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Abstract

Biobased and biodegradable polylactide (PLA)-
pine wood flour (PWF) composites were investigated
as a means to reduce the overall material cost and tai-
lor material properties. The composites were pre-
pared using a Kinetic-mixer and an injection molding
machine. The tensile modulus of the PLA-PWF com-
posites increased with the PWF content whereas the
toughness and strain-at-break decreased. The tensile
strength remained the same irrespective of the PWF
content (up to 40%). The storage modulus increased
with the PWF content. Additionally, composites con-
taining PWF treated with silane showed higher stor-
age modulus than those without silane treatment. The
area integration underneath the tan o peaks decreased
with increasing PWF, indicating that the PLA-PWF
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composites exhibited more elastic behavior with in-
creasing PWF. The degree of crystallinity of the
PLA-PWF composites increased significantly with the
PWEF content. Furthermore, the treatment of PWF
with silane was found to have a positive effect on its
nucleating ability, as treated PLA-PWF composites
showed higher crystallinity compared with non-treat-
ed counterparts. The morphology of the fracture sur-
faces were studied using a scanning electron micro-
scope. Finally, a Halpin-Tsai analytical model to
predict Young’s modulus of PLA-PWF composites has
been presented to compare the theoretical results with
that of experimental ones.

Introduction

Plastics are one of the most highly valued materials
mainly because of their extraordinary versatility and
low cost (Stevens 2002). Their usage span awide range
of applications, such as packaging, structural (build-
ing materials), transportation, electrical components,
biomedical, and consumer products. The increased
use of plastics has become a significant concern be-
cause of its negative impact on the environment; spe-
cifically, the sources from which plastics are derived
and their biodegradability. Almost all plastics are
made from petroleum and its allied components.
These natural resources take millions of years to form
and are finite in quantity. In addition, plastics derived
from fossil resources are largely non-biodegradable.
The increased use in plastics over the years has re-
sulted in an increase in plastic waste (both managed
waste and litter), which often is dumped as municipal
solid waste. Plastic litter in the oceans is a major threat
for birds, fish, and other sea life. The majority of plastic
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waste today is reused via recycling; however, this re-
use strategy has many limitations. Recycled plastics
do not possess the same properties as their virgin
counterparts (the properties deteriorate while recy-
cling) and cannot be used in similar applications.
Thus, there is an immediate need to look for alterna-
tive energy resources, and this has predominantly
shifted the attention of many researchers toward
biobased plastics. Biobased plastics are sustainable,
largely biodegradable, and biocompatible (Gross and
Kalra 2002, Bastioli 2001, Leaversuch 2002). They re-
duce our dependency on depleting fossil fuels and are
CO; neutral. One ofthe most promising biobased poly-
mers is poly(lactide) (PLA), which is made from agri-
cultural products and is readily biodegradable. PLA,
though discovered in 1890s, is finding an edge in this
new era of science and will soon replace many com-
modity plastics because of its biodegradability prop-
erty and biobased nature.

PLA is linear aliphatic thermoplastic polyester
made from lactic acid (Carlotta 2001) (a-hydroxy acid).
First, lactic acid is produced by the bacterial fermenta-
tion of corn, sugar cane, sugar beet, etc. Then it is
oligomerized and finally dimerized, catalytically, to
make lactide. This lactide monomer is polymerized us-
ing ring-opening polymerization to make high molec-
ular weight PLA (Drumright et al. 2000, Lunt 1998).
PLA has high modulus, reasonable strength, excellent
flavor and aroma barrier capability, good heat
sealability, and can be readily fabricated, thereby
making it one of the most promising bio-polymers for
varied applications (Fang and Hanna 1999). As such,
PLA can become one of the most preferred commodity
plastics in the future. Despite these desirable features,
several drawbacks tend to limit its widespread appli-
cability such as high cost, brittleness, and narrow pro-
cessing windows. Polymer composites offer a conve-
nient approach to tailor the materials cost and
engineer the material properties.

Eco-friendly bio-composites, comprised of natural
fibers and biobased plastics (polymers), are of great
importance to the material world, not only as a feasible
solution to growing environmental threats, but also as
a sustainable solution to the uncertainty ofthe world’s
petroleum supply (Mohanty et al. 2002). Natural fibers
have several advantagesovertraditional inorganicfill-
ers, including renewable nature, a non-food agricul-
tural-based economy, low cost, low density, low energy
consumption, high specific strength and stiffness, CO,
sequestration, biodegradability, and less wear on ma-
chinery (Mohanty et al. 2002, Samir et al. 2005).
Mohanty et al. (2000) reviewed such composites and
presented several different reinforcing bio-fibers and
biodegradable polymers by analyzing the structure-
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property relationship. They also showed how the
properties of these composites vary with different fi-
ber surface treatments. A number of other studies on
bio-composites were discussed in the literature
(Baillie 2004, Wool and Sun 2005).

Ofthe many types of natural fillers, wood flour (WF)
has attracted much study (Gernandes et al. 2004, Qiu
2003) because it offers significant cost-reduction as
well as ease in processing. WF has been used as filler
material in a variety of polymers for property en-
hancement and reducing costs (Gernandes et al. 2004,
Qiu2003). Liber-Knec etal. (2006) investigated the me-
chanical properties of polypropylene (PP)-WF com-
posites. The size and percentage of WF in the PP ma-
trix were varied. They concluded that the addition of
WF to PP enhanced the mechanical properties of PP.
A similar study conducted by Ichazo et al. (2006) on
natural rubber-based WF composites revealed that
the addition of WF to natural rubber increased scorch
time and curing time and caused improvement in
modulus at 300 percent strain and in-tear properties;
however, it decreased the tensile strength and elonga-
tion-at-break. Nonetheless, different percentages and
sizes of WF were found to have different effects on the
properties of their composites. Although good im-
provement in properties was found, there was some
decline in strength and elongation-at-break, which
may result from weak interfacial bonding between the
filler (WF) and polymer, as both have a contrasting
chemical and physical nature. Lee and Ohkita (2003)
studied the effect of PCL-grafted-maleic anhydride
(PCL-g-MA) compatibilizer on the properties of poly-
caprolactone (PCL) and polybutylenesuccinate-
butylenecarbonate (PBSC) based WF composites.
They prepared samples with and without the com-
patibilizer and tested them for various mechanical
and thermal properties. They found that tensile prop-
erties such as tensile strength, modulus, and elonga-
tion-at-break are higher in the samples that consist of
PCL-g-MA compatibilizer than the ones that did not.
This enhancement may result from the modification of
the chemical nature ofthe filler for good adhesion with
the polymer. This leads us to an important part of the
research in which the addition of a suitable coupling
agent will further increase the properties of WF com-
posites compared with those that do not consist of the
coupling agent. Many investigations, reported in the
literature (Wu 2004, Li and Yan 2007, Jaing and
Kamdem 2004, Shah et al. 2005), have been conducted
in this area with a goal of improving interfacial bond-
ing. Ofall ofthe coupling agents mentioned in the liter-
ature, the one that is of interest in the present study is
silane, which proved to provide good adhesion at the
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interface of the WF and the polymer (Kokta et al. 1989,
Raj etal. 1989, Kuanetal. 2003).

As the products made by these WF composites are
used in variety of applications, it is also important to
understand the behavior of WF composites in differ-
ent weather conditions. An investigation conducted
by Stark (2001) and Starket al. (2004) on WF-filled PP
and WF-high-density polyethylene (HDPE) compos-
ites, respectively, address this issue in which they fab-
ricated samples using three methods: injection mold-
ed, extruded, and extruded and planed. Then they
characterized them using Fourier transform infrared
(FTIR) spectroscopy. The high processing pressures,
to which the injection molded samples were subjected,
resulted in a composite with higher density compared
with the extruded and planed methods. With an im-
provement of the interfacial quality of WF and poly-
mer, the high density can enhance the strength of in-
jection molded samples compared with that of
extruded and planed composites. In addition, when
tested for weathering conditions for 3,000 hours, the
injection molded samples retained higher flexural
modulus of elasticity (MOE) and strength properties
compared with the extruded and planed samples. In
fact, the extruded and planed samples lost a larger
percentage oftheir total mechanical properties during
the first 1,000 hours ofexposure. This is due to the ex-
posure of the surface of the extruded and planed sam-
ples to moisture that resulted in loss of properties. The
planed samples have a higher ability for moisture ab-
sorption due to strong hydrophilic wood content at the
surface.

Thus, Stark (2001) and Starket al. (2004) concluded
that of the three fabrication processes, injection
molded samples are best due to their superior proper-
ties and applications. The problem of moisture ab-
sorption deteriorating the properties of the WF com-
posites was addressed by Mishra and Verma (2006),
who have shown that by using a suitable com-
patibilizer, the absorption ability which occurs mainly
because of the hydrophilic nature of the WF was re-
duced. The WFs hydrophilicity can be reduced when
the WF is coated with a suitable compatibilizer (maleic
anhydride in this case), thereby reducing the water (or
moisture) absorption. This occurs mainly because of
the ester linkages or bond formation of the WF with
maleic anhydride, which further causes good adhe-
sion between the filler and matrix by the formation ofa
hydrogen or chemical bond. Thus, the addition of a
compatibilizer not only improves the mechanical pro-
perties as discussed previously, but also reduces the
water absorption ability of the overall composite.

In addition to the static mechanical properties, re-
searchers also are interested in the analysis of the dy-
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namic mechanical (DMA) properties of polymers and
their composites, as polymers with their natural abil-
ity of viscoelasticity tend to show variation in these
properties with the addition of fillers and coupling
agents. Ge et al. (2006) conducted a study on the DMA
properties of poly (propylene carbonate) (PPC) based
biodegradable composites. The storage modulus in-
creased with increasing WF content, which is in agree-
ment with their tensile modulus results. The glass
transition temperature (Tg) (of PPC) obtained by the
tan & peak was seen to shift to a higher value with the
addition of WF. This increment in Tg, however, did not
vary with WF content. A similar study by Ichazo et al.
(2006) on natural rubber-wood flour composites in-
ferred the same conclusion that the addition of WF
shifted the tan 6 peak, thereby increasing the Tg. This
can be attributed mainly due to the restriction caused
on the mobility of polymer chains by the filler parti-
cles. On the other hand, Nenkova et al. (2006) investi-
gated PP-WF composites and found a contrasting re-
sult that the addition of WF did not have a significant
influence on the Tg of the polymer matrix; however,
maleic anhydride- (MA) treated WF enhanced the am-
plitude of the tan & peaks, thereby confirming the
chemical interaction of MA (coupling agent) with
some components of WF. Additionally, there are nu-
merous studies on non-WF-based bio-composites
which showed that adding filler would increase the
storage modulus significantly in line with tensile
modulus. Though a comprehensive literature study on
such composites is beyond the scope of this paper, they
can be found in the public domain.

The addition of WF to polymers not only affects the
mechanical properties but also the thermal proper-
ties, including crystallization behavior. Such proper-
ties can be investigated using differential scanning
calorimetry (DSC). Several DSC studies on PLA and
its composites were reported (Liu et al. 2001, Fischer
et al. 1973, Mathew 2006). Mathew et al. (2005) have
studied the effect of cellulose materials on the me-
chanical properties of PLA. They inferred that in a
crystalline polymer matrix, the presence of fibers
tends to influence the microstructure at the interface
and thus the overall composite mechanical properties.
The crystallinity of a polymeric system will depend on
many factors such as the processing conditions (e.g.,
the heating-cooling cycles that the material passes
through during extrusion and injection molding steps,
especially the processing parameters such as the cool-
ing rate and the crystallization temperature), nucle-
ationdensity, and annealing time (Shulzetal. 1996). Of
the different factors studied, Mathew et al. (2006) con-
cluded that it is the surface topography of the fiber but
not the chemical composition that plays a decisive role
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in crystallinity development. Eichhorn et al. (2001),
however, have suggested that in the case of cellulose
reinforcements, the presence of lignin is known to af-
fect the ability of the fibers to act as the nucleating
agent. Other studies conducted by Serizawa et al.
(2006) and Qiu et al. (2003) also drew the same conclu-
sion that the addition of cellulose-based natural fibers
increases the crystallinity of the polymer (PLA in this
case) as thefillers act as nucleating agents for the crys-
tallization of the polymers. Thus, it is important to
study the crystallization of polymer-filled composites
to understand the effect of the fillers on the crystal-
linity of polymers.

In this study, we compounded the PLA-pine wood
flour (PWF) composites with different PWF loading
levels via a kinetic-mixer (K-mixer) and prepared the
testing specimens via an injection molding machine.
Specimens were prepared with and without treating
the PWF with a coupling agent, silane. Various proper-
ties such as mechanical (static and dynamic) and ther-
mal were compared. The static mechanical properties
reported in this paper are tensile modulus, tensile
strength, fracture toughness, and strain-at-break, and
the dynamic mechanical properties reported are stor-
age modulus and tan 8. The crystallization behavior
was investigated using DSC. The morphologies of the
fractured specimens captured using a scanning elec-
tron microscope were also investigated. Finally, an an-
alytical model to predict the modulus of the composite
system, developed by Halpin and Tsai (1967), has been
presented and was compared with the theoretical and
experimental results.

Experimental Section

Materials

PLA(NatureWorks™ PLA 3001D) in pellet formwas
obtained from Natureworks® LLC, Minnetonka, Min-
nesota. It has a specific gravity of 1.24 and a melt flow
index around 15 g/10 min. (190°C/2.16 Kg). Its Tg is
68°C to 75°C and its melting temperature is 167°C.
PWF (40 mesh/ 425 microns) was supplied by Ameri-
can Wood Fibers, Inc., Schofield, Wisconsin. The prop-
erties of PWF are presented in Table 1. GE Silicones -
Silquest A-174® silane (gamma-Methacryloxypropyl-
trimethoxysilane), obtained from Witco Corporation,
was used as the coupling agent. The chemical formula
for silaneis:

CHp = C(CH3)CO2CH2CH2CH2Si(OCHg)3
Methods

Processing PLA with PWF
An injection molding machine (Cincinnati Milacron
Cmac Vsx 33-ton) was used to mold the tensile test
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Table 1. ~ Pine woodfour properties.

Property Value
Moisture content Max 8%
Typical bulk density (pcf) 13
Typical acidity (pH) 4.7
Typical specific gravity 0.4
Typical ash content 0.5%

samples. Prior to processing, both PLA and PWF were
dried in an oven at 55°C and ~105°C, respectively, to
remove any moisture that had been absorbed during
storage. The PWF was dried at a higher temperature
to speed up the process. The dried samples were
tested for moisture percentage using a moisture ana-
lyzer (Denver Instruments IR-200). If the moisture
content was found to be too high (> 1%), additional
drying was performed before further processing con-
tinued. A kinetic mixer (K-mixer) (Vanzetti Systems
Series 3009) was used to blend PLA and PWF. First,
the PWF was fed into the K-mixer and a few drops of
silane (as per the percentage) were added. The silane
percentage employed in this study is a percentage rel-
ative to the PWF content in the formulation; thus, the
higher the PWF content, the higher the silane content.
The K-mixer was turned on and once the rpm of the ro-
tary chamber (mixing chamber) reached 5,000, it was
switched off. This dispersed the silane within the PWF.
Then, PLA in pellet (weighed for appropriate propor-
tion) form was added to the mixing chamber and the
machine was turned on again to raise the rpm to 5,000.
This increased the temperature inside the chamber
and as the four blades present inside the mixing cham-
ber rotated at the set rpm, friction was generated that
melted the polymer. Once melted, mixing with PWF
(coated with silane) took place, and, as the tempera-
ture increased to a preset value (~400°F), the chamber
door opened and a compounded semi-liquid mix was
dumped into the basket located below. The semi-lig-
uid mix was then quickly placed between two steel
sheets that were inserted in a hydraulic press (Wil-
liams, White & Company). A force of nearly 900 psi was
exerted to the polymer blend to give a thin "pancake"
of the compound. The pancake was given 2 to 3 min-
utes to cool under the exerted force to avoid any warp-
ing. The pancakes must be granulated to feed into the
injection molding machine. A granulator (Ball &
Jewell Granulators Model# BP-68-SCS) was used to
make granules of the compounded pancakes. The ma-
chine has three spinning blades that chop the pan-
cakes into pieces until they are small enough to fit
through a 1/8th inch diameter screen. This provides a
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usable size particle that can easily be injection mold-
ed. The final step in processing was to make tensile
test specimens (ASTM D638) using an injection mold-
ing machine (Cincinnati Milacron Cmac Vsx 33-ton).
The granules were dried once again to remove any
moisture that had been absorbed during the blending,
pressing, and granulating process. This dry material
was then fed into the hopper of the injection molding
machine. The molder was run via specifications of the
PLA. The following temperatures were set at respec-
tive zones: 395°F near the feeder, 400°F in the middle
zone(s), and 405°F at the injection tip. While operating,
great care must be taken to prevent the PLA from stay-
ing in the barrel of the injection molder at these tem-
peratures for long because the material quickly de-
grades. A variable pack/hold pressure of 700 to 1,000
psi was used depending on the percent weight per-
centage of the PWF (700 psi for 20% and up to 1,000 psi
for 40%). A packhold time of 15 seconds also was used
to ensure maximum material in the mold. Since PLA
has a low Tg, a mold temperature of 67°F was main-
tained to allow adequate freezing in the allotted cool-
ing time. A cooling time of 40 seconds per part was
provided to ensure the part did not break upon die
separation. Samples were prepared and are listed in
Table 2.

Tensile testing

The static tensile properties (modulus, strength,
toughness, elongation-at-break) were measured at
room temperature (~25°C) and atmospheric condi-
tions (relative humidity [RH] of ~50% * 5%) with a 5
kN load cell on an Instron Model 5566 tensile tester.
The crosshead speed was set at 0.2 in/min. The
extensometer used was an MTS 634.31E-24 with a
1-inch gauge length. All of the tests were carried out
according to the ASTM standard; five specimens of
each sample were tested and the average results were
reported. All of the samples were tested after having
been subjected to room temperature and atmospheric
conditions for several weeks.

DMA
The dynamic mechanical spectra of the different
specimens, cut from injection molded samples, were

Table 2. ~ List of processed materials.

Material
PLA
20% PWF-0% Silane
20% PWF-0.5% Silane
40% PWF-0% Silane
40% PWF-0.5% Silane

Pilla et al.

obtained using a dynamic mechanical spectrometer
(TA instrument, model DMA Q800), which was
equipped with a dual cantilever mode. The specimens
were tested in a single-cantilever mode and under lig-
uid nitrogen atmosphere. They were heated at a rate of
3°C/min. from 0°C to 85°C with a frequency of 1 Hz and
strain of 0.02 percent, which is in the linear viscoelastic
region as determined by a strain sweep.

Scanning electron microscopy

Fractured surfaces from the tensile tests were ex-
amined using scanning electron microscopy (SEM)
(Hitachi S-570) operated at 10KV All specimens were
sputter coated with a thin layer of gold (~20 nm) prior
to examination. The comparison between micro-
graphs of different specimens was made at the same
level of magnification.

DSC

The DSC analysis was conducted on a sample sliced
from injection molded specimens using a differential
scanning calorimeter (TA Instruments, Auto DSC-
Q20). The sample was first heated from 40° to 180°C,
kept isothermal for 3 minutes, quenched to 0°C, and fi-
nally reheated to 200°C. The ramp speed in all of the
heating-cooling processes was 10°C/min.

Results and Discussion

Structure of PWF

The composition of the PWF reinforcement is pre-
sented in Table 3, which shows that the nature of the
material is complex, i.e., consisting of many constitu-
ents. The majority portion is composed of hydrophilic
cellulose and the remaining part, in which lignin dom-
inates, corresponds to hydrophobic substances. The
PWF used in this study does not possess a standard
geometric pattern and dimension as in the case of
glass or carbon fibers, which have relatively uniform
shapes, i.e., a quasi-constant diameter. In fact, any WF
particle can be classified as a bundle of cellulose fibrils
connected by non-cellulose components, with aspect
ratios no greater than 6-8 (Cunha et al. 2001). An SEM
image of PWF used in this study is shown in Figure 1.
As can be inferred from Figure 1, PWF does not have a
fixed geometry and varies in length and diameter (l/d
ratio: 3-5). The supplier reported WF size is 40 mesh/
425 microns. It has very low thermal conductivity due
to the tubular structure, which provides excellent low
thermal conductivity (0.05-0.07W = mt « K1) (Grobe
1989). Also, the rough surfaces seen on the outer struc-
ture of the PWF may benefit the interfacial adhesion
provided an appropriate coupling agent is used.
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Figure 1. ~ SEM images of PWF at different magnifications: 40 um (left) and 125 um (right).

Figure 2. ~ SEM images ofpure PLA at different magnifications: 40 pm (left) and 100 pum (right).

Table 3. ~ Composition of wood flour reinforcement
(Cunhacetal. 2001).

Ingredient Percentage
Cellulose 42
Lignin 30
Galactoglucomannan 20
Xylan 8

Morphology of the Fractured Surface

The morphology of the fractured surface of the in-
jection molded specimen resulting from the tensile
testing experiments was investigated using SEM to
understand the fracture behavior of PLA-PWF com-
posites. It was assumed that the samples would frac-
ture at the weakest point in the sample. For the pur-
pose of recognizing the individual phases within the
composite, SEM images for PWF (Fig. 1) and pure
PLA (Fig. 2) were also scanned.
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Figures 3 and 4 show the SEM images of fractured
surfaces of the composite specimens at different PWF
levels treated with and without silane, respectively.
The effect of silane could not be predominantly identi-
fied in the SEM images; however, the increased PWF
content can be well seen. A comparison of the images
at the same magnification reveals that PWF is much
more densely packed in higher percentage samples.
As quoted in Chapter 1 of Agarwal and Broutman
(1990), the more the percentage of filler, the stiffer the
composite will be. Thus, the dense sample, 40 percent
PWF composite, is believed to be stiffer than the rest,
which has been confirmed in the tensile test results
discussed in the subsequent section. By examining the
images that give an understanding of the type of frac-
ture that took place, we can infer that PLA showed a
smooth fracture surface without obvious plastic defor-
mation. Similar morphology can be observed in com-
posite specimens (20% and 40% PWF), demonstrating
that brittleness predominates the fracture mode. As
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Figure 3. ~ SEM images of PLA-20% PWF: 100 um (left, 0% silane) and 100 pm (right, 0.5% silane).

Figure 4. ~ SEM images of PLA-40% PWF: 100 pm (left, 0% silane) and 100 um (right, 0.5% silane).

shown in Figures 3 and 4, anaccurate distinction can-
not be made between PLA and WF, indicating that
good adhesion exists between the two. This was con-
firmed later in the tensile test results discussed in the
subsequent section, in which the strength of the com-
posite remained the same regardless of the PWF load-
ing, which generally is not the case in PLA-WF com-
posites (Zuiderduin et al. 2003). When the PWF
content is higher, it is evident that the density of PWF
increases within the composite sample. A high PWF
loading level could hinder the deformability of the
polymer matrix (PLA in this case) due to the restric-
tion offered by the rigid filler particles, thereby de-
creasingthe strain-at-break percentage (Nunez2003).

Tensile Properties

Tensile tests (according to ASTM D638) were per-
formed on injection molded PLA-PWF specimens and
properties such as energy-to-break (toughness),
strain-at-break, modulus,andstrengthwerecomputed.

Pilla et al.

All ofthe specimens tended to follow the brittle frac-
ture mode as evident from the SEM images and
stress-strain curves (Fig. 5). The brittleness increased
with PWF content. An important feature associated
with brittleness is necking before fracture, which is
not seen in any PWF-filled specimen (Fig. 5). Only PLA
exhibited some necking in the stress-strain curve,
demonstrating that it is less brittle compared with
PWEF-filled samples and has undergone stress-whiten-
ing during the tensile test. The stress-whitening phe-
nomenon observed in the pure PLA samples is caused
by crazing. Crazing is a phenomenon that frequently
precedes fracture in some thermoplastic polymers
(Anderson 1995, Kinloch and Young 1983). It is a
dilative process and is a feature of localized plastic de-
formation. Crazing occurs in regions of high hydro-
static tension or in regions of much localized yielding,
which leads to the formation of interpenetrating micro
voids and small fibrils. Ifan applied tensile load is suf-
ficient, these bridges elongate and break, causing the
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Figure 5. ~ Tensile stress-strain curves of PLA-PWF
composites.
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Figure 6. ~ Toughness of PLA-PWF composites.

Pure PLA

micro voids to grow and coalesce; as micro voids co-
alesce, cracks begin to form. Unlike the PWF-filled
composites, in the tensile tests, pure PLA yielded by
crazing (indicated by an arrow in Fig. 2, right) under
the test condition (crosshead speed 0.2 in./min., tem-
perature 25°C). More crazes result in higher strain-
at-break values and toughness (Anderson 1995). The
crazes vanished when PWF was added to pure PLA,
indicating that filled composites exhibit lower tough-
ness. This has been confirmed by toughness results
obtained by the tensile tests (Fig. 6) discussed later.

The brittleness of a material is often gauged using
material properties such as toughness and strain-at-
break. The toughness of the PWF-filled samples de-
creased significantly when compared to pure PLA
(Fig. 6). Toughness, which is the energy to fracture per
unit volume (Van Vlack) of the specimen, is obtained
by integrating the area under the stress-strain curve
(Fig. 6). The decrease in toughness is mainly due to the
brittle nature of the PWF. Thus, the higher the PWF
loading the lower the toughness (Fig. 6). Treatment of
PWF with silane has shown to meagerly affect tough-
ness. At 20 percent PWF content, it is negligible; but at
a higher percentage, toughness increased. Thus it can
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Figure 7. ~ Strain-at-break of PLA-PWF composites.
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be inferred that the addition of silane would increase
the toughness properties (though not significantly) at
higher PWF loading levels. This is an important fea-
ture as at higher WF loading levels, the composites
tend to become more and more brittle which might
hinder its usage in several important applications
where toughness is an important criterion in addition
to strength and stiffness. Strain-at-break is an impor-
tant property that is defined by the tensile tests since it
gives a good understanding about the deformability of
the polymer matrix. Figure 7 shows the strain-at-
break percentages of the PLA-PWF composite at dif-
ferent PWF loading levels. As the Figure illustrates,
the strain (%) decreased with increasing PWF content
owing to decreased deformability of the matrix (PLA
in this case) due to the restriction offered by the rigid
filler particles. This can be well identified in the SEM
images, which show much denser PWF in the compos-
ites at higher PWF loadings. The effect of silane on
strain-at-break is similar to toughness as previously
discussed, i.e., silane, increased the strain-at-break
value at 40 percent PWF content, but had basically no
effect at 20 percent PWF content.

The modulus of PLA increased with the PWF con-
tent (Fig. 8). The effect of silane cannot be seen clearly
in this case; thus, it can be noted that it is more the

9th International Conference on Wood & Biofiber Plastic Composites



filler content than the coupling agent that plays a vital
role in enhancing the tensile modulus of a composite.
This increment in modulus is in agreement with the
literature (Nunez et al. 2003) in which the reinforce-
ment restrains the movement of the polymer chains,
thereby increasing stiffness. As discussed in the mor-
phology section, higher filler content showed a much
higher density of PWF in the polymer that resulted in a
stiffer composite. The tensile strength of filled com-
posites generally is found to decline when compared
with their virgin polymer (Zuiderduin et al. 2003). In
this study, however, as can be seen from Figure 9, con-
sistent strength was found for different levels of PWF.
This can be attributed to the good interfacial adhesion
between the PWF and PLA, which might result from
the very nature (rough) of PWF as discussed previ-
ously and/or the coupling agent (silane). The effect of
silane on the strength of PLA-PWF composites is simi-
lar to other tensile properties such as energy-to-break
(toughness) and strain-at break, i.e., minimum or none
at lower levels of PWF (20%) and reasonably signifi-
cant at higher levels (40%). Thus, it can be concluded
that the silane effect on tensile properties of PWF-
filled composites is more prominent in higher PWF
content specimens than their lower counterparts.

Halpin-Tsai Model for Young’s Modulus

A wide variety of theoretical models (referred to
here as ‘model’) exists to predict the elastic properties
of conventional fiber composites in terms of the prop-
erties of the constituent materials (Chou 1992). In
some special cases where specific fiber arrangements
are considered, closed-form elastic solutions can be
obtained. In this study, we considered Halpin and Tsai
(1967) (H-T) empirical equations, which hold good for
short fiber composites and when the fibers are
randomly oriented in the polymer matrix.

Young’'s modulus, E, of a randomly oriented short
fiber composite is given by Halpin-Tsai as:

3 5 [1]
E,=—E; +—E
r 3 L 8 T
where:

E. and E; are longitudinal and transverse moduli,
given below:

1+(21 Ve |
EL=E,, +@l/dnLVy and
1-npVy
1+2n7Vy |
Er=E, +2n1Vy [2]
1-npVy |

The constants . and n; are given as:
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Figure 9. ~ Ultimate tensile strength of PLA-PWF com-
posites.

(Ef/Em)-1
nL = and

_Ef/Em)-1 [3]
T Ef/Em+2

In Equations [1], [2], and [3]:

E: = Young's modulus of reinforcement
(PWF),

E. = Young's modulus of polymer (PLA),

V; = volume fraction of reinforcement,

V., = volume fraction of polymer i.e., 1- Vf and
I/d = aspect ratio of reinforcement.

Figure 10 compares the model results predicted by
Halpin-Tsai empirical relation for the modulus of the
PLA-PWF composite with the experimental results
obtained from tensile testing. The properties of PWF
and PLA used in the H-T model (Table 4) are obtained
from the literature (www.me.gatech.edu/jonathan.
colton/me4793/natfiber.pdf) and experiments, respec-
tively. Since no literature was found for 40 mesh PWF,
properties of 30 mesh have been used in the model,
which are believed to be close enough for computation
and comparison. As the Figure shows, Young's
modulus increases with PWF content. Experimental
results with and without silane have been furnished.
Though the model and experimental results do not co-
incide, they show a similar trend. The observed mis-
match between the theoretical and experimental re-
sults is due to the following factors (Shi et al. 2004, Shi
et al. 2004, Fisher 2003):

1. The model does not account for the interface be-
tween the filler and polymer.

2. The model does not consider the agglomeration,
which generally is seen in filled composites due
to the improper mixing of fillers and polymer.
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Figure 10. ~ Comparison of Halpin-Tsai (Halpin and
Tsai 1967) and experimental results for Young's
modulus of PLA-PWF composite.

Table 4. ~ Properties of constituent materials of the
composite used in Halpin-Tsai model.

Property Value
E 5500 MPa
f
E. 638.87 MPa
v, 0to0.5
I/d 4

3. Though the measured experimental properties
vary between one replica to another, such vari-
ability is not being considered in the model.

Additionally, as previously stated, there was no spe-
cific data available for the 40 mesh PWF employed for
this study, which required us to consider properties of
30 mesh PWF in the model. Thus, the model can be de-
veloped further to minimize the mismatch between
the experimental and theoretical results by account-
ing for the first three conditions and by obtaining suffi-
cient data for the 40 mesh PWF. Though literature is
available in the public domain that has accounted for
interface and statistical variations in the prediction of
modulus of fiber composites, a comprehensive work
on these aspects is beyond the scope of this paper.

Dynamic Mechanical Analysis

The viscoelastic properties of the PLA-PWF com-
posites were studied using DMA. A general declining
trend of storage modulus (Fig. 11) for all of the curves
is observed when the specimens go through higher
temperatures with the most rapid reduction occurring
at ~69°C, corresponding to the Tg of PLA. In general,
storage modulus appeared to increase with increasing
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Figure 11. ~ Storage modulus of PLA-PWF composites
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Figure 12. ~ Comparison of storage modulus (at 25°C)
of PLA-PWF composite at different PWF ratios.

PWF content, which is in agreement with the tensile
modulus measurement (Fig. 8). Unlike other proper-
ties, the effect of silane clearly is visible in the case of
dynamic viscoelastic properties of PLA-PWF compos-
ites. The addition of a small amount of silane (0.5% of
the PWF) has significantly improved the storage
modulus of the composites at the same PWF loading
level. This trend is in accordance with studies from the
literature (Nenkovaetal. 2006, Behzad et al. 2004). As
shown in Figure 11, the storage modulus ofthe 20 per-
cent and 40 percent PWF sample with 0.5 percent sil-
ane is higher than the 20 percent and 40 percent PWF
sample with 0 percent silane, respectively. This ex-
plains the reason for treating the PWF with silane. Fig-
ure 12 shows such a trend in which the storage
modulus, at 25°C, of respective specimens has been
plotted against the PWF content. The linear curve fit
best interpolates the experimental data indicating
that the storage modulus increases linearly with PWF
percentage (both treated and non-treated). The loss
factor (tan &) is shown in Figure 13. As can be seen in
the Figure, the PWF content has little or no effect on
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Figure 13. ~ Lossfactor (tan & peak) of PLA-PWF com-
posites as a function of temperature.

the peak temperatures, representing Tg. In fact, the
peak broadened and shifted toward the left by a slight
margin. This is in agreement with that reported in the
literature (Nenkova et al. 2006). The area integration
under the tan & curve decreased with increasing PWF
content, indicting that the PLA-PWF composites ex-
hibited more elastic behavior with increasing PWF,
which is in accordance with the tensile test parame-
ters. The meager effect of PWF content on the Tgs of
the PLA-PWF composites are reported in Table 5.

DSC

The crystallization effects were studied using DSC.
Figure 14 shows the thermograms obtained from the
second heating cycle; Table 6 shows the numerical val-
ues of temperature and enthalpy obtained from the
first cooling and second heating cycles and crystal-
linity for the PLA-PWF composites with different
PWF and silane percentages. The addition of PWF in-
duced a very slight reduction in the melting tempera-
ture of PLA. The largest decrease in T,, that occurred
with the PLA-40 wt%PWF composite is approximately
2°C.

The cold crystallization temperature was decreased
by about 14°C for a PLA-20%PWF (non-treated with
silane) composite specimen when compared with pure
PLA. In fact, the cold crystallization peak vanished

Table 5. ~ Tgs ofthe PLA and PLA-pine wood fiber com-
posites.

Material Tg

(°C)
PLA 69.36
20% PWF-0%Silane 67.40
20% PWF-0.5%Silane 66.75
40% PWF-0% Silane 65.57
40% PWF-0.5%Silane 66.76

. cold crystallization
. ass transition
Vel &

Endo
<—

T T T T T T T

40 60 80 100 120 140 160 180

Temperature (°C)
Figure 14. ~Melting curves of PLA-PWF composites.
Dataobtained from the second heating run. (a) PLA; (b)
PLA/20% PWF-0%Silane; (c) PLA/20% PWF-0.5% Sil-
ane; (d) PLA/40% PWF-0% Silane; and (e) PLA/40%
PWF-0.5% Silane.

completely for each of the other three PLA-PWF sam-
ples, namely PLA-20%PWF (treated with silane) and
PLA-40%PWF (treated and non-treated with silane)
indicating that no additional amorphous region in
those samples exists that has the ability to crystallize
during the second heating process. Thus, all of the
crystallization took place during the cooling process.
These observations indicate that PWF, especially sil-
ane-treated PWF, acted effectively as a nucleating

Table 6. - Thermal characteristics of PLA and its composites.

Cold-crystallization Melting Melting-
crystallization

PLA:PWF:Silane Temperature Enthalpy Temperature Enthalpy temperature Crystallinity

(%) Te (°C) (J/9) Ta (°C) (J/9) (°C) (%)
100:0:0 108.71 25.02 169.70 37.10 92.43 13
80:20:0 94.73 4.059 168.52 32.72 95.78 38
79.5:20:0.5 - -- 169.59 37.51 111.48 50
60:40:0 -- - 169.09 24.62 94.60 44
59.5:40:0.5 -- -- 167.48 28.37 98.15 51
Pilla et al. - 385



agent for PLA crystallization during the cooling
process.

The crystallinity of PLA is computed using Equa-
tion [4] (Fischer et al. 1973, Vasantahkumari and Penn-
ings 1983, Reinsch and Kelley 1997):

X ¢ (% Crystallinity) = AH_an « 100. [4]

m w

where:
AHY, —93.7J/g

w - weight fraction of PLA in the sample

where:
AH, = is the enthalpy for melting,
AHY, = the enthalpy of melting for a 100%
crystalline PLA sample, and
w = the weight fraction of PLA in the

sample.

To determine the crystallinity of the sample, the extra
heat absorbed by the crystallites formed during heat-
ing (i.e., cold crystallization) had to be subtracted from
the total endothermic heat flow due to the melting of
the whole crystallites (Nam et al. 2003). As shown in
Table 6, the crystallinity of PLA increased from 13 to
51 percent (almost three times higher) when 40 per-
cent of PWF treated with silane was added. Also it can
be inferred from Table 6 that the crystallinity of PLA
was higher for samples with the same PWF content
but treated with silane. For instance, the crystallinity
of PLA-20%PWF composites treated with silane is 12
percent higher than that of PLA-20%PWF composites
without any silane treatment. Similarly, the crystal-
linity of PLA-40%PWF composites treated with silane
is 7 percent higher than that of PLA-40%PWF com-
posites without any silane treatment. In fact, the
crystallinity of the PLA-20% PWF composite treated
with silane (50%) is 6 percent more than that of the
PLA-40% PWF composite without any treatment
(44%). This indicates that silane played an important
role in improving the crystallinity of PLA-PWF com-
posites. This is in agreement with that reported in the
literature (Eichhorn et al. 2001), in which the surface
chemistry of fibers is the governing factor for the crys-
tal formation in PLA-based composites. Thus, it can be
concluded that the addition of PWF increases the
crystallinity by acting as a nucleating agent; however,
a treatment with a coupling agent such as silane fur-
ther enhances crystallinity.

Conclusions
PLA-PWF composites were prepared by K-mixer
and an injection molding machine. A morphological
study of PWF showed a rough surface on the outer
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structure that was believed to provide good interfacial
adhesion. Similar studies on PLA-PWF composites re-
vealed good adhesion between PLA and PWF and
good dispersion of PWF in the polymer. Pure PLA
yielded by crazing as is evidenced from the stress-
whitening phenomenon and the SEM micrograph;
however, crazing was not observed in the PLA-PWF
composites.

The addition of PWF increased the modulus but de-
creased the toughness and strain-at-break; strength
remained the same. The effect of silane on the tensile
properties became discernable at a higher PWF load-
ing level (i.e., 40%). The theoretical Young's modulus
predicted by Halpin-Tsai empirical relation was found
to increase with increasing PWF content; however;
some mismatch exists between the theoretical and ex-
perimental results due to the reasons discussed
previously.

The storage modulus of the PLA-PWF composites
was found to increase with increasing PWF content.
Further the effect of silane was clearly visible as the
specimens with silane generally showed higher values
of storage modulus than their non-silane counter-
parts. The addition of PWF to PLA was found to have
no or less effect on the Tgs taken from the peak values
in the tan & curves.

The addition of PWF induced a slight reduction in
the melting temperature of the composites. The cold
crystallization peak decreased with addition of 20 per-
cent PWF non-treated with silane and eventually dis-
appeared for all other PLA-PWF composites investi-
gated. The crystallinity of PLA was enhanced
significantly (up to three times higher) by the addition
of PWF. Additionally, it was found that the crystallinity
was affected by silane. PWFs treated with silane
showed higher nucleating ability than non-treated
PWFs. The silane-treated PWFs, when compared to
non-treated PWFs, increased the crystallinity of the
PLA-PWF composites about 12 percent and 7 percent
at 20 percent and 40 percent PWF loading level,
respectively.
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