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ABSTRACT: This article presents the results of a study of
the processing and physicomechanical properties of environ-
mentally friendly wood-fiber-reinforced poly(lactic acid)
composites that were produced with a microcompounding
molding system. Wood-fiber-reinforced polypropylene com-
posites were also processed under similar conditions and
were compared to wood-fiber-reinforced poly(lactic acid)
composites. The mechanical, thermomechanical, and mor-
phological properties of these composites were studied. In
terms of the mechanical properties, the wood-fiber-rein-
forced poly(lactic acid) composites were comparable to con-
ventional polypropylene-based thermoplastic composites.
The mechanical properties of the wood-fiber-reinforced
poly(lactic acid) composites were significantly higher than
those of the virgin resin. The flexural modulus (8.9 GPa) of
the wood-fiber-reinforced poly(lactic acid) composite (30 wt %

fiber) was comparable to that of traditional (i.e., wood-fiber-
reinforced polypropylene) composites (3.4 GPa). The incor-
poration of the wood fibers into poly(lactic acid) resulted in a
considerable increase in the storage modulus (stiffness) of
the resin. The addition of the maleated polypropylene cou-
pling agent improved the mechanical properties of the
composites. Microstructure studies using scanning electron
microscopy indicated significant interfacial bonding between
the matrix and the wood fibers. The specific performance
evidenced by the wood-fiber-reinforced poly(lactic acid)
composites may hint at potential applications in, for example,
the automotive and packaging industries. © 2006 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 102: 4856-4869, 2006
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INTRODUCTION

Plastic composites reinforced with wood fibers
(WFs) are a group of new materials made from a
combination of WFs and thermoplastic resins." WF-
reinforced composites are becoming increasingly
popular in the furniture, automotive, and building
industries." However, thermoplastic users are still
seeking new ways to improve product performance.
In addition to the processing and physical proper-
ties, the long-term behavior of these materials is a
very important parameter, especially with respect to
the design layout and the product liability.>” More-
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over, the recent expansion in applications of WEF-
reinforced plastic composites brings requirements for
a more uniform and accurate evaluation of product
properties across the industry.

Although, when combined with thermoplastic poly-
mers, WFs produce composite materials that are light-
weight and recyclable and often possess high strength-
to-weight ratios, the combination of WFs and thermo-
plastic polymers presents a number of problems.'"¢
In many instances, incompatibility between the fiber
and matrix results in an inferior interface that does not
adequately transfer stress to the load-bearing fiber.
The structure—property relationships of several rein-
forcing natural fibers with biodegradable polymers
have been recently analyzed,”'' and generally, the
performance of these biomaterials is greatly influenced
by both the properties of the fiber and the quality of the
fiber /polymer-matrix adhesion. Several studies have
been carried out to achieve high-performance, natural-
fiber-reinforced thermoplastics through improve-
ments in the compatibility between hydrophobic ther-
moplastics and hydrophilic cellulosic fibers.” ™ In
those studies, biocomposites, with pineapple leaf
fibers, abaca, sisal, and so forth used as cellulosic natu-
ral fibers, were examined to improve the low mechani-
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cal properties. The further development of applica-
tions of renewable biofibers (e.g., WFs) in the plastic
industry could provide attractive, new value-added
markets for agricultural products while simultane-
ously displacing petrochemical-based plastic resins.

One of the most promising biodegradable poly-
mers is poly(lactic acid) (PLA), which can be derived
from renewable resources, such as corn.'? Compo-
sites containing biodegradable polymers, such as
PLA, and WFs offer an interesting combination of
properties as well as lower cost than competitive
materials. PLA is a linear, aliphatic, thermoplastic
polyester produced from a lactic acid byproduct
obtained from the fermentation of corn dextrose.'?
The Nebraska facility of Cargill Dow is capable of
producing up to 300 million pounds (140,000 metric
tons) of PLA per year, using 40,000 bushels of corn
per day,"® and production is expected to more than
triple to 1 billion pounds by 2007.'* PLA is well
known for its highly biocompatible and biodegrad-
able nature'? and has received considerable indus-
trial attention for use in commodity resins capable of
replacing petrochemical-based polymers. PLA has
better mechanical properties than polypropylene
(PP). Pure PLA has a tensile strength of 62 MPa and
a modulus of 2.7 GPa, in contrast to 36 MPa and
1.2 GPa for pure PP."” Moreover, PLA can be pro-
cessed by injection molding, blow molding, and film
forming because the glass-transition temperature (T,)
of PLA is 54°C and the melting temperature (T,,) is
172°C.»>'¢ Oksman et al.'® showed that PLA-flax
composites had better mechanical properties than
PP-flax composites. Although PLA has mechanical
properties suited for industrial plastic applica-
tions,'*'® it is considered too brittle for many com-
mercial applications. It is, however, possible to over-
come the brittleness and poor processability of stiff
and hard polymers through their combination with
other materials. Most research on PLA composites
ultimately seeks to improve the mechanical proper-
ties to a level that satisfies a particular applica-
tion.”'® Some researchers consider the enhanced
toughness the main advantage of biofibers in compo-
sites.””"'® Because both components of the composite,
the biopolymer (e.g., PLA) and biofiber (e.g., WE),
are biodegradable, the composite as an integral part
is also expected to be biodegradable.®'”'® Hence,
because PLA can open many new opportunities in
industrial bioplastic applications, there is a need to
better understand and describe its properties as the
matrix material for biocomposite materials.

A review of the literature shows that comparative
studies of the thermal and mechanical properties of
PLA-based composites containing different amounts
of WFs are very limited. Therefore, the objectives
of this study were to evaluate the mechanical and
thermomechanical properties of WF-reinforced PLA
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composite materials that were processed with a
microcompounding molding system. WF-reinforced
PP composites were also processed with the micro-
compounding molding system and compared to
PLA/WF composites. Because coupling agents help
overcome the polarity disparity to increase the com-
posite strength, maleated polypropylene (MAPP)
was also used in this study. Generally, interactions
between the hydroxyl groups of WFs and the anhy-
dride groups of maleated coupling agents can over-
come the incompatibility problem to increase the
mechanical properties of WF-reinforced thermoplastic
composites.”” Kazayawoko and Balatinecz® suggested
that coupling agents create a crosslinking structure
on wood surfaces and some polymers, which is
grafted onto wood by coupling agents; as a result,
modified wood has a surface similar to the matrix.
Additionally, coupling agents with a structure simi-
lar to the matrix are grafted onto wood, and this
helps to improve interfacial adhesion. Carlson
et al.” investigated the production of maleated poly-
lactide by reactive extrusion. These authors demon-
strated that improved interfacial adhesion could be
obtained in PLA /starch blends through the modifica-
tion of PLA with low levels of maleic anhydride
(MA). The use of MA or MAPP in cellulose-reinforced
thermoplastic composites has been reported by sev-
eral scientists®’* assuming esterification between
the solid cellulose and the anhydride moiety. Oks-
man et al.® used Fourier transform infrared (FTIR)
spectroscopy to show that MA was partially bonded
to the wood through esterification. Their results also
indicated hydrogen bonds between hydroxyl groups
on the wood surfaces and MA.*> Although the inter-
action between the MA groups of MAPP with OH
groups of WFs is very well established, the MA
groups of MAPP might react with the terminal OH
groups of PLA to create new linkages.*** Because
both PLA and PP have a hydrophobic nature,'***
the interaction between PLA and PP may not be
established in this study. In addition, the amount of
PP that is used in the composites as MAPP is much
less in comparison with the PLA matrix. The best
choice is the use of maleated PLA, which we have a
plan to synthesize and use in our future studies.
Kazayawoko et al.*®> and Lee et al.*® suggested that
by radical grafting, the double bond of MA could be
reacted with methyl and methine carbons of PLA.
Because of esterification and hydrogen bonding with
hydroxyl groups on the WF surface, these grafted
polymers could be effective as compatibilizers
between the WF filler and polymer-matrix in a com-
posite. The objectives of using MAPP as a coupling
agent in this study were (1) to investigate the effects
of the coupling agent on the mechanical properties
of the resultant composites, (2) to investigate the
influences of the compounding conditions on the
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mechanical properties of the resultant composites,
(3) to observe the interfacial morphology of the frac-
ture surface and also the distribution of the coupling
agent, (4) to examine the interfacial similarity rule
with the WE-MAPP-PLA structure as well as the
WF-MAPP-PP structure, and (5) to examine the
effects of MAPP (e.g., Epolene G-3015 polymer) for
the PP-WF interface in terms of the coupling per-
formance. In this work, a PLA/MAPP (95/5 wt %)
blend was prepared with a microcompounding
molding system. In addition, the WF-reinforced PLA
composites a composition of 65 wt % PLA/30 wt %
WE/5 wt % MAPP. PP/MAPP (95 wt %/5 wt %)
and PP/WF/MAPP (65 wt %/30 wt %/5 wt %)
were also extruded under identical conditions, and the
mechanical and thermomechanical properties were
compared with those of the PLA-based composites.

EXPERIMENTAL
Materials

PLA (Biomer L 9000; weight-average molecular
weight = 220 kDa, number-average molecular weight
= 101 kDa) was obtained from Biomer (Krailling,
Germany). WFs (2010 maple wood flour) was sup-
plied by American Wood Fibers (Schofield, WI). PP
(ProFax 6523) was obtained from Basell Polyolefins
(Elkton, MD). MAPP (Epolene G-3015 polymer) was
supplied by Eastman Chemical Co. (Kingsport, TN).

Fabrication of the composites with a
microcompounding system

Before the processing, the WFs and PLA were dried in
vacuo at 80°C for 24 h. The PP matrix, however, was
not dried. The required amounts of the fibers and the
polymer were mechanically mixed in a kitchen mixer
(model 56200, type B17, Hamilton Beach, Washington,
NC). Then, the samples were extruded at 100 rpm
with a Micro 15-cc compounding system (DSM
Research, Geleen, The Netherlands) at 183°C for
10 min.”® The extruder had a screw length of 150 mm,
a length/diameter ratio of 18, and a net capacity of
15 cm®. To obtain the desired specimen samples for
various measurements and analyses, the molten
composite samples were transferred after extrusion
through a preheated cylinder to a mini-injection molder,
which was preset with an injection temperature at
183°C and a mold temperature at 40°C. Injection-
molded samples were placed in sealed polyethylene
bags to prevent moisture absorption.

Measurements
Mechanical testing

A mechanical testing machine (SFM 20, United Cali-
bration Corp.) was used to measure the flexural prop-
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erties according to ASTM Standard D 790 and the ten-
sile properties according to ASTM Standard D 638.
System control and data analysis were preformed with
Datum software. The notched Izod impact strength
was measured with a 43-02-01 monitor/impact
machine from Testing Machines, Inc. (Syracuse, NY),
according to ASTM D 256. All presented results are the
average values of five measurements.

Dynamic mechanical analysis (DMA)

The storage modulus, loss modulus, and loss factor
(tan 8) of the composite specimens were measured
as a function of temperature (from 20 to 100°C for
PLA-based composites and from —50 to 150°C for
PP-based composites) with a TA 2980 dynamic me-
chanical analyzer (New Castle, DE) equipped with a
dual-cantilever bending fixture at a frequency of 1
Hz and a heating constant rate of 5°C/min.

Heat defection temperature (HDT)

HDT measurements were obtained on injection-molded
flexural bars at a 66 psi load according to ASTM
Standard D 648 deflection test with a TA 2980 dynamic
mechanical analyzer equipped with a dual-cantilever
bending fixture at a heating rate of 2°C/min.

Thermogravimetric analysis (TGA)

TGA was carried out with a TA 2950 thermogravi-
metric analyzer (New Castle, DE). The samples were
scanned from 25 to 600°C at 20°C/min in the pres-
ence of nitrogen.

Scanning electron microscopy (SEM)

The morphology of the impact fracture surfaces of
the composites was observed with SEM at room tem-
perature. A JEOL model JSM-6300F (Peabody, MA)
scanning electron microscope with a field emission
gun and accelerating voltage of 10 kV was used to
collect SEM images for the composite specimens. A
gold coating was placed on the impact fracture sur-
faces, and the samples were viewed perpendicularly
to the fractured surface.

RESULTS AND DISCUSSION

Mechanical properties
Flexural properties of the composites

The flexural properties of the WF-reinforced PLA com-
posites are given in Table I. The fiber content was var-
ied from 20 to 40% to evaluate the effect of the loading
on the mechanical properties. There is an appreciable
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TABLE I
Flexural Properties of the Composites
Flexural Flexural Improvement
Polymer/ strength modulus in the
fibers (wt %) (MPa) (GPa) modulus (%)
Neat PLA 98.8 £ 1.0 33+01 —
PLA/WEF (80/20) 1183 x 2.1 71 £02 115
PLA/WEF (70/30)  116.6 = 2.4 89 = 0.8 169
PLA/WF (60/40) 1143 £56 102 * 0.9 209
Neat PP 329 =18 15 =02 —
PP/WEF (80/20) 430 + 12 2.7 0.1 80
PP/WF (70/30) 514 +43 34 +09 126
PP/WEF (60/40) 55.1 = 24 46 +03 206

rise in the flexural strength at 20, 30, and 40 wt % in
comparison with neat PLA, but the flexural strength
decreases with increasing fiber loading. There is an
increasing trend for the flexural strength for all compo-
sites after the addition of WFs. Neat PLA has a flexural
strength and modulus of 98.8 MPa and 3.3 GPa, respec-
tively, whereas the PLA/WF (60 wt % /40 wt %) com-
posite has a flexural strength and modulus of 114.3
MPa and 10.2 GPa, respectively. The flexural strength
increases significantly from 98.8 to 118.3 MPa in the
presence of 20 wt % WF, and thereafter the flexural
strength decreases to 114.3 MPa, despite the fiber
content increasing to 40 wt %. The flexural modulus
increases significantly with the addition of WFs. The
large increase in the modulus suggests efficient
stress transfer between the polymer and fiber.®'?
Our present studies on WF-reinforced PLA compo-
sites indicate that the flexural properties are superior
to most types of WF-reinforced thermoplastic com-
posites studied by several other investigators.>”
These results indicate that the stiffness of these new
materials is very high.

Figure 1 illustrates the flexural modulus of the
PLA composites with various fiber contents. These
results indicate that the flexural modulus increases
with the fiber volume fraction and that a linear rela-
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Figure 1 Flexural modulus of the PLA/WF and PP/WF
composites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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tionship exists.® The fiber volume fraction (vy) can be
calculated with eq. (1):

v = 100(wr/ pg) /(W / pyu) + (0r/py)] 1)

where w,, is the weight fraction of the matrix in the
composite, p,, is the density of the matrix, wy is the
weight fraction of the fiber in the composite, and pr
is the density of the fiber. The densities of the PLA
matrix, PP matrix, and WF are 1.25,0.91,and 1.4 g/ cm®,
respectively.

Table I and Figure 1 also give the mechanical
properties of the PP and PP-based composites. Both
the flexural modulus and flexural strength of PP
increase significantly with the addition of WFs. Fig-
ure 1 shows that the PLA-based composites possess
higher flexural moduli than the PP-based compo-
sites. Table II gives the mechanical properties of the
WF-reinforced PLA- and PP-based composites in the
presence of MAPP. Compared with those of the neat
resin, the flexural properties of both the PLA/MAPP
(95/5) and PP/MAPP (95/5) blends are significantly
higher. According to Keener et al.* as MAPP poly-
mers chemically link to the surface of the reinforce-
ment/filler, it also co-crystallizes with the base poly-
mer, creating a composite with increased thermal
and physical properties. In addition, MAPP poly-
mers enhance the interfacial adhesion between polar
substrates and nonpolar polymers. Table II also
shows the effect of MAPP on the mechanical proper-
ties of the WF composites. The flexural strength of
the PLA/WF/MAPP composite decreases with the
addition of 5 wt % MAPP in comparison with the
PLA/WF (70/30) composite. On the contrary, both
the flexural modulus and flexural strength of the
PP/WEF/MAPP composite increase significantly after
the addition of 5 wt % MAPP. Here, because MAPP
can interact with hydroxyl groups at the WF surface,
MAPP improves the compatibility between PP and
WF, and the chain entanglement between PP and
MAPP is formed because of the similar molecular
chain structure.”’ Kazayawoko et al® stated that
MAPP may react with the hydroxyl groups of WFs
by esterification, as depicted in Figure 2. The forma-

TABLE II
Flexural Properties of the Composites
Flexural Flexural  Improvement
Polymer/ strength  modulus in the modulus
fibers (wt %) (MPa) (GPa) (%)
Neat PLA 988 +1.0 33 =*0.1 —
PLA/MAPP (95/5) 111.8 £ 0.6 6.1 =0.0 84
PLA/WF/MAPP
(65/30/5) 753 18 8602 161
Neat PP 329 +18 15=*02 —
PP/MAPP (95/5) 440 08 23 *00 53
PP/WEF/MAPP
(65/30/5) 646 13 39 +04 160
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Figure 2 Possible chemical reactions of WFs with MAPP. [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

tion of covalent linkages between hydroxyl groups
of cellulose fiber and MA was described by Heden-
berg and Gatenholm™ through IR and electron spec-
troscopy for chemical analysis. Moreover, Table II
shows that the flexural strength of the PLA compos-
ite decreases with the addition of MAPP, and it is
probable that the existence of the less than adequate
adhesion between the WFs and PLA results in the
reduced flexural strength values. Recently, Plackett™
and Lanzilotta et al.** studied the melt modification
of PLA with MA. Plackett suggested that the PLA
mechanical properties are closely correlated with the
molecular weight, and the mechanical testing of
PLA /jute composites showed a reduction in the me-
chanical strength resulting from the addition of
maleated PLA to the fibers. Lanzilotta et al. discov-
ered that the mechanical strength of injection-
molded PLA was not improved when 2040 wt %
flax was incorporated, and the authors attributed
this to poor adhesion between the flax and PLA,
which had been modified with MA by reactive
extrusion.

Tensile properties of the composites

The tensile properties of the PLA matrix and PLA-
based composites are shown in Table III. The tensile
modulus increases significantly with the addition of
20 or 30 wt % WEF, and the tensile strength remains
nearly same. This reveals that the incorporation of
WFs into the matrix provides effective reinforce-
ment. The further addition of WFs increases the
modulus, but the tensile strength of the 40 wt %
WF-reinforced PLA composite decreases in compari-
son with neat PLA. It is obvious from Table I that

there is a significant increase in the flexural strength
from a 20 to 40 wt % fiber loading in comparison
with neat PLA, but it decreases with the fiber load-
ing. Similarly, in Table III, the tensile strength
increases with an increase in the fiber loading up to
30 wt % and thereafter decreases. Usually, the orien-
tation of WFs in composites influences the tensile
strength of fiber-reinforced composites.>” The better
the fibers are aligned, the higher the strength values
can be. English and Falk® suggested that this
increase in the mechanical strength up to a 30 wt %
fiber loading is due to increased wetting of fibers
with the matrix resin. On the other hand, the
decrease in the mechanical strength upon subse-
quent loading may be due to inadequate wetting of
the fiber with the matrix, which leads to easy com-
posite failure.” Park and Balatinecz® reported that
the ultimate strain decreased as the WF content
increased because of the decreased deformability of
the matrix, which was restricted by the rigid par-
ticles. The effect of the WF content on the tensile
properties of WF-reinforced PLA composites is
shown in Figure 3. Figure 3 shows both the mea-
sured values and theoretical estimations of the prop-

TABLE III

Tensile Properties of the PLA-Based Composites

Tensile Tensile Improvement
Polymer/ strength modulus in the

fibers (wt %) (MPa) (GPa) modulus (%)

Neat PLA 62.8 = 49 27 04 —

PLA/WEF (80/20) 65713 48 + 0.6 77

PLA/WE (70/30) 633 58 5308 96

PLA/WE (60/40) 587 £ 3.1 6.3 =09 133
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Figure 3 Tensile modulus versus the volume fraction for
PLA/WF composites with theoretical estimations. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

erties versus the fiber volume fraction. The theoreti-
cal estimations can be calculated with the rule of
mixture:®

E. = Efo +(1- Uf)Em (2)

where E, is the tensile modulus of the composite, vr
is the volume fraction of the fiber, Ef is the tensile
modulus of the fiber, and E,, is the tensile modulus
of the matrix.

WF-reinforced PLA composites follow the rule of
mixtures. The tensile modulus depends linearly on
the WF content in these composites.® The modulus
of PLA increases proportionately as the amount of
WFs in the composite increases.? Usually, the
increase in the tensile modulus is consistent with the
rule of mixtures, which stipulates reinforcement of
the matrix by fibers that are capable of transferring
stresses across the fiber-matrix interface. Both theo-
retical and experimental tensile moduli present the
same increasing trend with the increase in the WF
content; however, the values of the former are higher
than those of the latter. The poor adhesion between
the WFs and PLA matrix can be considered the rea-
son that the experimental tensile modulus is lower
than the theoretical one. The WFs appear to be ran-
domly oriented to the naked eye; that is, unidirec-
tional orientation along the flow direction has not
been observed in injection-molded specimens. Mani-
kandan et al.>* observed that the random orientation
could be attributed to a low flow speed due to the
use of a hand-operated, ram-type injection-molding
machine. Moreover, because the fiber orientation is
random throughout the composite samples and there
is no modification on the surface of the fiber being
used to make the composites, the variation of the
theoretical and experimental modulus values seems
reasonable. Additionally, the fibers may not be uni-
formly distributed throughout the dog-bone-shaped
composite specimens during the fabrication process
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TABLE IV
Notched Izod Impact Strength of the Composites

Notched Izod

Polymer/ impact Improvement

fibers (wt %) strength (J/m) (%)
Neat PLA 257 £ 1.3 —
PLA/WF (80/20) 239 + 0.7 —
PLA/WEF (70/30) 232 %29 —
PLA/WEF (60/40) 219 £33 —
PLA/MAPP (95/5) 265 27 3
PLA/WE/MAPP (65/30/5) 245 * 0.6 —
Neat PP 29.7 = 3.1 —
PP/WF (80/20) 576 £ 59 93
PP/WF (70/30) 464 = 1.8 56
PP/WF (60/40) 378 £39 27
PP/MAPP (95/5) 255 + 4.4 6
PP/WEF/MAPP (65/30/5) 473 = 45 59

of the composite. In natural-fiber-reinforced compo-
sites, weak adhesion may result from poor disper-
sion and incompatibility between the hydrophilic
natural fibers and the hydrophobic polymer.”

Notched Izod impact strength of the composites

The notched Izod impact strength results for the
tested materials are shown in Table IV. The impact
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Figure 4 Temperature dependence of (A) the storage
modulus and (B) tan & of PLA and PLA-based composites:
(a) neat PLA, (b) PLA/MAPP (95/5), (c) PLA/WE/MAPP
(65/30/5), (d) PLA/WF (70/30), and (e) PLA/WF (60/40).
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TABLE V
Thermomechanical Properties of the PLA-Based Composites

Storage modulus

Reinforcement imparted

(GPa) by the fibers at 25°C

PLA /fibers (wt %) T, (°C)* 25°C  40°C  60°C to the modulus (%)
Neat PLA 63 3.2 3.1 1.8 —
PLA/WF (80/20) 74 9.3 9.1 8.5 190
PLA/WF (70/30) 77 10.2 10.0 9.2 218
PLA/WF (60/40) 79 12.6 12.1 11.3 293
PLA/WE/MAPP (60/30/5) 78 9.3 9.1 8.4 190
PLA/MAPP (95/5) 62 7.5 7.3 4.8 134

2 Obtained from the loss modulus curves.

strength of the PLA/WF (60/40) composite changes
little after the addition of a higher fiber content in
comparison with the PLA/WEF (70/30) composite,
which has an impact strength of 23.2 J/m. Moreover,
the impact strength of both the PLA/WF (70/30)
and PLA/WF/MAPP (65/30/5) composites remains
about the same even after the addition of 5 wt %
MAPP. According to Luo and Netravali,'’ two fac-
tors need to be considered to develop sufficient
stress-transfer properties between the matrix and the
fiber. First, the MAPP present near the fiber surface
should be strongly interacting with the fiber surface
through covalent bonding. This means that sufficient
MA groups should be present in MAPP so that
interactions can occur with the hydroxyl groups on
the fiber surface. Second, the polymer chains of
MAPP should be long enough to permit entangle-
ments with the polymer in the interphase.

Table IV also shows that after the addition of
20 wt % WEF, the impact strength of the PP compos-
ite improves significantly. The impact strength of the
PP/WEF (60/40) composite decreases after the addi-
tion of a higher fiber content in comparison with the
PP/WF (70/30) composite, which has an impact
strength of 464 J/m. Amash and Zugenmaier34
reported that the cellulose fibers act as efficient
nucleating agents for the crystallization of PP and
consequently increase the crystallization rate of PP.
Usually, good filler/matrix interfacial adhesion pro-
vides an effective resistance to crack propagation
during impact tests. In Table IV, even after the addi-
tion of 5% MAPP, the impact strength of the PP/
WEF/MAPP (65/30/5) composite remains nearly the
same in comparison with PP/WF (70/30). This find-
ing is in accordance with the results of Rowell et al.*
The predominant mechanism of energy absorption is
crack propagation in the notched Izod test. During
crack propagation, the addition of MAPP has little
effect on the amount of energy absorbed.*® Cracks are
initiated at points of high stress concentrations such
as fiber ends, defects, or the interface region, where
the adhesion between the two phases is very poor.
Generally, the toughness of short-fiber-reinforced

composites can be influenced by a number of factors,
such as the intrinsic matrix properties, fiber volume
fraction, and interfacial bond strength.” Therefore,
strong interactions between the anhydride groups of
the maleated coupling agent and the hydroxyl groups
of natural fibers are needed to overcome the incom-
patibility problem to increase the impact, tensile, and
flexural strengths of WF-reinforced composites.”*"*

Thermomechanical properties
Dynamic mechanical properties of the composites

Figure 4 shows the dynamic storage modulus and
tan & values of the PLA-based composites as a func-
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Figure 5 Temperature dependence of (A) the storage
modulus and (B) tan & of PP and PP-based composites: (a)
neat PP, (b) PP/MAPP (95/5), (c) PP/WE/MAPP (65/30/5),
(d) PP/WF (70/30), and (e) PP/WF (60/40).
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TABLE VI
Thermomechanical Properties of the PP-Based Composites

Storage modulus (GPa)

Reinforcement imparted
by the fibers at 25°C

Polymer/fibers (wt %) 25°C 40°C 60°C to the modulus (%)
Neat PP 3.3 3.1 1.8 —
PP/WF (80/20) 56 44 3.1 69
PP/WF (70/30) 7.3 5.7 4.0 121
PP/WFE (60/40) 9.8 7.9 58 196
PP/WE/MAPP (65/30/5) 6.6 53 4.0 100
PP/MAPP (95/5) 4.0 2.8 1.6 21

tion of temperature. As shown in Figure 4(A) and
Table V, the storage modulus of the PLA-based com-
posites is higher than that of the PLA matrix. This is
due to the reinforcement imparted by the WFs,
which allows effective stress transfer from the matrix
to the WFs.'> We have found that the storage moduli
increase with the incorporation of WFs into PLA.
Although loss modulus curves have been omitted
for the sake of brevity, the T, values, derived from
the loss modulus curves, are included in Table V. T,
is usually interpreted as the peak of the loss modu-
lus curves obtained during a dynamic mechanical
test.’® As shown in Table V, T, of the PLA-based
composites shifts to higher temperature because of
the fiber present in the PLA matrix. The shifting of
T, to higher temperatures can be associated with the
decreased mobility of the matrix chains due to the
addition of fibers. Moreover, as shown in Figure
4(A), the neat PLA shows a sharp drop in the stor-
age modulus near the T, region. Above 65°C, which
is higher than the T, region of neat PLA, the storage
modulus of the PLA-based composites shows a sud-
den drop because the glassgf, amorphous molecules
turn into a rubbery phase.”®® As the WF content
increases in the composites, the storage modulus
drop gradually shifts to a higher temperature. The
abrupt increase in the storage modulus drop above
65°C shown for the PLA-based composites reflects
an increase in the rigidity of the composite material
due to the presence of WFs. This observation indi-
cates that the rigidity of the composite material

TABLE VII
HDT of the Composites
Polymer/fibers (wt %) HDT (°C)
Neat PLA 64.5
PLA/WF (70/30) 66.1
PLA/WF (60/40) 67.6
PLA/MAPP (95/5) 64.2
PLA/WF/MAPP (65/30/5) 69.0
Neat PP 106.3
PP/WF (70/30) 139.4
PP/WF (60/40) 151.1
PP/MAPP (95/5) 91.9
PP/WF/MAPP (65/30/5) 153.7

increases as the WF content increases. In the case of
the PLA/MAPP blend, T, of PLA/MAPP remains
nearly the same in comparison with T, of neat PLA.

According to the tan 6 curves [Fig. 4(B)], a remark-
able move of the tan 6 peak toward a higher temper-
ature can be achieved in the presence of WFs. The
tan 6 peak is shifted to a higher temperature with
the WF content. A shift to a higher temperature usu-
ally indicates restricted molecule movement because
of improved interaction in filled PLA polymers.®?”
In addition, the tan & peak height is reduced with
increasing proportions of WFs. As shown in Figure
4(B), the incorporation of fibers reduces the tan 6
peak height by restricting the movement of the PLA
polymer molecules.

Generally, tan § is the ratio of the storage modulus
to the loss modulus, which is a measure of the
energy loss in relation to the recoverable energy.’
Nielsen and Landel® suggested that the damping in
the transition region measures the imperfection in
the elasticity and that much of the energy used to
deform a material during DMA testing is dissipated
directly into heat. Hence, the molecular mobility of
the composites decreases and the mechanical loss to
overcome interfriction between molecular chains is
reduced after the addition of fibers. The addition of
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Figure 6 Thermogravimetric curves of PLA, WFs, and
composites: (a) neat PLA, (b) PLA/WF (80/20), (c) PLA/
WEF (70/30), (d) PLA/WEF (60/40), and (e) neat WFs.
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TABLE VIII
TGA Characterization of the Composites
Polymer/fibers (wt %) T5 (°C) Tas5 (°C) Tso (°C) Tzs (°C)
Neat PLA 356 385 401 414
PLA/WF (80/20) 337 368 > 500 > 500
PLA/WE (70/30) 324 358 > 500 > 500
PLA/WE (60/40) 319 352 > 500 > 500
Neat PP 393 441 456 465
PP/WE (70/30) 313 427 458 471
PP/WF (60/40) 297 376 454 471
WF 245 317 359 413

5% MAPP also reduces the storage modulus of
PLA/WF/MAPP composite. The presence of MAPP
could reduce the transition temperature by enhanc-
ing the ability of the polymer to undergo a glass—
rubber transition, and the molecular mobility as-
sociated with this transition is complicated.*®*” The
presence of WFs adds to the complexity. With re-
spect to the lower stiffness values of the maleic acid
anhydride grafted composite material, Sanadi et al.*’
stated that this effect can be explained by two phe-
nomena: the formation of a stiffer polymer phase
around the fibers in the system without a coupling
agent or an altered fiber orientation caused by the
addition of a coupling agent.

Figure 5 shows the dynamic storage modulus and
tan 6 of the PP-based composites as functions of
temperature. As shown in Figure 5(A) and Table VI,
the moduli increase in the presence of WFs in the
composites. The storage modulus of PP-based com-
posites is higher than that of the PP matrix; and this
indicates that stress transfers from the matrix to the
WE. Figure 5(B) shows that the tan & values of the
PP/WF composite are lower than those for the PP
matrix at low temperatures. The tan & values for the
composite increase with increasing temperature. The
incorporation of fibers reduces the tan 6 peak height

HUDA ET AL.

by restricting the movement of the PP polymer mol-
ecules [Fig. 5(B)]. We have found that the storage
moduli increase significantly with the incorporation
of WF into PP when no coupling agent is added. As
shown in Table VI, even at high temperatures, the
storage moduli remain significantly high for the rein-
forcement imparted by the WFs. As shown in Figure
5(B), the addition of 5 wt % MAPP does not increase
the storage modulus of the PP/WF/MAPP (65/30/
5) composite in comparison with the PP/WF (70/30)
composites. Usually, a coupling agent is capable of
reacting with the functional groups at the surface of
the fiber or filler, whereas the backbone of the poly-
mer is miscible with the base PP. Arencén et al.*!
suggested that MAPP addition to both PP and a PP/
copoly(ethylene terephthalate-co-isophthalate) (95/5)
blend did not modify the PP crystallization charac-
teristics. Some investigators**** have observed that
small amounts of MAPP act as nucleating agents in
homopolymer PP, although Arencén et al. did not
observe this effect.

Heat deflection temperature (HDT)
of the composites

One of the most striking effects of WFs in compo-
sites is the great increase in HDT. The HDT of the
WF-reinforced PLA composites is higher than the
HDT of the PLA resin, and this value suggests the
upper service temperature limit for a plastic. HDT is
a short-term thermal property that measures the
thermal sensitivity and stability of resins. Table VII
reveals that the HDT of the composites increases
with the WF content. As the WF content approaches
3040 wt %, the HDT of the composite increases
from 66.1 to 67.6°C for PLA-based composites and
from 139.4 to 151.1°C for PP-based composites. This
might be due to better reinforcement of the fiber.

Figure 7

SEM micrographs of WFs: (a) 500 and (b) 100 pm.
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Figure 8 SEM micrographs of the PLA/MAPP (95/5) composite: (a) 50 and (b) 5 um.

Table VII shows that the HDT of the PLA/MAPP
(95/5) blend is 64.2. On the contrary, the WF-rein-
forced composite with 5 wt % MAPP exhibits a high
HDT; for example, the HDT of the PLA/WF com-
posite with 5% MAPP is 69°C. The HDT of the WF-
reinforced PP composites is higher than that of the
PP resin. Even without reinforcement, the HDT of
PP exceeds 106°C. Table VII also shows that the
HDT of PP/WF (60/40) is relatively high compared
with that of the PP/WF (70/30) composite. This
means a higher service temperature capability in
general. The HDT of PP/MAPP (95/5) is lower than
the HDT of neat PP. Because better chemical bond-
ing exists between the PP matrix and WEF, the com-
posite with 5 wt % MAPP exhibits a higher HDT
than the PP/WF (70/30) composite; for example, the
HDT of the PP/WF/MAPP (65/30/5) composite is
153.7°C (an increase of 10%). In general, increasing
the crystallinity and reinforcement are the main
options to increase the HDT of a polymer. In this

context, the increase in the HDT of neat PP by rein-
forcement with WFs is an important finding.

Thermogravimetry

The TGA curves of PLA, WF, and PLA-based com-
posites are presented in Figure 6. The TGA curve of
neat WF shows a 5% weight loss peak at 245°C, fol-
lowed by another 74% weight loss peak at 389°C.
In general, there are three stages of degradation
throughout the temperature runs, especially for WF.
This is consistent with the results reported by Van
de Velde and Baetens.*’> As shown in Figure 6, the
initial weight loss of WFs occurs approximately until
238°C because of the heat of evaporation of moisture
in the WF and the initial decomposition of cellulose
and hemicellulose. The severe weight loss from 238
to 389°C is due to the major components of WFs,
namely, cellulose, hemicellulose, and lignin. At a
temperature of 389°C, the maximum percentage of

Figure 9 SEM micrographs of the PP/MAPP (95/5) composite: (a) 50 and (b) 5 pm.
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Figure 10 SEM micrographs of the PLA/WF (70/30) composite: (a) 100 and (b) 50 pum.

cellulose and hemicellulose decomposes. According
to Shafizadeh and DeGroote,* the cellulose and
hemicellulose components of WFs are the major con-
tributors to decomposition between 200 and 400°C,
whereas lignin is mainly responsible for the char for-
mation of WFs over 400°C. The decomposition of
neat PLA starts at 319°C, and nearly 98.6% of the
decomposition occurs at 433°C. This decomposition
temperature range of neat PLA is higher than that of
neat WFs.

The thermal stability of PLA- and PP-based com-
posites has also been investigated with TGA. In
Table VIII, for all specimens, the 5, 25, 50, and 75%
weight loss temperatures (Ts, Tzs, Ts0, and Tys,
respectively) are listed, and they were derived from
plots of the weight (%) versus the temperature for
each sample. At 350°C, there are 8, 11, and 17%
weight losses for the PLA/WF (80/20), PLA/WF
(70/30), and PLA/WEF (60/40) composites, respec-
tively. As the WF content increases, the thermal sta-
bility of the composites decreases. This result indi-

cates that the compatibility and interfacial bonding
decreases by the mixing of both the PLA polymer
and WFs. Moreover, there are 90 and 92% weight
losses at 500°C for the PP/WF (60/40) and PP/WF
(70/30) composites, respectively. The thermal stabil-
ity of the composite is in the order of PP/WEF (60/
40) < PP/WF (70/30), which indicates that the ther-
mal stability of the composites decreases as the WF
content increases. Similar results have been reported
by Wielage et al.¥ for natural-fiber-reinforced PP
composites. The TGA data in Table VIII reveal that
the thermal stability of the PLA composites contain-
ing WF may be as good as that of PP reinforced with
WE.

Morphology of the composites

SEM micrographs exhibit fibers of different diame-
ters ranging from 330 to 410 um (Fig. 7). The average
length of the fibers is about 1650 pm. Figure 8 shows
that nonactivated MAPP remains at the interface for

Figure 11 SEM micrographs of the PLA/WEF/MAPP (65/30/5) composite: (a) 100 and (b) 5 pm.
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Figure 12 SEM micrographs of the PP/WF (70/30) composite: (a) 100 and (b) 50 um.

the PLA/MAPP (95/5) blend; the size of the MAPP
particle is nearly 1 um or less. Oksman et al.>> also
observed by FTIR spectroscopy that MA is partially
bonded to the wood through esterification but that
some nonactivated MA remains at the interface.
Figure 9 shows SEM micrographs of the fractured
surface of a notched Izod impact specimen of the
PP/MAPP (95/5) blend, and there is an absence of
nonactivated MAPP particles in these micrographs.
In Figure 10, SEM micrographs illustrate the individ-
ual separation and dispersion of the WFs in the form
of single fibers, and this indicates that the WFs have
been separated during the extrusion process and are
well dispersed in the PLA matrix. In Figure 10(b),
the micrograph shows that the matrix is an indica-
tion of good fiber—matrix adhesion at a higher mag-
nification.

Here it is difficult to differentiate the WFs from
the PLA matrix, and this may suggest that the WFs
are coated, probably by the matrix, and that failure
most commonly occurs in the matrix and not at the

Fibers

P

fiber surfaces.®® This also suggests that there is
some kind of interfacial contact between the PLA
matrix and WFs. In Figure 11, the presence of nonac-
tivated MAPP at the interface can be observed in the
PLA/WF/MAPP composite, similarly to Oksman
et al.’s study.” In our investigation, no differences
in the WF dispersion with the addition of MAPP in
the PLA matrix have been observed, and voids
around the WF surfaces are present, indicating poor
adhesion between the WFs and PLA in the presence
of MAPP.

Figure 12 presents SEM pictures of the PP/WF
composite at magnifications of 100 and 50 pm,
whereas Figure 13 presents SEM pictures of the PP/
WE/MAPP composite at the same magnifications.
The gaps between the fiber and matrix in Figures 12
and 13 can be clearly observed. This gap is very
wide in the case of the PP/WF (70/30) composite
(Fig. 12), whereas the gaps are narrow in the case of
the PP/WEF/MAPP (65/30/5) composite (Fig. 13). In
Figure 13, if we look closely at the MAPP-treated

Figure 13 SEM micrographs of the PP/WF/MAPP (65/30/5) composite: (a) 100 and (b) 50 pm.
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fiber surface at a higher magnification, we can see
that MAPP forms an interphase around the WFs,
suggesting good compatibility of the fibers and PP
matrix. The fiber pullouts are larger in Figure 12
than those in Figure 13, and this confirms that the
interfacial adhesion between the matrix and the fiber
is greater in the PP/WF/MAPP composite. Hence,
the presence of MAPP has a large positive effect on
the mechanical properties of WF-reinforced PP com-
posites in comparison with composites made with-
out MAPP.

CONCLUSIONS

This study demonstrates that WF can be successfully
used as a reinforcing fiber material in a biodegrad-
able polymer such as PLA. WF-reinforced PLA- and
PP-based composites were prepared with a micro-
compounding molding system, and their mechanical
and thermomechanical properties were investigated.
The mechanical and thermomechanical properties of
the WF-reinforced PLA composites compared favor-
ably with the corresponding properties of the PP
composites. Compared with those of the neat resin,
the flexural properties of the PLA composites were
significantly higher as a result of reinforcement by
WE. On the whole, the flexural properties of all the
fiber-reinforced composites increased with the fiber
content. An improvement in the flexural properties
was possible by WF reinforcement, regardless of the
kind of matrix polymer used in this study. Accord-
ing to the DMA results, the incorporation of WFs
gave rise to a considerable increase in the storage
modulus and a decrease in the tan & values. These
results demonstrated the reinforcing effect of WFs
on both PLA and PP matrices. The morphology eval-
uated by SEM indicated that there were less voids
on the fracture surface, and this indicated that the
WFs were well trapped by the PLA matrix as well
as the PP matrix. The MAPP coupling agent favored
a better PP-WF interaction. WFs more effectively
served as reinforcements instead of fillers with
MAPP. In the case of neat WFs, TGA results showed
severe weight loss from 220 to 385°C. For virgin
PLA, decomposition started at 345°C, and the pro-
cess was completed at 430°C. The thermal behavior
of the composites was also evaluated with TGA. For
the 20 wt % WEF-reinforced composite, the degrada-
tion began at 328°C, and 50% decomposition oc-
curred at the higher temperature of 500°C. The ther-
mal stability of the composites decreased with the
increase in the WF content in the composites. The
heat deflection temperature of the composites in-
creased with increasing WF content. Overall, the
advantages of using a biodegradable polymer such
as PLA as a matrix have been proved because the
environmentally friendly composites prepared with

HUDA ET AL.

this material present good thermal and mechanical
properties. Furthermore, the use of WFs as reinforce-
ments in PLA provides interesting alternatives for
the production of low-cost and ecologically friendly
composites.

The authors express their appreciation to American Wood
Fibers (Schofield, WI), Eastman Chemical Co. (Kingsport,
TN), Basell Polyolefins (Elkton, MD), and Biomer (Ger-
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