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ABSTRACT: This study concerns the preparation of eco-
composites based on natural fibers coming from wood and
subproducts (rice husks) and products (kenaf) of annually
grown plants. The matrices used were of two types: a bio-
polymer (PLA) and a petroleum-derived polymer (HDPE).
Results showed that natural fibers markedly increase the
tensile and flexural properties of both polymers by extend-
ing the field of application of these materials with less use
of nonrenewable resources. The properties obtained are

comparable to commercially available fiber-filled compo-
sites. Moreover, processing can easily be carried out in one
step below a critical fiber volume. Fire and durability
performance of the composites can be also improved by
adding typical fire retardants and pigments. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 107: 2994-3004, 2008

Key words: composites; biofibres; biomaterials; reactive
processing; mechanical properties

INTRODUCTION

Natural fiber composites are environmental-friendly
materials, since reinforcement comes from renewable
resources such as wood or annually grown plants.!
This contributes to the easier degradation of the
composites and, thus, to sustainability. Moreover,
these fibers involve less environmental impact on
their production® compared with both glass fibers
and polymers, because they require lower energy
(9.55 MJ/kg for flax fiber mat vs. 54.7 M]/kg for
glass fiber mat) and produce fewer emissions. Natu-
ral fiber composites can evidence performances as
good as glass fiber composites® but with lower spe-
cific weight, machine wear and price, at the expense
of lower impact strength. Wood fiber composites
compete in properties with talc and mica compo-
sites, but have better environmental performance.
The global market of natural fiber composites was
771 million kg in 2002, with a value of 645 million
euros.’ The natural fibers come from the stalks, the
leaves, and the seeds. Thirty million tons of natural
fibers are produced annually, of which 20 million
are cotton, and between 2 and 3 million tons are
wood and jute. One of the most important fields of
application is the car industry. In the year 2000,* this
sector consumed 23,000 tons of natural fiber and it is
estimated that its consumption will rise to 100,000
tons by 2010. The most used fibers in this sector
include jute, kenaf, hemp, sisal, and flax. Besides the
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car industry, it is foreseen that these fibers will
become widely used in packaging, consumer items
and the construction industry.

Eighty five percentage of the market corresponds
to wood composites (WPC).> Construction products
(decking, cladding, window, and door profiles) cover
80% of the market share in North America and an
annual increase in consumption by 14% is foreseen.
Nowadays, 8% of the decking is made of this
material, which is worth 390 million euros. Infra-
structures occupy second position and transport the
third.

The market of natural fiber composites is much
smaller in Europe, with a market share of 105 mil-
lion euros in 2002. However, increasing expectations
about these materials are very positive.” The UK-
based Hackwell Group®’ suggests an annual pro-
duction and consumption growth rate of 10% per
year for WPC, rising from 99,288 tonnes in 2005 to
nearly 145,000 tonnes by 2009, which is worth about
290 million euros. Moreover, faster growth is likely
to occur if larger companies with more resources
enter the market.

The car industry is the biggest user of WPC in
Europe at the moment, with well over half the total
consumption. However, this amount corresponds to
7% of WPC consumption worldwide. In future, the
Hackwell Group®” expects a few European car sup-
pliers to be diverted to other natural fibers. On the
other hand, there is a great scope for growth in
WPC sales in construction and furniture.® Construc-
tion is already the second largest sector after the car
industry. Little furniture made of WPC is still avail-
able in the market, but more and more companies
such as Ikea or IPT are developing furniture compo-
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nents made of this material. The infrastructure
industry is also a good potential consumer in appli-
cations such as highway sound barriers and water-
front fixtures.

The advantages of natural fiber composites are
their good dimensional stability and durability
against fungi and insects compared with wood.”?
Both aspects make these materials can have a work-
ing life of even 25-30 years with very low mainte-
nance requirements. Moreover, even if they can con-
tent high amounts of fiber, they can be processed
like plastics. The most popular resin’ for natural
fiber composites in Europe is virgin polypropylene
(PP), whereas the global preference is for poly-
ethylene, often recycled. PVC is also used by some
companies.

The addition of natural fibers to polymers mark-
edly increases the stiffness of the resulting material
and also the strength, specially in terms of low fiber
content.”>® However, due to the usual lack of
proper fiber/matrix compatibility, the interfacial ad-
hesion is not good enough, leading to a reduction in
the mechanical properties. Thus, a compatibilizing
agent is required.”>"'® Despite the fact that several
compatibilizing methods exist, one of the most used
is the addition of maleic anhydride grafted polymer
for reactive blending with the polymer and the fiber
during transformation.’*'**® The improvement of
the interfacial adhesion markedly increases the me-
chanical performance of the composites because
debonding is hindered.'>">"

There exist various studies related to injection
molding of WPCs.'®?2* Some of them analyze the
effect of a compatibilizing agent'®>*' on the mechani-
cal properties while others compare the mechanical
performance of the composites after different proc-
essing techniques.”** However, little is said about
the effect of the structure of the wood on the WPCs.
This has been taken into consideration in this work,
together with the effect of injection molding parame-
ters on the mechanical performance of the WPCs.

Recently, attention is being focused on biodegrad-
able polymers and composites.'”*2° The blending
of biodegradable polymers and natural fibers offer
the possibility of obtaining a new type of eco-
friendly and fully degradable composites. Poly(lactic
acid) (PLA) is one of the most studied biodegradable
polymer. There exist several papers about compo-
sites of PLA with natural fibers such as flax,°%>!
jute,® and cellulose.”® On the other hand, kenaf fiber
has been blended with different polymers.***> How-
ever, very little has been published about PLA/
Kenaf eco-composites.”®*® The studies developed
are related to crystallization processes,®® properties
which are specific for electronic applications® and
mechanical properties of extruded films.*® As
regards PLA/rice composites, Yew et al.¥” have

studied some physical properties (water absorption
and enzymatic degradation) of these composites. To
understand better the performance of such compo-
sites, additivated PLA/Kenaf composites were ana-
lyzed in the present work.

Thus, the aim of this work was to analyze the
effect of different types of fiber and polymers in the
performance of eco-composites. Two types of com-
posites were prepared: those based on polyethylene
and wood fibers and those based on biopolymer and
annually grown plant fibers. Polyethylene/wood
fiber composites were prepared by direct injection
molding and the effect of different fiber types and
contents on the mechanical properties was analyzed.
The strategy behind this approach was to obtain
high quality WPCs in order to replace polyolefins in
several applications with easy-to-obtain economical
eco-composites with better performance. PLA was
blended with kenaf and rice husks to prepare the
composites. They were firstly compounded and then
injected and finally their properties were measured.
The effect of a pigment and a fire retardant on PLA/
natural fiber composites was also studied. This
approach was used in order to obtain completely
biodegradable high performance materials which
may be used in applications such as construction or
the car industry.

EXPERIMENTAL

The work was divided into two sets. In the first one
biodegradable poly(lactic acid) (PLA) and annually
grown plant fibers (kenaf and rice husks) were
blended and the effect of the nature of the fibers on
various properties was measured. In the second set,
high density polyethylene (HDPE) was blended with
wood fibers of different length and the properties of
the composites were compared.

PLA with rice husks and kenaf

The PLA used was Biomer L-9000. The maleinizated
poly(lactic acid) (MA-PLA) used as compatibilizer
was prepared and kindly supplied by the Institute of
Chemistry and Technology of Polymers from the
Italian National Research Council (Italy).

Kenaf short fibers were kindly supplied by KEFI
S.p.A. (Italy) and rice husks (RS) were obtained from
Macedonia as an agricultural subproduct. The kenaf
had a density of 57 g/L and rice husks 104 g/L
measured at 23°C and 50% relative humidity. Mois-
ture content of the fibers was not determined. Fibers
were not chemically treated prior to processing.

The fire retardant used was aluminium hydroxide
and the pigment used was iron oxide.

Firstly, and after drying the PLA, kenaf and rice
husks at 80°C for 12 h, the components were blended
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TABLE I

GARCIA, GARMENDIA, AND GARCIA

Notched and Unnotched Charpy Impact Strength of the Composites

Unnotched impact strength

Notched impact strength

Fiber J/m) (J/m)
content (%) Kenaf Rice husks Kenaf Rice husks
0 76 + 6 (17) 76 + 6 (17) 74 + 03 (17) 74+ 03 (17)
20 47 * 4 (11) 33 £7(8) 11.5 = 0.9 (2.6) 9.0 = 1.6 (2.1)
30 52 + 3 (12) 36 + 4 (8) 122 + 0.8 (0.3) 6.8 = 1.0 (1.6)

Figures in brackets indicate incertitude of the measurements.

in a three blade high intensity mixer for 10 min in
order to obtain homogeneous physical blends. Then,
the blend was compounded by extrusion in order to
obtain a good enough compatibility level between
the phases, together with a homogeneous fiber distri-
bution. The extrusion process was carried out in a
corrotating double screw extruder at a screw speed
of 250 rpm and temperature profile of 170-175°C.
The injection process was performed in a Battenfeld
PLUS 30/75 injection machine. ISO 527-2 “'Plastics-
Determination of tensile properties-Part 2: Test con-
ditions for molding and extrusion plastics” Type
5 dog bone-shaped tensile specimens and 80 X 10
X 4 mm® flexural and impact specimens were
obtained. The injection processing parameters were
the following:

» Temperature profile: 175-185°C
« Injection speed: 24.5 cm®/s
+ Injection pressure: 2000 bar

PLA/MA-PLA /Kenaf and PLA/MA-PLA /RS com-
posites with 5% MA-PLA and 20 or 30% of fibers
were obtained.

Tests were conducted according to the standards
proposed by CEN/TC 249/WG 13 “Plastics-Wood-
plastic composites (WPC)-Part 1: Test methods”. At
least 5 specimens were tested in tensile, flexural, fire
and durability tests; 8 specimens in impact tests and
3 specimens in Vicat temperature measurements. The
data given is the arithmetic mean of the test values
together with the typical standard deviation. Typical
incertitude of the measurements is given in tables
where mechanical properties are reported (Tables I
and III). The typical incertitude is the incertitude of
the measurement expressed as typical deviation.
Type A evaluation method was used for the calcula-
tion of the typical incertitude. This method evaluates
the incertitude of the measurement by means of sta-
tistical analysis of a number of observations.

Tensile and flexural tests were conducted in an
Instron machine, model 5569 (Bucks, UK). Impact
tests were carried out in an ATS15 Charpy impac-
tometer. Tests were carried out at 23°C and 50% rel-
ative humidity. Tensile tests were performed accord-
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ing to EN ISO 527 “Plastics Determination of tensile
properties” (at 5.0 mm/min with type 5 specimens),
flexural tests according to EN ISO 178 “Plastics-
Determination of flexural properties” (at 2.0 mm/
min with 80 mm X 10 mm X 4 mm specimens) and
notched and unnotched Charpy impact tests accord-
ing to EN ISO 179-1 “Plastics-Determination of
Charpy impact strength-Part 1: Noninstrumented
impact test” (80 mm X 10 mm X 4 mm specimens).
Test conditions were selected from the values recom-
mended in ISO standards. Notches were performed
in an ATS Charpy-Izod notcher, model 1013100,
using a blade with an angle of 46° = 15 and a ra-
dius of 0.254 *= 0.025 mm. Single flame fire tests
were performed according to EN ISO 11925-2
“Reaction to fire tests-Ignitability of building prod-
ucts subjected to direct impingement of flame-Part 2:
Single-flame source test” in flexural bars, and dura-
bility tests were carried out in a QUV machine
(QUV weathering tester, model QUV /basic) consist-
ing of 4 h cycles of condensation at 50°C followed
by 4 hours with UV-B light at 60°C. Vicat softening
temperature (VST) was measured in an ATS Vicat
machine, model MP/3, in accordance with EN ISO
306 “Plastics-Thermoplastic materials-Determination
of Vicat softening temperature (VST)” following the
method A50 (10N, 50°C/h).

Morphology of the fibers was determined in a
Nikon Eclipse E400 optical microscopy adapted with
a DS Camera Head DS-5M and a DS Camera Control
Unit DS-L1 after blending in the high intensity
mixer. The length and diameter values were ob-
tained as mean values of at least 50 fibers.

HDPE and wood fiber composites

The polyethylene used was HDPE HMA 016 from
ExxonMobil. The compatibilizer was maleinizated
polyethylene (MA-PE) from Clariant. The lubricant
was Loxamid OA (OA) from Clariant.

The wood fibers were conifer fibers from Retten-
maier & Sohne. Lignocel BK40-90 (Fiber A) has cubic
structure and length of 300-500 pm. Lignocel S
150TR (Fiber B) has fibrillar structure with L/D ratio
of 10/2 and length of 100 um. Moisture content of
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Figure 1 Kenaf fibers (a) and rice husks (b). A scale bar is reported in the pictures.

the fibers was not determined. Fibers were not
chemically treated prior to processing.

Prior to injection, and after drying wood fibers at
80°C for 12 h, the components were hand blended.
The injection process was performed in a Battenfeld
PLUS 30/75 injection machine. ISO 527-2 “Plastics-
Determination of tensile properties-Part 2: Test con-
ditions for molding and extrusion plastics” Type 5
dog bone-shaped tensile specimens and 80 X 10 X 4
mm® flexural and impact specimens were obtained.
Processing conditions were the following:

» Temperature profile: 175-180-185°C
« Injection speed: 35 cm?/s
« Injection pressure: 1712, 2575, and 3038 bar

HDPE/MA-PE/OA /wood fibers composites with
0.5% lubricant to facilitate processability and differ-
ent compatibilizer and fiber contents were obtained.

Tests were conducted according to the standards
proposed by CEN/TC 249/WG 13 Plastics-Wood-
plastic composites (WPC)-Part 1: Test methods. At
least 5 specimens were tested in tensile and flexural
tests and 8 specimens in impact tests. The data given
are the arithmetic mean of the test values together
with the typical standard deviation. Typical incerti-
tude of the measurements is given in tables where
mechanical properties are reported (Table IV). The
typical incertitude is the incertitude of the measure-
ment expressed as typical deviation. Type A evalua-
tion method was used for the calculation of the typi-
cal incertitude. This method evaluates the incertitude
of the measurement by means of statistical analysis
of a number of observations.

Tensile and flexural tests were conducted in an
Instron machine, model 5569 (Bucks, UK). Impact
tests were carried out in an ATS15 Charpy impac-
tometer. Tests were carried out at 23°C and 50% rel-
ative humidity. Tensile tests were performed accord-

ing to ISO 527 “Plastics-Determination of tensile
properties” (5.0 mm/min, type 5 specimens), flex-
ural tests according to ISO 178 ““Plastics-Determina-
tion of flexural properties” (2.0 mm/min, 80 mm
X 10 mm 4 mm specimens) and notched and
unnotched Charpy impact tests according to ISO 179
“Plastics-Determination of Charpy impact strength-
Part 1: Noninstrumented impact test” (80 mm X 10
mm X 4 mm specimens). Test conditions were selected
from the values recommended in ISO standards.
Notches were performed in an ATS Charpy-Izod
notcher, model 1013100, using a blade with an angle
of 46° = 15’ and a radius of 0.254 * 0.025 mm.

RESULTS AND DISCUSSION
PLA with rice husks and kenaf

Biodegradable composites were produced by blend-
ing biodegradable PLA with kenaf and rice husks
(RS). Kenaf structure was highly fibrillar (L/D =
50), while RS fibers were much shorter and wider
(L/D = 3.5) as seen in Figure 1.

No characterization was carried out to determine
the homogeneity of the fiber distribution after proc-
essing. It was assumed that the steps carried out
during processing gave rise to homogeneous compo-
sites. This was validated by the homogeneity of the
test results.

Figure 2(a,b) show the results of the tensile tests.
Young’'s modulus increases dramatically after adding
the fibers and increases at increasing the fiber con-
tent. On the contrary, tensile strength reduces after
the addition of the fibers, especially with the RS.
Thus, the fibers increase the fragility of the compo-
sites. These trends have also been reported for other
extruded-injected natural fiber composites based on
both biodegradable and nonbiodegradable poly-

mers.”® However, the results are very promising

Journal of Applied Polymer Science DOI 10.1002/app



2998
(a) 5 KENAF
= RICE HUSKS
7000 +  PP+20%GLASS FIBRE :
- -PP+30%GLASS FIBRE 4
v PP+30% GLASS BEAD
~ 6000
[
=
g
3 s000 -
2 y
a +
]
=
w
4] 4000 I
=
2
o
>_ [iz3
3000 |
1 ! x '
0 10 20 30 40
% FIBER
(b) KENAF
B RICE HUSKS
*- - PP+20%GLASS FIBRE
o0 | 4 PP+30%GLASS FIBRE
*— PP+30% GLASS BEAD
a{] -
i 'y
- .
% 70
o
=
5 w0 ‘
L
& .
w 50
w
=
2 w0
w
e i
30
I T
20
0 10 20 30 40
% FIBER

Figure 2 Young’'s modulus (a) and tensile strength (b) of
the composites. PP composites are commercial materials.
PP+20% glass fiber is RTP PP20GF; PP+30% glass fiber is
RTP PP30GF and PP+30% glass beads is RTP100 GB30, all
from RTP.

because, despite being lower than those of commer-
cial 30% glass fiber-filled PP, kenaf composite results
are similar to those of a commercial 20% glass fiber-
filled PP and both kenaf and rice husks composites
evidence much better performance than 30% glass
bead-filled PP.

Figure 3(a,b) show the results of the flexural tests.
As can be seen, increases are observed after the
addition of kenaf in both modulus and strength.
However, RS gives rise to decreases in both proper-
ties, indicating that it acts as a filler rather than a
fiber, due to its low aspect ratio. As usual in compo-
sites, flexural and tensile deformation decreases after
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the addition of fibers. The results are very positive
because in both kenaf and RS composites, modulus
values are much better than that of glass bead-filled
PP and even better than those of glass fiber-filled
PP. On the contrary, strength values of natural fiber-
filled composites are somewhat lower than those of
glass fiber-filled PP, despite being much better than
glass bead-filled PP. Thus, the new eco-composites
can compete with typical plastics like glass fiber-re-
inforced PP. Serizawa et al.* also obtained proper-
ties similar to those of glass fiber composites in
PLA /kenaf composites.
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Figure 3 Flexural modulus (a) and flexural strength (b) of
the composites. PP composites are commercial materials.
PP+20% glass fiber is RTP PP20GF; PP+30% glass fiber is
RTP PP30GF and PP+30% glass beads is RTP100 GB30, all
from RTP.
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TABLE II
Vicat Softening Temperature of the Composites
VST (°C)
Composition Kenaf Rice husks
PLA 58 58
20% Fiber 56 57
20% Fiber, 4% PIG, 10% FR 64 66

Charpy impact strength of the composites is
shown in Table 1. While RS hardly changes the
notched impact strength of the matrix, kenaf gives
rise to increases of more than 50%. Depending on
the nature and the size of the fibers, the impact
results show great differences. It was reported® that
cut flax, hemp, sisal or cotton fibers gave rise to
higher impact resistance than wood chips or ground
straw due to their higher factor in terms of form. As
usual in composites, unnotched impact strength
decreases after the addition of the fibers. However,
kenaf composites display better results than RS com-
posites, once again due to their higher aspect ratio.

On the whole, taking into account the standard
deviation of the data shown by the error bars and
except for Young’s modulus, results did not increase
at increasing fiber content. Moreover, processing was
much easier with 20% fiber for both kenaf and RS.
This is because 20% in weight of fiber means 84% in
volume of kenaf and 75% in volume of RS. In the
case of higher fiber contents, the plastic does not
embed the fiber properly, hindering the improve-
ment in mechanical performance. Thus, composites
with 20% fiber were considered the most suitable as
regards their performance.

To improve the durability and fire resistance of
the composites, fire retardant (AI(OH)z) and pigment
(iron oxide) was added to composites with 20%
fiber. After some preliminary tests, 4% of pigment
and 10% of fire retardant were selected as the most
suitable contents. The addition of natural fibers did
not increase the VST of the materials. However, as
seen in Table II, the inorganic additives increased
the VST remarkably. The addition of talc also
increased the temperature resistance of HDPE/wood
composites.”

Fire tests showed remarkable enhancements after
the addition of the fire retardant as shown in Figure 4.
PLA did not evidence any value because it lost in-
tegrity immediately when coming into contact with
the flame. Burning time of both kenaf and RS com-
posites was similar prior to the addition of the fire
retardant. However, the time required for burning
the specimens increased by 30% in kenaf composites
and by more than 50% in RS composites when the
aluminium hydroxide was added. The effectiveness
of the fire retardant was higher in the RS composites
due to the lower specific area of the fibers to be cov-

ered by the fire retardant. Kenaf composites with
20% fire retardant showed similar burning times to
those of RS composites with 10% fire retardant. A
higher fire retardant content did not lead to greater
increases in the burning time, indicating that the
selected fire retardant content is the minimum
required for the maximum effectiveness in fire per-
formance.

Durability tests showed that composites without
pigment evidenced bleaching, cracking and chalking
after keeping them for 500 h in the ageing machine.
After 1500 h, the test bars were completely broken.
However, the composites with pigment took on a
much better appearance. Pigmented composites did
not evidence any bleaching nor chalking—just some
cracking in very few bars after 1500 h.

As regards retaining the properties, it was
observed that the addition of the pigment and the
fire retardant did not change the flexural properties
of the neat composite before ageing. However, as
seen in Table III, flexural modulus, strength and
strain markedly decreased after maintaining the
composites under severe conditions. The decrease in
the modulus is not so noteworthy, indicating that
the rigidity of the materials at low deformation lev-
els is maintained after ageing. As stated by Stark,*’
this could be due to an increase in crystallinity of
the polymer rich surface. However, as usual, ageing
gives rise to a decrease in the elasticity of the materi-
als, and, thus, ductility diminishes. As a consequence,
a strong decrease in the flexural strength takes place.
This is claimed*"** to be because moisture penetra-
tion into the composite degrades the fiber-polymer
interface, which in turn causes loss of strength as
the stress transfer from matrix to fiber becomes less
efficient.

The overall conclusion is that kenaf composites
give rise to much better mechanical performance
than RS composites. However, an improvement in

25
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Figure 4 Fire tests of the composites.
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TABLE III
Flexural Properties of Aged Composites

Acei Kenaf Rice husks

geing
time (h) Modulus (MPa) Strength (MPa) Strain (%) Modulus (MPa) Strength (MPa) Strain (%)

0 5797 + 239 (1300) 82 * 9 (19) 2.4 *+ 0.3 (0.5) 4067 =+ 147 (946) 77 =10 (17) 2.9 *+ 0.6 (0.6)
500 5249 *+ 306 (1175) 32 + 6 (7) 1.0 £ 0.2 (0.2) 4164 = 40 (940) 29 +9(12) 1.0 £ 0.5 (0.5)
1500 4877 + 503 (1117) 29 £ 7(7) 1.1 £ 0.3 (0.3) 4039 =+ 179 (1648) 12 = 1 (6) 1.0 = 0.5 (0.5)

Figures in brackets indicate incertitude of the measurements.

the fire resistance of PLA/rice husks composites is
even higher than that of kenaf composites. For appli-
cations where high performances are not required,
such as housing or decorative appliances, PLA/rice
husks composites, which show better performance
than glass bead-filled PP, are a good choice in order
to obtain a completely biodegradable material which
is cheaper than usual biopolymers because of the
low price of RS. On the other hand, the addition of
kenaf led to high increases in the tensile and flexural
modulus without noticeable changes in the strength.
Moreover, notched impact strength and fire resist-
ance also increased remarkably. To enhance durabil-
ity of the materials, it is necessary to add a pigment
to the composites. Four percentage iron oxide is
enough to maintain the correct appearance of the
composites without high loss in terms of rigidity.

HDPE and wood fiber composites

Fillers and glass fibers are often added to polyethyl-
ene in order to enhance its performance. If wood
fibers are added instead of inorganic materials,
degradability of the composites is greatly enhanced,
giving rise to more ecological materials. Further-
more, the abrasion generated by the wood fibers is
much less than that of the glass fibers—thus, they
reduce the wear in the processing machines. Price is
also a key factor because wood fibers are cheaper
than glass fibers and even cheaper than HDPE, and
so composites are cheaper than the neat polymer.

Using the direct injection processing method, the
homogeneity of the fiber distribution could be defi-
cient. However, the aim of this research was to ana-
lyze whether direct injection was an efficient method
for the development of composites with homogene-
ous properties. If so, the processing method would
be useful for obtaining composites despite some het-
erogeneities in the fiber distribution. However, no
special measurement was taken.

Three, 5, and 7% of compatibilizer was added to
the composites with 40% of fiber and the tensile and
flexural modulus, strength and strain being studied.
The results showed that unlike strain, where no dif-
ferences were observed, modulus and strength
increased at increasing the compatibilizer content

Journal of Applied Polymer Science DOI 10.1002/app

from 3 to 5%, but no improvement was noted in the
case of higher compatibilizer contents. Similar results
were obtained for PP based WPC with different
Compatibilizers,43 showing a maximum tensile, flex-
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Figure 5 Young’'s modulus (a) and tensile strength (b) of
the composites obtained at various injection pressures.
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and strength increase as fiber content increases
regardless of injection pressure, especially in fiber
contents above 20%. Improvements in tensile proper-
ties when increasing wood content have also been
observed in other WPCs.****
2500 Flexural modulus and strength are shown in Fig-
ure 6. As in the case of tensile results, the modulus
increases as fiber content increases regardless of
injection pressure. Nevertheless, the high increase in
_ the flexural strength after the addition of fiber, espe-
1500 f cially at higher injection pressures, indicates that the
composites achieve a high stiffness level with low
1000 fiber contents. The ductility decrease compensates
for the increase in the strength and gives rise to sim-
ilar strength values for all the composites. However,
at low deformation values where the modulus is
measured, the increase in the stiffness with the fiber
content is easily observed.
As usual in WPC composites, the unnotched
impact strength of the composites decreased as fiber
e el content increased. Notched impact strength remained
¥ ! Z | constant with composition. Results are shown in
| Table IV.
Results revealed that the best mechanical perform-
, ance was obtained with 40% A fiber. However, the
o | % | f processing of the composite in the case of this com-
' : position was very difficult because the matrix could
24 A 1 : hardly wet all the fiber, giving rise to constant varia-
1 | tions during the processing. Thus, it was considered
that the composite with 30% fiber gave rise to the
overall best mechanical and processability perform-
7 : _ ance.
: {.'-' When the same tests were performed with the
187 ' : composites composed of fiber B, unexpected results
' ' ' ' : were obtained. After the addition of 20% B fiber, the
tensile and flexural modulus increased to similar val-
ues achieved after the addition of 30% A fiber, but

(a) P=1712 bar
£+ P=2575 bar
P=3038 bar
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(b) — P=1712 bar
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Rg—i

28 |
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20 oasssfat

FLEXURAL STRENGTH MPa)
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Figure 6 Flexural modulus (a) and strength (b) of the
composites obtained at various injection pressures.

ural and impact strength values at around 4-5% in
all cases. Thus, the optimum compatibilizer content
was found to be 5%.

The results of composites with fiber A for tensile

with higher fiber contents the modulus was main-
tained constant or even decreased because of the
inability of the matrix to wet all the fibers. The ten-
sile and flexural strength showed the same trend as
the modulus, even with higher values than those of
A composites for the flexural strength due to the
larger aspect ratio of the fibers. The higher aspect ra-
tio of hemp compared with wood also gave rise to

tests are shown in Figure 5. As can be seen, modulus  higher properties in PVC composites.*® However,

TABLE IV
Notched and Unnotched Charpy Impact Strength of the Composites With Fiber A

Unnotched impact strength (J/m) Notched impact strength (J/m)

Fiber
content (%) 1712 bar 2575 bar 3038 bar 1712 bar 2585 bar 3038 bar
0 Not broken Not broken Not broken 140 =15(@1) 140 =15(@1) 140 =15(@1)
20 35 + 3 (8) 42 + 4 (9) 41 +1(9) 139 + 0.8 (1) 138 = 0.5 (1) 13.9 + 0.6 (1)
30 30 £ 3(7) 31 £2(7) 30 = 4 (8) 13.8 £ 1.1 (1) 134 £ 1.0 (1) 141 £ 1.3 (1)
40 27 + 3 (6) 22 + 3 (5) 22 + 3 (5) 141 + 1.5 (1) 13.0 = 1.2 (1) 131 + 1.2 (1)

Figures in brackets indicate incertitude of the measurements.
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the notched impact strength decreased after the 2
addition of the fibers because they act as weaknesses N g 2 2logam
in the composites. These results indicate that the 5| E€ 2RV
composites with 20% B fiber have the best mechani- o
cal performance, together with a good processability.
The difference in the mechanical performance of 2
both fibers A and B might be due to their density. S £, X _@
X . N <|§&T|waony
Fiber B has a density of 100-135 g/L, while that of SlE52(87]°
A is 170-230 g/L. Taking into account that the den- é
sity of HDPE is approximately 950 g/L, both 20% B
and 30% A by weight means 67% fiber in volume. s
So, the mechanical results are very similar when the § | "
same volume of wood fibers is blended with HDPE, & g g § o 0o o
despite their characteristics. Thus, this results in a 2| c Y 5737
critical wood fiber volume above which the polymer g '% £.8
cannot wet the fiber properly, giving rise to § & z
decreases in terms of mechanical properties. On the a
other hand, appearance is more plastic-like when - e
smaller fibers are employed. 2 g & £3
Finally, in order to apply these composites in é 5 E £ § o~ o —
proper applications, their properties must be com- £ | g g R™F7
pared with those of typical commercialized composites S B8 '% £.8
based on HDPE. The results are shown in Table V. 3 § & Z
As can be seen, tensile modulus is similar to that of 'g g B
commercial WPCs with 20% wood. Moreover, flex- > | O
ural modulus is comparable to talc, mica and 20% s 2 S
glass fiber composites and even higher than com- 8 SRR =
mercial 20% wood fiber composites. Tensile and flex- : g g3 AR
= Tl gdle>eq
ural strengths are also comparable to those of wood 29 SR ES oD
fiber composites and just slightly lower than those of [S ~ ks % E<
mica, talc or glass fiber composites. Thus, the prop- S O3
erties of directly injected WPCs are comparable to § v
. . . . . =
commercially available wood fiber-filled and inor- 0
ganic filler and fiber-filled composites. = Sl E N
- < | T S O Oy
Comparison between PLA and HDPE composites .§ = =
(1]
It is difficult to compare the results for HDPE/wood E‘ s
fiber composites with those for PLA/natural fiber S N i% g « o
composites, due to the use of both different matrix MR YR
and fiber. HDPE has lower performance than PLA, E %; g;ﬁ o
so the effect of reinforcement is more pronounced in V&
HDPE composites. In fact, the addition of 30% wood
fiber to HDPE enhances the tensile and flexural S é
moduli by over 200%, while the increases after fiber § FEE| o
addition are below 50% in PLA composites. How- s|= &2 8
ever, the flexural modulus of PLA/20%Kenaf and 5|2 grf o
PLA/20%RS composites are 2.5 and 1.8 times that of &
HDPE/WPC. Pouteau et al.®® stated that when com-
paring d'ifferent matrixes (pc?lycaprolactf)ne and E?Eé\
HDPE) with the same natural fibers, the biodegrad- é% Eg
able matrix gave rise to higher increases. The differ- NEVEE:
ences with this study could be because of the effect g E 20—5 %D
of the different nature and L/D ratio of the fibers E g% g &
used in each type of composite. o EE
Nevertheless, both composites showed some com- 2D g g
. v v
mon advantages and disadvantages. Among the FEEE
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TABLE VI
Forces, Weaknesses, and Industrial Uses of Eco-Composites

PLA composites

HDPE composites

Forces Biodegradability

Lower price than pure biopolymer

Mechanical properties comparable to glass

fiber filled composites susceptible of
substitution (PP composites)
Improved fire performance
Weaknesses

Low price

Easier degradation

Mechanical properties comparable to glass
fiber filled HDPE composites

Possibility of wood-like appearance

Easy processing at low fiber contents

Lower impact strength

Need of agents against ageing

Industrial uses Structural applications

Civil engineering applications
Automotive applications
Aerospace

Sports

Building applications
Containers
Consumer goods

advantages, easier degradation and an increase in
the tensile and flexural properties is displayed. The
major disadvantage is the decrease in the unnotched
impact strength. Table VI exhibits the forces, weak-
nesses and possible industrial uses of these compo-
sites. It should be highlighted that the main differen-
ces between both composites are the following:

» Lower price of HDPE composites compared with
PLA composites

» Lower mechanical properties of HDPE compo-
sites compared with PLA composites

« Easier processing of wood fiber filled composites
than other natural fiber filled composites

CONCLUSIONS

Eco-composites were obtained by blending natural
fibers with petroleum-derived polymers and biopol-
ymers. The addition of natural fibers such as kenaf,
rice husks or wood to polymeric matrixes improves
the mechanical performance of the composites
remarkably, regardless of the nature of the polymer.
Mechanical performance similar to or even better
than typical inorganic filler and fiber-filled compo-
sites can be achieved with lower environmental
impact, extending the application spectrum of the
eco-composites.

In the case of fibers obtained as products and sub-
products coming from annually grown plants such
as kenaf and rice husks, the aspect ratio of the fibers
plays a key role in the performance of the compo-
sites—the higher the aspect ratio, the higher the me-
chanical properties. However, for applications where
high mechanical performance is not necessary like
housing or decorative appliances, the price of the
biodegradable materials can be easily reduced by
adding agricultural subproducts to bioplastics. Dura-
bility and fire tests also reveal good results when
fire retardants and pigments are added to the com-
posites.

The study performed in wood fiber composites
reveals that composites can be easily obtained by
direct injection molding by up to almost 70% in vol-
ume of fiber. Furthermore, injection parameters do
not seem to affect the mechanical performance of the
composites, which is only fiber content dependant.
Different types of wood affect more the appearance of
the composite rather than their mechanical properties.

This work was supported by the EU within the framework
of an INCO Project entitled “Eco-houses based on eco-
friendly polymer composite construction materials”.
CIDEMCO thank the EU for the financial support and the
consortium for allowing the publication of technical data
as examples.
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