites as a function of
wood flour loadings.

PP: polypropylene; RWF: rubberwood flour.

tP68R25M5U1), as shown in Figure 6. The mechanisms causing this phenomenon
were discussed earlier in relation to WA. Using 1 wt% of UV stabilizer may be
unnecessary and to reduce the negative effects on the TS and WA, the amount of UV
stabilizer should be minimized.

The relationships between ETS and wood flour content of the vPP and rPP composites
are also shown in Figure 6, with strong linear correlations (R2 = 0.999 and 0.958,
respectively). When the wood flour content in the composites is increased, the number of
free OH groups contributed by wood cellulose is also increased. Therefore, the WA
increased, resulting in increased TS.%'%?° The relationship between the ETS and EMC of
the PP/RWF composites is also linear with an R? value of 0.997. The empirical equation
obtained from the linear correlation between ETS and equilibrium WA (EMC) was:

ETS(%) = 0.334EMC(%) — 0.208 for EMC > 0.63% (6)

Since the ETS should be positive value, the minimum EMC should be greater than
0.63%.

Degradation in mechanical properties

The flexural properties are important for decision making on WPC applications. The
degradation of flexural strength and modulus of the composites, with vPP or rPP and
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Figure 7. Effect of water immersion time on flexural strength of virgin (solid lines) and recycled
{dached lines) PP composites containing different RWF loadings.
PP: polypropylene; RWF: rubberwood flour.
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Figure 8. Effect of water immersion time on flexural modulus of virgin and recycled PP composites
containing different RWF loadings.
PP: polypropylene; RWF: rubberwood flour.
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different amounts of RWF, are shown in Figures 7 and 8. Both the flexural strength and
modulus of vPP or rPP/RWF composites decreased with immersion time and moisture
uptake. Moreover, the composites with high wood flour contents lost flexural properties
sharply. The water molecules reduced the strength of interfacial adhesion between RWF
and PP.2 When water molecules infiltrate into the composite, the wood flour tends to
swell resulting in localized yielding of the polymer matrix and loss of adhesion between the
wood flour and matrix.>>° The flexural modulus also significantly decreased rather than the
strength. In fact, wood flour has hard filler in comparison with the plastic matrix increased
the stiffness of the composites. Wood flour plasticizes when wet becoming ductile
decreasing the stiffness of composites.>® These qualitative observations were assessed for
statistical validity by analysis of variance (ANOVA). According to one-way ANOVA of
data as shown in Tables 2 and 3, the WA does not significantly affect the flexural strength
of vPP or rPP composites containing 25 wt% RWF. In contrast, with 35 and 45 wt% RWF,
the flexural strength is significantly affected by WA, Initially for up to 2 weeks, the flexural
strength decreased only slightly (not significant), but after 2 weeks it decreased significantly
and then stabilized. The flexural strength depends on crack formation or fracture mechanism
of the composites. When WPCs are soaked in water, the wood flour absorbs water and
swells, while PP hardly absorbs water or swells.>® Hence, the swelling of wood flour mainly
causes microcracks and reduces adhesion of wood particles to the plastic matrix. However,
the initial WA (for up to 2 weeks) is only around 1-3%, and the swelling of wood flour is not
sufficient to generate microcracks®®; in the current study, <3% absorption did not signifi-
cantly affect flexural strength. Tukey’s test values shown in Table 3 also indicates that, for
vPP composites with 45 wt% RWF (case vP5S0R45M3U 1), for up to 2 weeks, the decrease in
flexural strength was not significant (indicated as footnote “*” in Table 3), but these initial
flexural strengths were significantly higher than those at 3-6 weeks (indicated as footnote
«b» in Table 3). Besides, an increase in maximum strain of the vPP or rPP composites with
different amounts of RWF is also shown in Figure 9. The maximum strain increased signif-
icantly with immersion time and WA: the initial increase was rapid and then stabilized after
2 weeks. The reason for this phenomenon is probably similar as described earlier. When
wood flour wets, it plasticizes and becomes ductile,>’ and this increases the maximum strain.
The composites with high wood flour contents had sharper increases in the maximum strain
because of this. The composites based on vPP had higher maximum strains than those based
on rPP at equal wood contents. vPP being stiffer than rPP may be the reason for this. The
molecular weight of recycled plastic decreases with repeated recycling. Short chains have
more chain ends per mass than long chains, and these ends act as crystal defects that initiate
failure during flexural loading, at comparatively lower elongation.>!

Conclusions

WPCs were prepared from RWF and rPP or vPP. The density of WPCs increased linearly
with wood flour content because these natural fibers have a higher density than the
polymer matrix. Long-term WA and TS behavior of vPP or rPP/RWF were experimen-
tally observed. Both WA and TS increased with wood flour content because wood cel-
lulose absorbs water, while the plastic matrix in the composites does not. At 45 wt%



Table 2. Effect of moisture content on flexural properties of the rPP-RWF composites.

+P7OR25M3U1 rP6OR3SM3U0.5 rPSOR45M3U |
Time WA MOR MOE Maximum WA MOR MOE Maximum WA MOR MOE Maximum
(weeks) (%) (MPa) (GPa) € (%) (%) (MPa)  (GPa) (%) (%) (MPa) (GPa) £ (%)
0 0 369° 1.76*® 309 0 40.2° 2.18* 2.79* 0 39.7 2.69° 2.07°
[ 067 36.9° 179 338 1.48° 39.9° 1.94° 3.15b¢ 3.58° 36.8° 1.84° 3.07°
2 106® 364 1.550¢ 3.76M< 244" 36.6°° 1.64¢ 3.82%b 571 35.50 1.53¢ 3.45°
3 1.46° 35.7° 1.50° 430° 343° 34.5° 1.53¢ 4,00 7.46° 33.4b< 1.53¢ 3.60%¢
4 176 356 1.59vbe 426> 398 347 1.56° 4,07°< 863%¢  328% 1.605< 3.60°<
5 210° 35%* 1.54%< 43¢ 458%  347° 1.50¢ 429° 9.4/¢ LIS 154 3.51%¢
6 228 35.4° |.6470< 4,)53b< 5.00° 34.2° 1.52¢ 4.14% 9.80° 31.0° 1.67°¢ 3.46>¢
pValue  0.000 0879 0.0l 0.000 0.000 0.000  0.000 0.000 0.000 0.000  0.000 0.000

Note: Means within each column with the same letter are not significandy different (Tukey's test, «r = 0.05).
rPP: recyded polypropylene; RWF: rubberwood flour; WA: water absorption; MOR: modulus of rupture; MOE: modulus of elasticity: maximum ¢ maximum strain.
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Table 3. Effect of moisture content on flexural properties of the yPP-RWF composites.

vP7OR25M3U 1 vP6OR3ISM3UO.5 vP50R45M3U1

WA MOR MOE  Maximum WA MOR MOE  Maximum WA MOR  MOE  Maximum

Time (weeks) %) (MPa)  (GPa) £ (%) (%) (MP2)  (GPa) £ (%) %) (MPa)  (GPa) € (%)
0 0 4.3 193 3.99° 0 448 231 323 0 434 2.66 236
! 0.74° 4.7 2.00° 4.18*° 1.33° 44,12 224 37* 267 4317 2.31° 342°
2 1.05* 44.1° 1.68° 4,660 230" 440 181° 444 444° 22 1.86° 4.00°
3 1.51° 42.4* 1.75%< 4.86°¢ 3.28¢ 41,32 187° 456° 6.15¢ 37.4° 1.92¢ 397°
4 170> 4212 i.64° 5.16° 3.96%¢  40.55< 1.83° 4.60° 723%¢  36.7° 1.86° 3.90%¢
S 201¢ 413 1.75%< 499° 469%  399° 1.88° 459° g.1s%  362° 1.90° 3.77°¢
6 2224 41.5° 174> 5.20° 507" 39.9b< 1.89® 446" 882" 36.6° 1.87 3.87°¢
p Value 0.000 0.050  0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000  0.000 0.000

Note: Means within each column with the same letter are not significantly different (Tukey's test, o = 0.05).

vPP: virgin polypropylene; RWF: rubberwood flour; WA: water absorption; MOR: modulus of rupture; MOE: modulus of elasticity; maximum ¢: maximum serain.

8¢e



329

6 Journal of Thermopiastic Composite Materials

Maximum strain, (%)

’ ~ -©= PTOR25M3U1 -8 vP70R25M3U1
’
/’ - =« rP60R3ISM3U0.5 —e— vP60R3ISM3U0.5
-~ -4~ rP50R45M3U1 g vPSOR45M3UI
24 r : : v :
0 I 2 3 4 ] 6

Immersion time (week)

Figure 9. Effect of water immersion time on maximum strain of virgin and recycled PP compasites
containing different RWF loadings.

PP: polypropylene; RWF: rubberwood flour.

RWF, the rPP composites had initially higher WA and TS than the vPP composites; how-
ever, after 6 wecks of immersion the vPP and rPP composites had closely similar saturation
values. The initially different absorption rate between the two types of plastic was attributed
to poorer encapsulation of wood flour into the rPP matrix, with poor dispersion and weak
interfacial adhesion. The coupling agent MAPP at 3 wt% reduced WA and TS, with no fur-
ther benefit, reached at 5 wt% MAPP using more than 3 wt% MAPP may be unnecessary and
uneconomical. The WA and TS of composites were increased by an addition of 1 wt% UV
stabilizer. These negative effects of the UV stabilizer on the WA and TS of the composites
should be minimized, by minimal use of the stabilizer. The flexural strength and modulus of
composites decreased significantly with moisture uptake; however, at WA <3%, its effects
on flexural strength were not significant. The composites with high wood flour loadings suf-
fered a sharp decrease in the flexural properties with absorption of water, which reduced the
interfacial adhesion between wood flour and plastic matrix. The maximum strain of compo-
sites significantly increased with absorption due to the water plasticizing wood particles.

Acknowledgements

The authors thank the Rubberwood Technology and Management Research Group (ENG-
54-27-11-0137-S) of Faculty of Engincering, Prince of Songkla University, Thailand. The



330

Homkhiew et al. 17

authors would also thank the Research and Development Office and Associate Prof. Dr
Seppo Karrila for editing this article.

Funding

The authors would like to express their thanks to the Prince of Songkla Graduate Studies
Grant, the Government budget Fund (Research Grant Code: 2555A11502062) for finan-
cial support throughout this work.

References

1. Kaymakci A, Ayriimis N, Ozdemir F, et al. Utilization of sunflower stalk in manufacture of
thermoplastic composite. .J Polvm Environ 2013; 21: 1135-1142.

2. Law TT and Ishak ZAM. Water absorption and dimensional stability of short kenaf fiber-filled
polypropylene composites treated with maleated polypropylene. J Appl Polym Sci 2011;
120(1): 563-572.

3. Mirzaei B, Tajvidi M, Falk RH, et al. Stress-relaxation behavior of lignocellulosic high-
density polyethylene composites. J Reinf Plast Compos 2011; 30(10): 875-881.

4. Ashori A and Nourbakhsh A. Performance properties of microcrystalline cellulose as a rein-
forcing agent in wood plastic composites. Compos B: Eng 2010; 41(7): 578-581.

5. Liu W, Drzal LT, Mohanty AK, et al. Influence of processing methods and fiber length on
physical properties of kenaf fiber reinforced soy based biocomposites. Compos B: Eng
2007; 38(3): 352-359.

6. Cheung HY, Ho MP, Lau KT, et al. Natural fibre-reinforced composites for bioengineering
and environmental engineering applications. Compos B: Eng 2009; 40(7): 655-663.

7. Kim JW, Harper DP and Taylor AM. Effect of wood species on the mechanical and thermal
properties of wood-plastic composites. J Appl Polvm Sci 2009; 112(3): 1378-1385.

8. Barkoula NM, Garkhail SK and Peijs T. Effect of compounding and injection molding on the
mechanical properties of flax fiber polypropylene composites. J Reinf Plast Compos 2010;
29(9): 1366-1385.

9. Li T and Yan N. Mechanical properties of wood flouryHDPE/ionomer composites. Compos A:
Appl Sci Manufac 2007; 38(1): 1-12.

10. Adhikary KB, Pang S and Staiger MP. Dimensional stability and mechanical behaviour of
wood-plastic composites based recycled and virgin high-density polyethylene (HDPE). Com-
pos B: Eng 2008; 39(5): 807-815.

11. Homkhiew C, Ratanawilai T and Thongruang W. Effect of wood flour content and cooling
rate on properties of rubberwood flour/recycled polypropylene composites. Adv Mater Res
2012; 488-489: 495-500.

12. Adhikary KB, Pang S and Staiger MP. Long-term moisture absorption and thickness swelling
behaviour of recycled thermoplastics reinforced with pinus radiata sawdust. Chem eng J 2008;
142(2): 190-198.

13. Ratanawilai T, Thanawattanasirikul N and Homkhiew C. Mechanical and thermal properties
of oil palm wood sawdust reinforced post-consumer polyethylene composites. ScienceAsia
2012; 38(3): 289-294.

14. Themelis NJ, Castaldi MJ, Bhatti J, et al. Energy and economic value of nonrecycled
plastics (NRP) and municipal solid wastes (MSW) that are currently landfilled in the fifty
States. EEC Study of non-recycled plastics, Earth Engineering Center, Columbia Univer-
sity, 2011.



331

Journal of Thermoplastic Composite Materials

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

. Ashort A and Sheshmani S. Hybrid composites made from recycled materials: moisture

absorption and thickness swelling behavior. Biores Technol 2010; 101(12): 4717-4720.

. Najafi SK, Hamidinia E and Tajvidi M. Mechanical properties of composites from sawdust

and recycled plastics. J Appl Polym Sci 2006; 100(5): 3641-3645.

. Khan ZA, Kamaruddin S and Siddiquee AN. Feasibility study of use of recycled high density

polyethylene and multi response optimization of injection moulding parameters using com-
bined grey relational and principal component analyses. Mater Des 2010; 31(6): 2925-2931.

. Petchpradab P, Yoshida T, Charinpanitkul T, et al. Hydrothermal pretreatment of rubber wood

for the saccharification process. /nd Eng Chem Res 2009; 48(9): 4587-4591.

. Homkhiew C, Ratanawilai T and Thongruang W. Composites from recycled polypropylene

and rubberwood flour: effects of composition on mechanical properties. J Thermoplast Com-
pos Mater. Epub ahead of print 14 February 2013. DOI1:10.1177/0892705712475019.
Mishra S and Aireddy H. Evaluation of dielectric behavior of bio-waste reinforced polymer
composite. J Reinf Plast Compos 2011; 30(2): 134-141.

Stokke DD and Gardner DJ. Fundamental aspects of wood as a component of thermoplastic
composites. J Vinyl Addit Technol 2003; 9(2): 96-104,

Li B, Jiang H, Guo L, et al. Comparative study on the effect of manchurian ash and larch wood
flour on mechanical property, morphology, and rheology of HDPE/wood flour composites. J
Appl Polym Sci 2008; 107(4): 2520-2530.

Ratanawilai T, Lekanukit P and Urapantamas S. Effect of rubberwood and palm oil content on
the properties of wood-polyvinyl chloride composites. .J Thermoplast Compos Mater. Epub
ahead of print 9 August 2012. DOI:10.1177/0892705712454863.

El-Saied H, Basta AH, Hassanen ME, et al. Behaviour of rice-byproducts and optimizing the
conditions for production of high performance natural fiber polymer composites. J Polym
Environ 2012; 20(3): 838-847.

Lin Q, Zhou X and Dai J. Effect of hydrothermal environment on moisture absorption and
mechanical properties of wood flour-filled polypropylene composites. J Appl Polym Sci
2002; 85(14): 2824-2832.

Shakeri A and Ghasemian A. Water absorption and thickness swelling behavior of polypro-
pylene reinforced with hybrid recycled newspaper and glass fiber. Appl Compos Mater
2010; 17(2): 183-193.

Wechsler A and Hiziroglu S. Some of the properties of wood-plastic composites. Build
Environ 2007, 42(7): 2637-2644.

Yang HS, Kim HJ, Park HJ, et al. Water absorption behavior and mechanical properties of
lignocellulosic filler-polyolefin bio-composites. Compos Struct 2006; 72(4): 429-437.
Tajvidi M and Takemura A. Recycled natural fiber polypropylene composites: water absorp-
tion/desorption kinetics and dimensional stability. J Polym Environ 2010; 18(4): 500-509.
Tamrakar S and Lopez-Anido RA. Water absomtion of wood polypropylene composite sheet
piles and its influence on mechanical properties. Const Build Mater 2011; 25(10): 3977-3988.
Aurrekoetxea J, Sarrionandia MA, Urrutibeascoa |, et al. Effects of recycling on the micro-
structure and the mechanical properties of isotactic polypropylene. J Mater Sci 2001;
36(11) 2607-2613.



332

Journal of Reinforced Plastics and Composites

http://jrp.sagepub.com/

Optimizing the formulation of polypropylene and rubberwood flour composites for moisture resistance
by mixture design
Chatree Homkhiew, Thanate Ratanawilal and Wiriya Thongruang
Journal of Reinforced Plastics and Composites published online 20 January 2014
DOI: 10.1177/0731684413518362

The online version of this article can be found at:
http://irp.sagepub.com/content/early/2014/01/17/07316844 13518362

Published by:
®SAGE

http:/fwww.sagepublications.com

Additional services and information for Journaf of Reinforced Plastics and Composites can be found at:
Email Alerts: hitp:/jmp.sagepub.com/cgi/alerts
Subscriptions: hip:/fjrp.sagepub.com/subscriptions
Reprints: hitp://Awww.sagepub.com/journalsReprints.nav

-

Pormisgsions: http//iwww.sagepub.comfjourmnaisPermissions.nav

>> OnlineFirst Version of Record - Jan 20, 2014
What is This?



333

REINFORCED
PLASTICS &
COMPOSITES

Joumai of Reinforced Plastics

and Composites

(00} 1-14

‘$ The Author(s) 2014

Reprines anc permissions:
sagepub.co.ukijourmlsPermissions.nay
DO 10.1177/0731684413518362
irp-sagepub.com

®SAGE

Original Article

Optimizing the formulation of
polypropylene and rubberwood flour
composites for moisture resistance
by mixture design

Chatree Homkhiew', Thanate Ratanawilai' and
Wiriya Thongruang?

Abstract

D-optimal mixture experimental design was used to determine the optimal mixture of composites from rubberwood
(Hevea brasiliensis) flour and recycled polypropylene and to systematically analyze the effects of composition, namely
recycied polypropylene, rubberwood flour, maleic anhydride-grafted polypropylene, and ultraviolet stabilizer fractions.
Panel samples were extruded, and their properties were characterized The overall compositions significantly affected
water absorption, thickness swelling, flexural strength and modulus, and maximum strain. Water absorption and thick-
ness swelling increased with the fraction of rubberwood fiour. At long immersion times, flexural strength and modulus
decreased, but maximum strain increased with high fraction of rubberwood flour. The fraction of maleic anhydride-
grafted polypropylene only slightly affected water absorption and fiexural properties, while the ultraviolet stabitizer
fraction had a clear negative effect increasing water absorption and decreasing flexura! properties. The modelks fitted
were used for optimization of a desirability score, substituting for the mukiple objectives modeled. The optimal formu-
btion found was 68.9 wt¥ recycied polypropylene, 25.0 wt% rubberwood flour, 5.0 wt% maleic anhydride-grafted poly-
propylene, 0.1 wt¥% ultraviolet stabilizer, and 1.0 we% lubricant. This formulation of the composites can be used for most
suitable applications based on the moisture resistance.

Keywords
Wood-plastic composites, rubberwood flour, recycled polypropylene, statistical method, water absorption

Introduction . . .
du of plastic waste and increased environmental aware-

In the recent decades, plastic waste has globaily become
a significant contributor to municipal solid waste.’ In
2008, at least 33.6 million tons of postconsumer plastics
were generated in the United States, of which
289 million tons went to landfills, 2.6 million tons w
combustion and energy recovery, and onfy 2.2 million
tons 1o recycling.? The plastic waste typically includes
polyethylene (PE). polypropylene (PP). polyvinyl chlor-
ide (PVC), polyethylene terephthalate (PET), and poly-
styrene (PS).> Of all these plastic types, PE and PP
significantly contribute 10 landfills and have similarities
in their structure and properties.* However, when PE
(virgin or recycled) was blended with sawdust. it had
lower stiffness and strength than similar composites
with PP (virgin or recycled).® Due to the availability

ness, there have been many studies on natural fiber-
reinforced recycled thermoplastics. For example, Cui
et al.! fabricated composites from postconsumer high-
density polyethylene and wood tiber and found that
wood fiber content affected the flexural strength,
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modulus, and impact srength. Boukehili and Nguyen-
Tri® manufactured composites from recycled polypro-
pylene (rPP) and short bamboo fiber. They found that
chemical treaument of fiber significantly improves the
impermeability to helium gas and reduces the amount
of water absorption. Kazemi et al.* produced compos-
ites from wood sawdust and blends of postconsumer
PE and PP. The wood flour in composites increased
temstle, ilexural, and torsion moduli in comparison to
the recycled plastic blends. Nourbakhsh et al.” also
concluded that polypropylene waste and wood waste
are promising alternative raw materials for making
low-cost wood-plastic composites (WPCs). Hence. the
use of recycled plastics may effectively dispose of plastic
waste and also reduce the cost of products.®

The rubberwood industries of Thailand generate a
large amouat of wood waste in the forms of flour. saw-
dust, and chips at different stages of wood processing.
Generally, rubberwood waste is dumped in landfills or
burned, but some is used in medium-density fiberboard
and particle board.® Rubberwood waste as reinforce-
ment in plastic composites is of great interest both for
economic and for environmental reasons. Natural fiber
(wood waste)-reinforced thermoplastics also offers
many advantages including biodegradability, renewable
character, low cost, absence of associated health haz-
ards. and low wear of processing equipment,™'* when
compared with synthetic fibers.'**5 Natural fibers have
successfully improved the mechanical properties of
plastic composites, as the following examples demon-
strate. Homkhiew et al.¥ investigated the effects of rub-
berwood content on the mechanical properties of
recycled PP composites and found that the modulus
and hardness of composites increased lineardy with an
increase of wood flour loadings in the range of
2545 wt% wood flour. Karmarkar et al.*® also reported
that the tensile strength and modulus linearly increased
with an increase of wood fiber from 10 to 50wt% in PP
composites. However, the hygroscopic nature of naturaj
fibers is a disadvantage influencing the performance of
the WPCs, when exposed to environmental conditions.!”
The water-absorption characteristics WPCs limit their
end-use applications,'™® as several mechanical and
physical properties, such as dimensional stability, are
affected. Likewise, water absorption (WA) is one of
the key parameters in quality assessment of WPCs.!
The WA of WPCs varies by the wood species, partly
because they have different contents of cellulose, lignin,
hemicelluloses, and extractants.® Hence, the effects of
filler on the composite properties need 1o be character-
ized, and this has not been done previously for rubber-
wood flour (RWF) in relation to moisture resistance.

Statstical experimental design, such as mixture
design. factorial design, and Taguchi method, is a
well-established concept for planning and execution of

informative experiments.”' Recendy, WPCs have been
studied with designed experiments. For example, Jun
et al.* used a Box—Behnken design with response surface
method to determine which variables iniluenced board
performance significanty. Matuana and Mengeloglu **
used a four-factor central composite design to develop a
response surface model and to study the foamability of
rigid PVCiwood-tlour composites. Stark and Matuana®
applied a 2% fuctorial design 10 determine the effects of
two hindered amine light stabilizers, a colorant and an
ultraviolet (U'V) absorber, and their interactions on the
photostabilization of wood flour high-density poly-
ethylene composites. However. the fractions of compo-
nents in a mixture cannot be changed independenty
since they must add up 10 100%, and the methods for
mixture designs have been created with this in mind.>*
Mixture designs have been successful in many applica-
tions. particularly in food and pharmaceutical indus-
tries, whereas prior studies on WPCs seem not to
have used a mixture design.

Experiments with mixture design enable statistical
estimation of individual effects and interactions of com-
ponents in a mixture, and the fitted models can be
used to find the optimal formulation of a composite
material. *® Hence, a mixtuse expertmental design was
applied to model physical and mechanical characteris-
tics of WPCs. The main objective of this work was to
optimize the mixture ratios for composites made from
PP and RWF, based on experimentally determined
WA and flexural failure. The new information created
from this work would help better understand the prop-
erties of components. and the optimal [ormulation of
the composites can be used for most suitable applica-
tions in condition of the water resistance.

Materials and methods
Materials

PP pellets. WT 170 with a melt low index of 11 g'10min
at 230°C, were purchased from Withaya Intertrade Co.,
Lid (Samutprakarn, Thailand) and used as the polymer
matrix. They have the flexural strength and modulus
about 37.02MPa and 1.27GPa, respectively. RWF
obtained from the cutting process in local furniture
industry  (Songkhla, Thailand) was used as
reinforcement. Maleic anhydride-grafted polypropylene
(MAPP) with 8-10% of maleic anhydride was supplied
by Sigma-Aldrich (Missouri, USA) and used as a cou-
pling agent to improve the interfacial adhesion between
filler and matrix. Hindered amine light stabilizer
(MEUV008) was purchased from TH Color Co., Ltd
(Samutprakarn. Thailand), chosen as UV stabilizer.
Paraffin wax was procured from Nippon Seiro Co.,
Ltd (Yamaguchi, Japan) and used as lubricant (Lub).
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Experimental design to optimize formulation

The region of interest for the current experiments has
constraints that imposed on the component fractions, ™
and these can be incorporated in a D-optimal mixture
design. The experimental results were used to statistic-
ally evaluate the effects of component {ractions on WA
and flexural failure by using analysis of variance
(ANOVA), and the identified models were used to opti-
mize the formulation by using response surface meth-
odology. The experimenial D-optimal mixture design
and statistical analysis were done with Design-Expert
sofinare (version 8.0.6, Stat-Ease, Inc.). The formula-
tons for the manufacture of WPCs were defined by
component fractions for rPP (x;) RWF (x;), MAPP
(x5. UV stabilizer {x,), and Lub (x). The upper
and lower limits of experimental range are shown in
Table 1. The ranges of PP and RWF contents obtained
from the previous preliminary study” and the other
compositions were determined following the literature
review. For example, Kuo et al."® reported that the
optimal content of MAPP was 3—4.5wt%. Despite the
fraction of Lub being held constant, it is included
as a variable because it contributes to the 100% in

the mixture. The design included 13 different formula-
tions and 3 replications (o evaluate reproducibility and
variances. Thus, the total number of runs was 20. as
shown in Tables 2 and 3. After data collection, linear.
quadratic. and special cubic maodels (see equations (1)
10 {3)) were used to model the responses.

!

Z fix; b
: !
Y = Z Aex; + Z Z BiixX:x; &
) i<f

Table . Constraints for the mixture design of experiments.

Component Fraction restrictions (wt%)
PP (xy) 50<x, <70

RWF (x5} 25<x, 545

MAPP (x3) 3<xy <5

UV stabilizer (x,) 0<x, st

Lub (xs) =1

Table 2. Experimental compositions based on mixture experimental design, and replicate averaged measured responses: WA and TS

at |, S, and 10 weeks.

Mixture component fraction (wtX) Water absorption (%) Thickness swelting (%)
Runno. x; x3 X3 x4 x5 wi W5 wWio Wi W5 wio
! 639 299 45 0.7 1.0 097 297 4.77 024 0.70 128
2 700 250 30 1.0 Lo 077 i 3.64 028 0.58 0.89
3 50.0 430 5.0 10 1.0 2.65 7.28 9.87 0.49 1.63 n
4 549 389 45 0.7 1.0 199 6.12 8.59 0.43 139 260
5 595 345 50 0.0 i.0 206 5.13 756 0.30 1.00 1.99
[ 55.4 39.9 35 02 1.0 1.94 5.80 8.34 0.50 1.43 253
7 59.5 345 40 1.0 1.0 1.06 467 6.90 0.40 .t 191
g 595 345 50 0.0 .0 1.55 4.75 7.10 0.31 117 215
$ 50.0 443 43 0.5 1.0 258 7.14 9.45 0.66 1.92 3.07
10 680 250 5.0 1.0 1.0 0.56 1.94 313 0.26 0.56 0.85
1 50.0 45.0 3.0 1.0 1.0 3.3% 8.92 1050 0.75 239 3.5
12* 50.0 430 5.0 1.0 1.0 3.08 8.05 9.70 043 1.92 263
i3 - 603 353 30 0s 1.0 148 4.58 6.81 027 0.96 1.73
14 649 304 35 0.2 1.0 0.97 339 528 0.29 0.89 1.60
15t 700 25.0 30 1.0 1.0 067 210 339 0.23 0.58 0.93
16 510 450 30 0.0 LO 270 FAL 10.02 0.60 p R 337
7 51.0 450 30 0.0 1.0 291 8.12 10.31 0.6! 227 347
t8* 500 45.0 30 1.0 1.0 358 9.41 10.33 0.74 2.75 35!
19 700 250 40 0.0 1.0 0.68 1.80 295 0.28 0.48 0.75
20 69.0 25.0 5.0 0.0 1.0 0.61 1.69 278 0.20 0.44 067

*Duplicate experiments.
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Y= Z Bixi + Z i: Byxix; + Z Z Z Biexix;xy
=t i<y &

i<jck

(3)

where Y is the predicted response. i, j. &, and [ mean
rPP. RWF, MAPP, and UV stabilizer, respectively, 8;is
the model response to a pure component in the blend.
each 8 scales an interaction between components, each
By scales an interaction of three components, X X;... .,
x; are the fractions of componems. terms with xx;,
XiXg,. .. XX dre the quadratic interactions of the frac-
tions, and the last sum in equation (3) consists of cubic
interactions.

Preparation of composites

Prior to compounding, the rubberwood (Hevea brasi-
fiensis) flour was sieved through a standard sieve of
mesh size 80 (passing particles smaller than 180 um)
and was dried in an oven at 110°C for 8 h to minimize
the moisture content. The WPCs were then manufac-
tured in a two-stage process. In the first stage, WPC

pellets were produced: rPP and RWF were dry-blended
and melt-blended into WPC pellets using a twin-screw
extruder (Model SHJ-36 from En Mach Co.. Ltd,
Nonthaburi, Thatland). The 10 temperature zones of
the extruder were set to a profile in the range of 130~
170°C to reduce degradation of the mixture compo-
nents, while the screw-rotating speed was maintained
at 70 rpm. The extruded strand passed through a water
bath and was subsequently pelletized. In the second
stage, WPC panels were produced: the WPC pellets
were again dried in the oven at 1 10°C for 8 h. WPC pel-
lets, MAPP, L'V stabilizer, and lubricant compositions.
mdicated in Tables 2 and 3, were then dry-mixed and fed
mto the twin-screw extruder. The processing conditions
for extruding were as follows: (a) temperature protiles:
130-190°C; (b) screw-rotating speed: 50 rpm: (¢) melt
pressure: 0.10-0.20 MPa depending on wood flour con-
tent; and (d) vacuwn venting at nine temperature zones:
0.022 MPa. The WPC panels were extruded through a
9mm x 22 mm rectangular die and cooled in ambient
air. These specimens were machined following the stand-
ards of American Society for Testing and Materials
(ASTM) for physical and mechanical 1esting.

Table 3. The experimental compositions and replicate averaged measured flexural properties.

Mixture component fraction (wt%) MOR (MPa) MOE (GPa) Max. = (X)
Run no. Xy X3 X3 X4 Xs wi Weé wi Weé Wi weé
i 639 29.9 45 0.7 1.0 387 36.8 .90 (.67 323 3.80
2 700 250 30 1.0 1.0 372 358 1.76 1.65 303 3181
3 50.0 430 50 1.0 1.0 375 297 2.10 1.63 292 3t
4 549 389 45 07 G 39.7 342 203 1.62 312 3.66
s 595 345 50 00 1.0 419 s 1.87 1.50 352 3.74
é 554 399 35 0.2 1.0 40.7 325 1.96 1.59 341 3.1
7 59.5 345 40 1.0 1.0 363 328 1.94 149 282 3.67
8t 595 345 50 60 1.0 40.1 319 1.82 .47 363 »
9 50.0 443 43 05 1.0 403 335 204 L70 3.0% 360
10 68.0 25.0 50 (Ko 1.0 368 36.6 175 1.65 3.14 378
H 50.0 45.0 30 1.0 Lo 359 307 185 1.65 297 320
2 50.0 430 50 1.0 1.0 374 28,6 210 1.64 275 277
i3 60.3 353 30 0.S 1.0 399 342 1.94 1.52 315 4.14
14 64.9 30.4 35 0.2 1.0 408 37.0 1.86 .53 3.70 4.42
s 70.0 25.0 30 1.0 1.0 369 354 1.79 1.64 3.38 4.15
16 510 450 30 0.0 1.0 446 333 212 .63 3.49 390
t7 51.0 45.0 30 0.0 1.0 43.1 36 2.4 §.65 3.50 3.94
18 50.0 45.0 30 1.0 1.0 368 310 1.84 1.67 3.07 3.46
19 700 25.0 40 0.0 1.0 389 389 1.81 1.54 350 481
20 69.0 250 5.0 0.0 1.0 8¢ 38.4 1.83 .75 359 4.90

*Duplicate experiments.
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WA and dimensional stability tests

WA and thickness swelling wsts were carried out
according 1o ASTM D370-88 specifications. Before
wsting. five replicate specimens of each formulation
were dried in an oven at 50°C for 24h. The weight
and thickness of each specimen were measured to a
precision of .001 g and 0.01 mm, respecuvely. The spe-
amens were then submerged in water at ambient room
emperature. After 1. 5, and 10 weeks, soaked speci-
mens were removed from the water, thoroughly dried
the surface with tissue papers, and immediately weighed
and measured to determine the weight and thickness.
The percentage of WA at any given time was calculated
following

W, — Wy

WAL(%)= e

x 100 )
where 1A, is the WA at ame 7, W, is the initial dry
weight, and B is the soaked weight of specimen at a
given time !.

The percentage of thickness swelling (TS) at any
given ume was calculated following

,~-Ty

TS(%)=—=
0

x 100 ()

where T35, is the thickness swelling and T, is the soaked
thickness of specimen, both at the given time ¢, while 7,
is the initial dry thickness.

Hexural test of WPCs

Flexural properties of the samples were determined
with an Instron Universal Testing Machine (Model
5582 from Instron Corporation. Massachusetts, USA)
in accordance with ASTM D790-92. In the destructive
flexural tests (three point bending), specimens with
nominal dimensions of 4.8 mm x 13mm x 100mm. a
span of 80 mm, and a cross-head speed of 2mm/min
were used. The testing was performed at ambient
room temperature of 25°C with five samples of

The measurements of flexural strength (MOR). modu-
tus of elasticity (MOE), and maximum strain (max. &}
at failure were done at | and 6 weeks, and at the latter
time. WA had reached its equilibrium so {urther testing
was considered unnecessary.

Results and discussion

The D-optimal mixture design of experiments, with
five fractions as (mutually dependent) variables
(that sum to one), had 20 runs in a randomized
order. The 12 determined responses were the values of
the WA and thickness swelling at 1, 35, and {0 weeks
and flexural strength, modulus, and maximwn strain
at 1 and 6 weeks. The results are summarized in
Tables 2 and 3.

Statistical andlysis of the response models

ANOVA of the alternative types of response models
revealed that WA at 1, 5, and 10 weeks, TS at | and
5 weeks, and MOR at | and 6 weeks were best fit with
quadratic models. instead of linear. special cubic, or
cubic models. whereas MOE at both | and 6 weeks
was best fit with special cubic model. The MOE at 6
weeks is shown as an example in Table 4. The sequen-
tial model sums of squares for quadratic and special
cubic models are significant (p <0.05), but not for the
other model types. Moreover, the lack of fit is clearly
insignificant for the special cubic model. suggesting that
this model performs well. 1t also has the highest
adjusted coefficient of determination (adj-R*=0.9726)
and predicted coellicient of determination (pred-
RZ=0.9484), further indicating good fit.

The detailed ANOVASs in Tables 5 and 6 document
the significant quadratic or cubic terms in modeis for
each response, in terms of their p-values. The ANOVA
shows the statistical significance (p <0.05) of these
terms supplementing linear models of the fractions,
namely rPP, RWF, MAPP, and UV stabilizer. No
interaction term was significant in models of WA,
MOR, and MOE at | week or TS at § weeks.
However, other response models had significant inter-

each formulation to obtain an average value. actions, for example, between MAPP and UV stabilizer
Table 4. Fitted model summary for MOE at 6 weeks.

Source Sequential p-vaiue Lack of fit p-value Adj-R? Pred-R?

Linear 0.6971 0.0002* -0.0884 ~0.4177

Quadratic 0.0056* 0.0023 0.6382 -0.6377

Special cubic 0.0004* Q9391 09726 09484 Sugpested
Cubic 0.9391¢ - 0.9672 - Aliased

*p-value less than 0.05 is considerad significant.



338

& Journal of Reinforced Plastics and Composites 0{00)

Tabie §. ANOVA and model adequacy for WA and TS responses.

Water absorption Thickness swelling
Source \22 W5 WwWi0 Wi W5 Wig
Modet <0.0001* <0.0001* <0.0001* «<0.0001* <0.0001* <0.000 1=
Linear mixture <0.0001™ <0.000(* <0.0001* <0.0001* <0.0001* <0.0001*
XXz 0.1380 0.9034 0.0042* 0.0005* 0.0925 -
X X3 0.1107 0.3851 0.4548 0.0007* 0.6560 -
X Xg 0.7164 0.070} 0.0246* 0.1941 0.2073 -
XaX3 0.1097 0.3679 0.5153 0.0010* 0.7388 -
XaX4 0.7422 0.0746 0.0242* 0.1839 0.2088 -
Xaxg 0.2698 0.0205* 0.0065* 02339 0.1190 -
Lack of fit 0.4366 0.4456 02319 0.1650 05991 02126
R? 0.9703 0.9906 0.9959 09810 0.9749 09727
Adj-R? 0.9435 0.9821 0.9921 09639 0.9524 0.9675
Pred-R? 0.8245 0.9526 0.9800 0.8801 0.8898 0.9584
C.V. (%) 13.29 6.65 3.54 8.14 .79 839

ANOVA: analysis of variance.
*Puaiue less than 0.05 is considered significant.

Table 6. ANOVA and model adequacy for flexural properties.

MOR MOE Max. strain
Source wi Wé wi 3 wi W6
Model <0.0001* <0.0001* <0.0001* <0.0001* <0.000 {* <0.000 1%
Linear mixture <0.000(* <0.0001* <0.0001* 0.0018* <0.0001* <0.000 ¢
XiXz 09169 0.0067% 0.1091 05197 - -

xix3 0.2973 00726 0.3808 02568 - -

Xjxe 0.1474 0.0124* 0.2373 0.0007* - -

Xax3 0.3236 0.0952 0.3308 05825 - -

XXy 0.1700 0.0127% 02523 0.0008* - -

X3Xe 0.0968 0.0020* 0.8386 0.7737 - -

X%5X3 - - 0.5757 0.3760 - -

X 1X2X4 - - 0.0619 0.0039* - -

X xyx4 - - 0.7685 0.5580 - -

XXXy - - 0.6719 0.3347 - -

Lack of fit 0.670( 0.1192 0.7600 09391 0.6122 02335
R? 0.9499 0.9514 0.9936 09913 0.8354 0.8182
Adi-R? 0.9048 0.9077 09799 0926 0.8045 0.8079
Pred-R? 0.8310 0.8449 0.7753 0.9484 0.7360 0.7354
C.V. (%) 1.86 2.5¢ 0.91 0.78 3.86 590
ANOVA: analysis of variance.

*p-value fess than 0.05 is considered significant.

for WA at § weeks and between tPP and RWF. PP reacted chemically with the other components or
and UV stabilizer, RWF and UV stabilizer, and MAPP  aflected their distribution and interactions. In addition,
and UV stabilizer for MOR ut 6 weeks. The frequent  the ANOVA also showed that lack of fit was not sig-
interactions with UY stabilizer might indicate that it nificant for any of the response surface models at 95%
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conlidence level. The regression models it the data in a
statistically sound manner.

Tables 3 and 6 also include the coeflicient of deter-
mination (R%). adj-R>, pred-R2, and coefficient of vari-
ation (C.V.}. The R? values of the 12 response fits are in
the range from 0.8354 1o 0.9959. The R? values of max-
imum strain at 1 week (0.8334) and WA at 10 weeks
(0.9959) indicate that only 16.46% and 0.41%, respect-
tvelv. of the total variability in observations are not
explained by the models; R” values close to 1 indicate
good fits.** Also. the adj-R? values in the range from
0.8045 10 0.9921 suggest good fits and the same goes for
pred-R* values. The pred-R? value of WA at 10 weeks
was 0.9800 meaninyg that the fitted model would explain
about 98% of the variability in new data. The coefli-
dents of variarion of all response fits based on the rep-
Hcations of experiments show low values in the range
from 0.78 to 13.29%. The low-C.V. values indicate that
the determinations of material characteristics had a
good precision and can serve the fitting of parametric
models.

Model adequacy checking

Model adequacy checking is performed to verify the
appropriate approximation of the fitted model.”
Figure 1(a) displays the normal probability plots of
the residuals for WA at 10 weeks (WAWI0). The
good linear fit in this plot indicates thav the residuals
(approximation errors remaining in the model) are
close to normally distributed. Basically. normally dis-
iributed residuals are a requirement for the validity of
least squares regression. so the model is adequate.
Likewise, there is no indication of possible outliers,
such as faulty experiment cases with particularly large
residuals.”® The plot of residuals versus predicted
values in Figure 1(b) exhibits no obvious patierns
that would suggest adding a term to the model, to
account for that pattern. If the residuals had such struc-
ture. the model would not be appropriate.” Figure 1(c)
shows model predictions versus observations, The
model outputs fit the actual observations quite well,
with WAWI0 model deviating from actual by less

@ Normal Plot of Residusis {b) . Residuais vs. Predicted
3.00
99
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Figure 1. Mode! adequacy checking for water absorption at [0 weeks; (2) normal probability plot of residuals. (b) plot of residuals
versus predicted values, and (c) plot of predicted versus actual values.
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than about 3%. These adequacy checks of the WAWI()
response model indicated accuracy with the model type
or its {it to data. Similar checking for the other modeled
responses gave no indications of problems with the
fitted models either. This type of checking cannot guar-
antee predictive capability, but suggests that the models
are sound approximations for interpolating within the
experimental range.

Effect of composition on WA and optimal
formulation

The guadratic regression models for WAWI, WAWS,
and WAWI0 were

WAW! = 0.73x; +2.99x + 120.23x3 + 115.96x,
— LI8xixa — 129.92x x5 — 121130 xs
- 129.82X3X3 -— 109.74.\?22\.',; b 346.98)(3X4 (6}

WAWS=1.8x;+8.23x,+91.78x;+907.58x
+0.13x 0 —96.73xx3—942.92x) x4~ 100.05x0x3
—926.36x00:—1171.62x35x¢ (7}

WAWI0=299x; + 10.38x, +357.33x3 +861.54x;
+2.80x;x2 — 60x;x; — 890.01x; x5 — 51.83x2x3
—894.58x3 x5 — 1056.74x3x2 &)

These equations show a positive coeflicient for all the
individual components, namely rPP (x,), RWF (x),
MAPP (x3), and UV swabilizer (x,). and the coeflicients
of rPP and RWF increased with immersion time.
The rPP has the smallest coeflicient in the fit for the
WA due to hydrophobicity of this matrix polymer.*
Contour plots of WAW] and WAWI0 are shown in

Figure 2(a) and (b), respectively. In these triangular
plots, the three pure components (rPP. RWF, and
MAPP) are represented by the corners, while the addi-
tive levels were fixed (UV stabilizer at 0.5 wt® and Lub
at 1wi%). The contours in the colored areas, which
include the experimental observations, present the
WAW! and WAWID regression fits varving from 0.3
t0 2.53% and 2.9 1o 9.5%. respectively. Both WAW |
and WAWI0 clearly increase with an increase in the
RWF content: the free OH groups of RWF cellulose
increase the WA of the composites.’*?! Likewise, the
acceleration of water uptake of WPCs could be con-
cluded on four factors such as fumen. hydrophilicity
of wood cellulous, microcracks in wood flour, and
adhesion between wood flour and polymer matrix.*’
Increasing the MAPP addition from 3 to 3wt% slightly
affects the WA, This is because the coupling agent
increases bonding in WPCs, by improving inter{acial
adhesion between the wood particles and the polymer.
Then the plastic can cover more of the wood surfaces,
resulting in a lower WA %% Besides, Adhikary et al.®
also concluded that the addition of MAPP significantly
reduced the WA, when compared with the composites
without MAPP. The composites, consisted of 30 wt%
wood flour and 3 wt%% MAPP, decreased the WA from
4.1% to 131% for the 24-h immersion tests.®
Furthermore, adding 1wt% UV stabilizer increased
the moisture content in the rPP/RWF composites.
This may be attributed to the nonuniform spatial dis-
tribution of wood flour, polymer, and UV stahilizer.%**
When WPCs experienced with the nonuniform spatial
distribution and poor interfacial adhesion between the
compositions, it allows easier access of water into the
structure. Figure 3 displays the numerically optimized
composition, based on these model fits. Since three
models are optimized simultaneously, the software

@
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WA W

B'rwr

S
258

3

C AR

Figure 2. Triangular contour plots for effects of the compositions on water absorption at (a) | and (b) 10 weeks, with UV stabilizer

fixed at 0.5 wt% and Lub at | wi%.
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actually uses a single surrogate called “desirability” to
baiance them. This is reasonable because the three
characteristics (WA at 1, 5, and 10 weeks) are not
competing, but are in a good mutual agreement.
The model-based optimal formulations are shown in
Table 7, and the “overall” WA represented by the
desirability was minimized by 693wt% PP,
25.0wit%% RWF, 4.6 wt® MAPP, 0.1 wt® UV stabil-
izer, and 1 wt% Lub, with a high-desirability score of
0.992 that indicates the agreement of the multiple
objectives.

Effect of composition on thickness swelling and
optimal formulation

The regression fits for the thickness swelling (TS} at
1. 5, and 10 weeks were

TSW1 = 0.093x; +0.67x7 — 43.45x; + 63.68x.
- 0.52x1x2 +49.74x)x3 — 63.11x, x4
+47.51x2x3 — 64.78x2x4 — 52.62x3x4 9

&4

: 23
382 e MAF-‘F?'S

& Rwe

34
OwrpyFiot

07

Figure 3. The optimal formulation for water absorption.

¢
TSWS = 0.33x; + 2.33x; — 17.17x3 +273.76x:
—0.87x)x0 + 2195333 — 281 .51 xpxe

+ 16.33x0x3 = 2R0.74xx5 — 326. 17300 (] 0)

TSWI0 =0.95x; + 3453 — 0.71x3 — 1.10x; (113

The equations of TS at all immersion times show posi-
tive coeflicients for fraction of rPP (x,;} and RWF (x3)
and negative coefficient for fraction of MAPP (x;) due to
the decrease of WA and moisture penetration in the
composite systems35 when MAPP was added. Likewise,
when the positive coefficients between rPP and RWF
were compared, the RWF showed higher coefficients
than the TPP due to nature of the hydrophilic filler.’
Figure 4 shows that TS at 10 week (in range of | to
3%) increases with an increase in the RWF fraction.
The wood flour expands and keeps absorbing water
until the cell walls are saturated.’® The addition of
MAPP from 3 to Swt% affected the thickness swelling

404 B3

TEWS

= o mand”

Brwr

Figure 4. Triangular contour plots for effects of compasition
on thickness sweffing at 10 weeks, with UV suabilizer fixed at 0.5
wt% and Lub at | wi%.

Table 7. Predicted optimal formufations and their responses, from multiobjective optimizations.

Mixture component fraction (wt%) Predicted response
Property x; X3 X3 x4 X5 Wi W5 wWeé wWIio Desirability
WA (%) 69.3 25.0 4.6 0.t 1.0 0.63 167 - 2.78 0.992
TS {%) 68.9 25.0 5.0 0. 1.0 0.22 0.49 - 0.78 0.969
MOR (MPa) 69.4 26.4 31 0.1 1.0 40.4 - 377 - 0.678
MOE (GPa) 50.0 44.1 4.2 0.7 1.0 2.03 - 1.74 - 0.862
Max. strain (%) 69.8 26.2 30 0.0 1.0 3.70 - 4.77 -~ 0.968

Note: For example. the formulation in first row is optimal for a desirability score that bafances WA at times W1, W5, and W10,
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of composites, so that the swelling decreased with MAPP
fraction. The reason is probably similar to what was dis-
cussed in relation to WA, The optimal formulation based
on these numerical models. combined by a desirability
score for optimization, is also included in Table 7.

Effect of composition on flexural strength
and optimal formulation

The quadratic regression models fitted for the flexural
strength MOR at 1 and 6 weeks were

MOR W1 =40.35x; +43.78x + 247.09x;3
— 1498.46x; + 0.24x x5 — 247.39x,x3
+ 1542.49x; x5 — 232.7x2x3 + 145386022
+ 1649.2x3x; (12)

MOR W6 == 37.82x, + 33.70x> — 437.66x3 — 3328.49x;
— 8.79x1x3 + 326.16x1x3 + 348481 xyx:
+481.2x0x; + 3468.82xaxs + 4344, 19x3.x4

(13)

The coefficients of rPP (x;), RWF (x;). MAPP (x3),
and UV stabilizer (x,) decrease with the immersion
time. The UV stabilizer fraction has the largest negative
coefficient in the model fits, so it should be minimized.
UV stabilizer in WPCs is known to reduce the flexural
properties due to nonhomogeneous spatial distribution
of wood flour, polymer, and UV stabilizer.* Therefore,
ability of the stress transfer in the composite structure is
reduced. The triangular contour plots in Figure 5(a)

and (by itlustrate that an increase of wood flour foading
stowiy increased MOR at | week but greatly decreased
MOR at 6 weeks. respectively. The water molecules
reduced interfacial adhesion between RWF and poly-
propylene.’® When water molecules infiitrate into the
composite, the wood flour tends to swell, resuiting in
iocalized vielding of the polymer matrix and loss of
adhesion between the wood flour and matrix. %7
Furthermore, the addition of MAPP about 3wit% is
close to optimal for MOR, based on the regression
fit. Because MAPP acts as a compatibilizer providing
a hydrophobic-rich layer attached to wood flour.”®
Thus, MOR increased with the RWF content after
immersing for 1 week. Similar results were found in
the work of Kuo et al.”™ who reported that the optimal
content of MAPP was 3-4.5wt% because the inter-
facial adhesion weakens at higher MAPP contents.
The optimal composition based on the quadratic
regression models is shown numericatly in Table 7.

Effect of composition on flexural modulus
and optimal formulation

The special cubic models fitted for the flexural modulus
MOE at | and 6 weeks were

MOE W] = 1.88x; + 2.15x2 + 19.67x3 — 64.10x,
— 0.43xx2 — 20.28x;x3 + 66.89x; x4
~ 21.35x3x3 + 62.9x2x5 — 149.38x3x4
+ 1L61x;xaxs + 16.71xx2x5 + 23593x x5 x,
+ 332.38x2x3x5 (14)

3 404 353
T RWF
WF MOR WS

Figure 5. Triangular contour plots for effects of composition on MOR at (a) | and (b) 6 weeks, with UV stabilizer fixed at 0.5 wt%

and Lub at | wt%.
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MOE W6 = 1.24x; ~ 1 .67x2 — 10.92x; — 21 1.79x;
— 0. lx X = 1933003 + 232,572 1
+ 8.43xax3 + 22401 xoxs — 13198 x3x,
+ 1L.&7x xax; — 2390 v + 341.82x vaxy

(13)

+ 5634 1xax3 g

These equations show kind of coeflicients as flex-
ural strength (MOR), decreasing with immersion time.
Figure 6(a) shows that MOE at | week (in range of
1.85-2.05 GPa) increased for high fractions of wood
flour. Since RWF is a high-modulus material com-
pared to the plastic matrix. composites with higher
wood flour concentration require a higher stress for
the same deformation.” Likewise, fractions of
MAPP about 3-4wt% gave high-flexural modulus.
This is because MAPP can improve the interfacial
adhesion between wood flour and rPP matrix, leading
o improve the stress transfer from polymer to wood
partic!csfm However, too much MAPP relative to
wood flour will cause self-entanglement, resulting in
dippage with the PP molecules.™ In Figure 6(b),
when composites were soaked in water for 6 weeks,
MOE at high 45wt% RWF fraction was comparable
o composites with 25wt% RWF. The wood flour as
hard filler, in comparison to the plastic matrix,
increased the stiffness of the composites. With mois-
ture wood flour plasticizes, becoming ductile, this
decreased the stiffness of composites.®® Figure 7
shows the optimal formulation based on the special
cubic models for MOE and a desirability score com-
bining their outputs. The optimal formulation is also
included in Table 7.

Effect of composition on maximum strain
and optimal formulation

The hinear regression models for the maximum strain
{max. ) at | and 6 weeks were

Maxe Wl =3.72x; + 3.48x0 + 2.63x3 — 7.75x: (16)

Max.e WO =4.82x¢; + 38700+ 1.23x3 - 9.29x:. (17

The fraction of rPP (x,) has the largest coefficients in
the fit, so the maximum strain increased with high frac-
tion of rPP. This is because rPP has high ductility and
viscosity, resulting an increase of the maximum strain.
In contrast, the maximum strain decreased with the

Figure 7. The optimal formulation for MOE.

Howe

Figure 6. Triangular contaur plots for effects of composition on MOE at {a) | and (b) 6 weeks, with UV stabilizer fixed at 0.5 wt%

and Lub at | we%.
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fraction of UV stabilizer (xg) that has a negative coef-
ficient. The reason for this phenomenon is probably
similar to that shown in the flexural strength. Using
Iwt% of UV stabilizer may be unnecessary and to
reduce the negative effects on the mechanical proper-
ties, the amount of UV suabilizer shouid be mini-
mized. ™ Again, the maximum strain increases with
the WA and immersion time. The reason for this is
probably similar as described earlier that ductile wet
wood increases the maximum strain. Figure 8 shows
that the maxunum strain decreased with the RWF
content. This is due to the increase in the stiflness and
brittleness reducing the maximum strain, The stress
concentrations at the fiber ends have been recognized
as the leading cause for embrittlement.® The optimized
composition based on these linear regression models is
shown numerically in Table 7.

Optimal formulation of the overall properties based
on WA

An optimal formulation for fPP/RWF composites was
determined to minimize WA and thickness swelling and

¢ MAPPQ'%

Figure 8. Triangular contour plots for effects of composition
on the maximum strain at 6 weeks, with UV stabilizer fixed at 0.5
wit% and Lub at | wi%.

maximize flexural strength, modulus, and maximum
strain. This multiobjective optimization, using all of
the regression models, was performed with the Design-
Expert software by constructing a desirability score that
balances all of the fitted models in Figure 9. The optimal
formulation was 68.9wt% PP, 25.0wi% RWF,
30wi% MAPP, 0.1 wi% UV stabilizer, and 1.0 wit%
Lub. The optimal formulation is given in Table 8.
along with the model-based responses. The overall for-
mulations in Table 7 closely agree with this optimum.

Conclusions

Mixture experimental design, statistical model, and
optimization were used to quantfy the effects of rPP/
RWF composite formulation and to optimize the for-
mulation for moisture resistance. ANOVA revealed
that all the component fractions experimentally
varied, namely rPP, RWF, MAPP, and UV stabilizer,
statistically significantly affected the WA, thickness
swelling, flexural strength and modulus, and maximum
strain. In general, a high fraction of RWF increased the
WA and TS across immersion times due to the [ree OH

{Prediction  0.768
e ®

\ % @

22 compd™?

Figure 9. The optimal formulation for overall desirabifity.

Table 8. Predicted respanses with the formulation optimized jointly for all properties.

Mixture component fractions (wt%) Predicted response
Property X, Xz X3 X4 X5 Wi w5 Wé Wio
WA (%) 0.85 181 - 282
TS (%) 0.22 0.50 - 0.78
MOR (MPa) 68.9 25.0 5.0 0.1 1.0 389 - 385 -
MOE (GPa) 1.84 - 1.79 -
Max. strain (%) 356 - 441 -




Homkhiew et al.

345

13

groups in wood lour contributing WA. When the com-
posites were soaked in water for | week, high fractions
of RWF increased MOR and MOE but reduced max-
imwm strain. In contrast, at 6 weeks, the MOR and
MOE decreased but maximum strain increased with
RWF loading. At the longer immersion time, water
reduced the interfacial adhesion between RWF and
tPP, and moisture plasticized the wood flour making
it ductile. This decreased the strength and stiffness bui
mcreased the maximum strain  of composites.
Therefore, the optimum found had 25wi% RWF,
which was the minimum in the experimental design.
The compatibilizer MAPP slightly affected WA and
TS, which decreased with the MAPP content. The {rac-
tion of UV stabilizer also had negative eftects on the
WA MOR, and maximum strain. This study demon-
strated design and analysis of mixture experiments as
an efficient tool to optimize the formulation of rPP/
RWF composites for minimum WA and for maximum
flexural properties.
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Abstract

The effects of time, temperature, and stress on the flexural creep of composites from recycled
poivpropylene (rPP) and rubberwood flour (RWF) were experimentally investigated and
modeled numerically. Creep incrcased with time, temperature, and stress, as expected.
Burger. Power law, and HRZ models fit the creep profiles wel! in gencral, but at high
temperature and stress levels the Power law and HRZ models perfonmed poorly. However,
the HRZ model interpolated creep well across the applied stresses, or across the temperatures.
The time-temperature superposition (TTS) and time-stress superposition (TSS) principles
were used 1o model long-term creep. The master curves from TTS and TSS principles were in
good agreement with each other. They predicted that the lifetime limitation by long-term
creep exceeds 10 vears for 15 MPa stress at 25 °C, and is irrelevant for 3 MPa stress at the

same temperature. AN these results pertain to a specific formulation of rPPARWF composites.
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i Introduction

In recent decades. reinforcing thermoplastics with inorganic fibers such as carbon, glass.
graphite, and tale. has successfully produced high perfonmance composites [1]. Also the
reinforcement use of organic fibers in plastic composites, particularly use of wood flour, is of
great intercst due to several potential advantages, such as low cost. biodegradability, low
health hazard during bandling. and non-abrasive nature {2]. Therefore the use of wood flour
to replace inorganic filler has an increasing trend in the plastic composite industrics. Wood-
plastic composites (WPCs) may have good moisture resistance and dimensional stability
because of the continuous thermoplastic matrices [3). They have been largely used as a
replacement for softwood lumber as decking, railings. door and window frames. and other

outdoor applications. where they have better durability than softwood lumber [4, 5].

Rubber tree (Hevea brasiliensis) is widely planted in Thailand for the production of latex.
and is cut down when it becomes unproductive at about 25 years of age [6]. Rubberwood
tumber is mainly used to produce furniture, toys, and packing materials. In these rubberwood
industries, a large amount of wood waste in the forms of flour, sawdust, and chips, is
generated at different stages of processing. Generally, rubberwood waste is dumped in
landfills or burncd, but somc of the waste is also used to produce medium-density fiberboard
and particle board |7]. The utilization of rubberwood waste as a filler in polymer composites
could deerease environmental impacts from the waste, as well as add value when contributing

1o the composite propertics.
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The mechanical characteristics of WPCs include creep. ic. time-dependent deformation
under {oading, due to their continuous thermoplastic matrices. and such crecp is a critical
issuc in many cngincering applications; for example biomedical. acrospace. and civil
engineering  infrastructure  applications  [R]1. Hence, creep is an important material
characteristic in the design of wood-plastic composite products. and relates 1o load-bearing
capacity of end products. Likewise, durability and lifetime limitations of products, from'
intolerably large deformations, should be estimated at the design stage |9]. Environmental
parameters, such as temperature and bumidity, influcnee the creep of WPCs, because of |
temperature effects on the polymer and moisture effects on the wood filler {10]. Long erm
cvaluation of creep would be prohibitively costly, so accelerated testing methods and
mathematical models are used instead [10], Acha et al [8] investigated the effects of ’
modifying the meerfacial adhesion between jute and polypropylenc on the creep behavior,
and used the ume-temperaturce superposition (TTS) to predict long-term creep deformation,
Mosiewicki et al. [11] experimentally evaluated the creep of composites made from linseed
oil -based polyester thermoset, and compared the results with Power law and Burger models;
both models fit the data well. Chevali et al. {12} studied flexural creep behavior of nylon 6/6, |
pelypropylene, high-density polycthylene, and their long fiber thennoplastic composites. T‘mi
HRZ (for Hadid, Rechak, and Zouwani, [I3]) model provided an excellent fit to thc;
experimental data, aud the master curves obtained from TTS were able to predict the kmg—l
term creep. Banik ct al. {14] investipated the influence of unidirectional and cross.plyi
polypropylene composites on the creep behavior, and both Burger and Findley power law
modcls were satisfactory for fitting short-term creep behavior, Subramanian and Senthilvelan
115} experimentally cvaluated the creep of leaf springs from glass-fiber-reinforced
thermoplastic composites at various loads, and compared the results with the HRZ model.

Despite extensive prior rescarch on inorganic fiber and matural fiber reinforced plastics, only



a few studies on creep behavior have used rubberwood flour (RWF to reinforce virgin
PMastics, and there s no prior report on the creep of RWF-reinforced postconsumer plastics

that we focus on.

In our eardier work, the formulation of recycled polvpropylenc/RWF composites was
optimized for select mechanical properties, but creep deformation was not investigated. The
evaluation of creep is necessary for developing a new product subjected 1o long-term loading,
when the materials are known 1o have viscoelastic time-dependent behavior. Therefore, creep
n1u§t affect the design of WPCs and selecting their end-use applicatons. The objective of
current work was to investipate the creep characteristics of composites made from recycled
polypropyviene and rubberwood flour, in particular the effects of temperature and stress levels.
The Burger, Power law. and HRZ models were fit to short-termy creep data. The time-
remperature superposition and the time-stress superposition (TSS) principles were used 10

construct master curves of creep deformation, for predicting long-time creep.

2. Materials and experimental details

2.1 Materials

Rubberwood flour collected from local furniture factory was used as reinforcing filler. Before
use it &as sieved through a standard sieve of mesh size 80 (passing particles smaller than 180
pum) and dried in an oven at 110 *C for 8 h 1o minimize the moisture content. The main
chemical constituents of rubberwood are: cellulose (39%), hemicellulose (29%), lignin
{28%), and ash (4%) [16]. The matrix polymer was recycled polypropykene (rPP), purchased

as pellets with a melt flow index of 11 g210 min at 230 °C from Withaya Intertrade Co., Lid

(Samutprakam, Thailand). Maleic anhydride grafied polypropylene IMAPP) with &-100% of

maleic anhydnde, used as a coupling agent to improve interfacial bonding between wood

flour and plastic matrix, was supplied by Sigma-Aldrich (Missouri, USA). TH Color Co.. Ltd
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(Samutprakarn, Thatland) supplicd hindered amine light stabilizer additive. under the trade
pame MELVOOS, chosen as the ultravialet (UV) stabilizer. Paraffin wax used as lubricant

(Lub} in processing was procured from Nippon Seire Co., Lid ¢ Yamaguchi, Japan).

The compasite formulation was held constant at 50.3 wita (PP, 445 wi's RWF, 3.9 at’
MAPP. 0.2 wt% UV stabilizer, and 1.0 wt% Lub. In our prior work this formulation had the

maximal 47.28 MPa flexural strength, and modulus 2527 MPa.

2.2 Preparatiom of composifes samples

The WPCs were produced in a rwo-step process. In the first step to produce WPC pellets,
RWF and rPP were blended and formed into composite pellets using a twin-serew extruder
{(Model SHI-36 from En Mach Co., Ltd, Nonthabun, Thailand). Barrel temperatures in ten
zones were set in the range 130-170 °C from feed to dic, to limit degradation of the raw
materials. while the screw rotating speed was controlled at 70 rpm. The extrudate was passed
through a water bath and was subsequently pelletized. In the second step to produce WPC
panels. the WPC pellets were again dried prior to use, in an oven at 110 °C for 8 h. The WPC
pelicts, MAPP, UV stabilizer, and lubricant were dry-mixed, and fed to the twin-screw
extruder, The extruding conditions were as follows: (1) temperature profiles: 130-190 °C: (2)
screw rotating speed: S0 rpm: (3) vacuum venting at 9 temperature zones: 0.022 MPa: and (4)
melt pressure: 0.10-0.20 MPa. The samples were extruded through a rectangular 9 x 22 mm®
dic and cooled in atmospheric air. Consequently, the specimens were machined, following

the flexural creep testing standard of American Society for Testing and Maierials (ASTM),

2.3 Characterization
Shert-term erecp tests of (PPRWF composites were carried out using an Instron Universal

Testing Machine (Model 5582 from Instron Corporation, Massachusctts, USA) with three-
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point bending as shown in Figure 1, following ASTM D299 standard. In all tests, the tlexural
strain was measured by an Instron extensometer with a travel of 5 mm and a gauge length of
10 mm. The specimens were 13 x 4.8 = 100 mm’ (width = thickness ~ length), and the est
span was 8¢ mm in the dircction of extrusion. To evaluate the cffects of various stress levels.

creep tests were conducted at 25 °C ambient temperature at ten different stress levels: 3.7 11

b

i. 35, and 39 MPa. Five levels of temperature i the range from 25 to 65 °C.

[7%3

i3.19 23, 27,

*

1§

were used with constant 19 MPa stress to assess temperature effects. This constant stress was
approximately 40% of the ultimate flexural strength, from quasi-static tests at 25 °C. Before
each creep test the specimens were equilibrated in an environmental chamber for 15 min. The
loading duration of a test was 6000 sec (100 min), and there were five replicates at each test

condition.

24 Creep models

Creep is the slow deformation of a material under constamt stress. It is important in
applications with long-term loading. When a material subjected to constant load creeps, its
deflection continuously accumulates with time {14, 17]. Wood-reinforced plastics show this
type of viscoelastic behavior, The cieep strain of polymers or wood-plastic composites, &0, 1.
), mainly depends on stress (o), time (), and temperature (1) [18, 19]. Conceptually this
strain has three main components: (i) elastic deformation (stress-temperature dependence,
reversible) &da, 7). (it} viscoelastic defonnati;m (stress-time-temperature  dependence,
reversible} &y (. 1. T); and (i) viscoplastic deformation (stress-time-temperature dependence,

irreversible) y(a, 1, T) |18, 19]:

(ot N=¢(c.T)+e (1. T)+e,(0.0.T) (1
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The maodeling of experimental daga helps bridge the gap between material properties and

engineering designs | 17]. For applications to predicting the ereep behavior of WPCs, several
models developed from the constitwtive relations of polymerie materials [vME can be explored.
If reinforced polymer materials are tested within their hnearly viscoelastic range, simple
rheological models are appropriate [14]. A simple constitutive model, the four-clement
Burger model, has given satisfactory descriptions and predictions |14, 20, 21]. It combincs
Maxwell and Kelvin-Voigt models; mstantancous deformation comes from the Maxwell

spring; viscoelastic deformation from Kelvin units; and viscoplastic deformation from the

Maxwell dashpot {22]. The mathematical description for response to constant stress is:

=2 1 e -1 K |01 = @
IV 9 N e s

where £ is the strain at time 7, with constant stress o Eyy and Ex are the elastic moduli, and #,
and g are the viscosities, of the Maxwell and Kelvin bodies. respectively [21]. Especially
with non-linear creep behavior, empincal mathematical models have often been applied with
satisfactory prediction, despite simple forms [14, 23], An example of such simple model is
the Power law model. Subramanian and Senthilvelan {15] and Hadid et al. [13} used the
Power law model for the three-point bending creep of glass fiber reinforced thermoplastics.
Also the American Society of Civil Engineers (ASCE) recommend this model for the
analysis of composite materials under long-term structural loading, in their structural plastics

design manual [15, 24]. The Power law equation is:
g(t)y=ry" (3)

where ¢ is the creep strain at time 1, 74 is a coefficient, and # is the Power law exponent |23



The two Power faw parameters. the coefficient and the exponent. are significantly affected by
the stress evel §15]. This model was modified by Hadid et al. {13} to incorporatc also stiess

dependence. This HRZ model has the forny
E() = - ot TEPE) {4

where the model parameters o, A o and ¢ are fit to data by non-linear regression.
Subramanian and Senthibvelan {15], and Chevali ot al. [12). used the HRZ model to fit
experimental data. finding excellent fit to shor-time flexural creep over a wide range of

SUCSS0S,

2.3 Time-temperature and stress superposition

Time-temiperature and stress supcrposition principles are widely used wath viscoclasiic
materials such as wood-reinforced plastics. They arc empirical relationships between time
and temperature, or time and stress [25], stating that the effect of a constant temperature or
stress change on a time-dependent response equals a uniform shift in logarithmic time-scale
[25]. Then a single master curve at a reference temperature (or stress), using a logarithmic
time scale, includes the crecp curves obtained at different temperatures {or stresses); these are
superposed on the master curve by a horizontal shift [11]. The master curve can be used to

predict cieep response at large time scales, even if experiments are limited to short times.

3. Results and discussion

3.1 Effect of the various swress levels

In service the plastic composites may be subjected 1o long-term stresses. The logarithmic re-
scaling of time. according to the superposition principles, suggests accelerated testing by use
of elevated stresses and/or temperatures, so a range of each was experimented with. The

creep strain against time, with the specific composite formulation described carlier, is shown

355



at different stress levels ranging from 3 MPa to 39 MPa in Figure 2. The creep of the
fPPRWF composites was clearly dependent on the test stress. and increased with the stress
level as expected. At the lughest applied 39 MPa stress (83% of ultimale strenyth) the rate of
crecp deformation was the highest. At stresses close to the 47,28 MPa ultimate strength the
mobility of the macromotecular chains strongly increases. and this mobiliny leads 10 eventual

failure of the test specimen.

The creep was modeled with equations (2) and (3), for Burger and Power law models. The
solid and dashed lines vepresent the fit for each stress level of Burger and Power law models,
respectively, while symbols in the legend represent experimental averages across replicates.
Both Burger and Power law models fit the experimental data overall well, but at 39 MPa
stress level the Burger model is clearly beuer. This is not surprising since the Power law
model is simpler with fower parameters than the Burger model [11]. Also Hadid et al. [13]

observed poorer fits at higher stress levels.

The fited parameters of Burger and Power law models obtained from the rPP/RWF
composites are shown in Table [. All parameters (Ey, Ex Hy and k) in the Burger model
decrease with stress level. The moduli (Ey; and Ex) decrease because new mechanisms of
molecular bond breaking and slippage emerge as stress is increased. The viscosities (77 and
7%} similarly decrease duc to increased polymer chain mobility. The Power Iaw parameter ry

is for instantancous strain (time-independent) and relates to the elastic initial response. while
the parameter # relates to viscous creep response (time-dependent) [11]. Both paramcters

increasc with the stress level for the same molecular mobility reasons just discussed.

3.2 Effects of temperature
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The short-term bending crecp responses of PP'RWF composites at five ddferom
icimperaiures are shown in Figure 3. The creep cunves woere still in the secondary creep stage
at the end of the tests for temperatures from 25 “C 10 35 “C. but the highest 63 °C wemperature
produced failure after 1500 sec (25 min), before the end of the test duration, and showed the
tertiary creep stage. This indicates diat 63 °C is a eritical temperature for our reeyeled
polypropylene composites containing 44.5 wi%s of rubberwood flour. Both the instantancous
deformation and viscous creep increase with temperawre, see Figure 5. Normally,

thermoplastic materials are sofiened by an increase in temperature and creep deformation of

matrix~-dominant composites increases 111.

The curve fits with Burger and Power law models are included in Figure 3, with solid and
dashed lincs. The fits were otherwise good, but ar high temperatures (55 °C and 65 °C) the
Power law model performed poorly. The Power law model appears appropriate with small
creep deformation only, while the Burger model fits all of the data well. This might be due ©
the better flexibility of Burger model, as it has more parameters. or due to this model actually

describing some of the mechanisms determining the constitutive behavior [14].

The Burger parameters listed in Table | decrease with temperature. The moduli may
decreasing due to softening of the composite materials [14]. Likewise, the viscosities
decrease and contribute to creep deformation with increasing temperature [14]. This confirms
increasing molecular mobility with temperature {11, 14]. The parameters of Power law mode!

both increased with temperature due to the same reasons {11].

3.3 Empirical model for short-term creep
The creep of the rPP/RWF composites for stresses from 3 MPa to 39 MPa and temperatures

ranging from 25 °C to 65 °C is shown in Figures 2 and 3. The Power law coetYicient 4, and
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the exponent # increase with siress and emperature levels. This agrees with prior work

Subramanian and Senthilvelan | L5}, and Hadid et al. [ 13].

Figures 4 and 3 show the curve fits of the type used in the HRZ model, of the Power law
parameters. The found HRZ model parameters (&, b, . and ¢) are shown in these figures and
listed in Table 2. Parameters o and & are determined by the instantancous elastic strain

immediatcly ofter load application, and depend on the degree of crystallinity and glass

transition temperature [ 12, 15, 26]. Paramcters ¢ and ¢ describe how the creep depends on

skress, testing time, and relaxation of the composites 12, 15]. The HRZ and Power law fits
are shown in Figures 6 and 7. The HRZ model fits the data almost as well as the Power law
fits of individual curves, but performs poorly at the highest stress level tested. Similar lack of
fit at high stresses was found by Hadid et al. {13} and Subramanian and Senthilvelan [15].
The HRZ model allows interpolation between the | stresses and temperatures  used

experimentally,

3.4 Time-temperature and siress superposition

In order to predict the long-term creep behavior of the composites, the time-temperature
superposition (TTS) and the time-stress superposition (TSS) principles were utilized, using
master curves produced from the short-term creep tests accelerated by temperature and stress.
In Figure 8, the creep data from different temperatures are superposed by horizontal shifts of
log time scale. The reference temperature chosen was 25 °C. and the master curve constructed
reveals long-term behavior at this temperature, based on accelerated testing. Figure 9 has
similarly constructed master curve from the various stress levels, with 19 MPa as the

reference stress whose long-term creep is revealed,
The creep of the rPPARWF composites for stresses from 3 MPa to 39 MPa and temperatures

ranging from 25 °C to 65 “C is shown in Figures 2 and 3. The Power law coefficient ry and
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In order to show the lifetime creep deformation of rPPRWF composites, Figure 10 displays
master curves at reference temperature 28 °C with constant load 19 MPa as well us referenec
stresses at 3. i1 15, and 19 MPa with temperature fixed at 25 “C, with the vertical lines
indicating 1, 10, 100, and 1000 vears [27]. The two master curves, accelerated by
temperature and stress, agree well at 25 “C and 19 MPa. The highest emperature tested
atfected the curve from temperature acceleration, causing deviation of the two master curves
at high strain. The two master curves predict a lifetime of less than | year at this stress level.
However, ar lower stress levels and 25 °C the predicted lifetimes of rPP/RWF composites

exceed 10 years for 15 MPa stress and 1000 years for 3 MPa stress.

4. Conclusions

Creep deformation is an important characteristic of a composite material, when the end
products arc subjected to loading. The creep of a specific composite formulation from
recycled polypropylene and rubberwood flour was investigated experimentally and modeled
numerically. The creep was dependent on both temperature and stress, increasing with both
of these. The Burger and Power law models were both able to fit well the creep dawa in
general, but at high temperature and stress levels the Power law gave the poorer fit of these
models. The HRZ model provided an approximate interpolation across temperatures or
stresses of the Power law fits, and also fit these data well in cases where the Power law
performed well. The master curves from time-temperature and time-stress superpositions
were in good agreement with cach other. From the master cutves the long-term creep was
predicted with stresses 3 and 15 MPa at 25 °C, suggesting that the creep-limited lifetime of
rPPRWF composites exceeds 10 vears at the higher stress level, and is no longer a relevant

limitation at the lower stress level.
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