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ABSTRACT: Tire rubber particles were mixed randomly
with short sisal fibers and hot pressed. Sisal fibers were used
as received, mercerized, and mercerized/acetylated. The fi-
bers were characterized by scanning electron microscopy
(SEM), thermal gravimetry analysis (TGA), infrared spec-
troscopy (FTIR), water sorption, and mechanical properties.
Thermal stability of the mercerized/acetylated fibers im-
proves (from 200 to 300°C) with respect to the raw fibers,
and water sorption is � 20% smaller than for the raw and
the mercerized fibers. Tensile strength is unchanged after
the chemical treatments. Water sorption, mechanical prop-
erties, and SEM evaluated the performance of the tire rubber
composites. All composites showed enhanced elastic mod-
ulus; increase is dependent on fiber load. Smallest water

sorption was obtained in composites with the mercerized/
acetylated fibers. With these fibers at 10% load, the best
results were obtained with the smaller tire rubber particles
(320 �m) and at 5% load with the bigger (740 �m) tire rubber
particles. Both composites showed � 50% increase in tensile
strength when compared to similar composites with raw
fibers. SEM of the surface of fracture showed that the adhe-
sion between fiber and rubber was enhanced after both
chemical treatments. © 2003 Wiley Periodicals, Inc. J Appl Polym
Sci 89: 2507–2515, 2003
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INTRODUCTION

Elastomer composites reinforced with fibers are an
ever-growing class of materials because of their im-
proved physical and mechanical properties, plain pro-
cessability, and economic advances. These materials
combine the stiffness of fibers with the elasticity of
rubber.1–3 Shifting from synthetic fibers and polymers
to natural fibers and recycled polymers renders envi-
ronmentally friendly materials. In developing coun-
tries, natural fiber crops are also important to generate
jobs that improve social and economical conditions.
However, very few articles report on natural fiber-
recycled polymer composites. The aim of this work
was to obtain and characterize composites from Bra-
zilian sisal fibers and tire rubber particles.

Sisal fiber is one of the most widely used natural
fibers and is very easily cultivated. Almost 4.5 million
tons of sisal fibers are produced every year through-
out the world.4 Brazil is the biggest producer and the
Brazilian Agricultural Research Corp. (Embrapa) is
studying new varieties of sisal for the Northeast re-
gion of the country to improve yield and fiber prop-

erties.5 Sisal is a hard fiber extracted from the leaves of
the plant. A sisal plant produces roughly 200–250
leaves, each containing 1000–1200 fiber bundles com-
posed of 4% fiber, 0.75% cuticle, 8% dry matter, and
87.25% water.5,6 The sisal leaf contains three types of
fibers: mechanical, ribbon, and xylem.4,7,8

The properties of natural fiber–elastomer compos-
ites depend on those of the individual components
and on their interfacial compatibility.4 Strong adhe-
sion at the fiber–matrix interface is crucial for the use
of natural fibers as reinforcements in polymers and
elastomers. Physical and chemical methods are used
to maximize this adhesion.9,10 Several studies by
Thomas and coworkers, on the properties of short sisal
fiber-reinforced natural rubber11–13 and styrene buta-
diene rubber14–16 composites, show that chemically
treated fibers render mechanical and viscoelastic im-
proved composites, which also depend on the fiber
orientation and fiber length. Fiber lengths of 10 mm
(for natural rubber) and 6 mm (for styrene butadiene)
were found to confer the best balance of properties.

The manufacture of products from recycled materi-
als has technologic, economic, and environmental ad-
vantages that have become attractive in recent years.17

The growing amount of waste rubber, produced from
tires, has resulted in a serious environmental problem.
In Brazil, about 32 million tires are produced annually
and it is estimated that 10 to 15 million units are
discarded each year.18 Only a fraction of the scrap tire
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in Brazil and in the world is recycled,18,19 although
efforts have been made to increase their uses.

Very few works have been reported on the reuse of
tire rubber in composites. Song et al.17,20 studied com-
posites of wood fibers and tire rubber crumbs, with up
to 20% amounts of diphenylmethane diisocyanate
(MDI) resin. Good adhesion was found by using com-
pression molding.

In this work, the performance of tire rubber com-
posites with Brazilian sisal fibers was studied. The
effect of chemical modification (mercerization and
acetylation) of the fibers on the composite perfor-
mance was followed by water sorption, mechanical
properties, and scanning electron microscopy (SEM).

EXPERIMENTAL

Materials

The samples of sisal fibers used in this work are from
the variety Agave sisalana. Samples belong to the first
year of harvest, after processing. This process includes
fiber separation from the leaves, washing, drying,
combing, and baling. The samples used in this work
are those wasted in the last two steps. The density of
the fibers was measured in a Micromeritics 1305 he-
lium pycnometer as 1.26 � 0.03 g/cm3. The diameter
was measured on 100 fibers by using a Mitutoyo mi-
crometer as 114 � 40 �m. Martin21 studied the com-
position and structure from 14 varieties of sisal fibers
studied by Embrapa. The results for (cyclohexane/
ethanol extracted, water rinsed, dried) A. sisalana are
as follows: cellulose: 75.2 � 0.3%; hemicellulose: 13.87
� 0.09%; lignin: 7.98 � 0.05%; ash: 0.87 � 0.01%.

Borcol Indústria de Borracha Ltd. (Sorocaba/S.P.,
Brazil) supplied the samples of powdered tire rubber
(from bus and truck tires) with 320 and 740 �m aver-
age particle size. The processing steps to obtain these
particles are as follows: after removing the tread of the
tires, the resulting scrap is ground in a series of knife
mills, where cyclone and suck pumping separate
metal particles and synthetic fibers. Mills have an
outflow-sieving device to control the final particle
size. Particles are mainly composed of natural rubber
and styrene butadiene rubber, as shown by infrared
analysis, and have a density of 1.152 � 0.001 g cm�3.18

The particles are unsuitable for the Mooney viscosity
test and have an average sol/gel ratio of 0.16 � 0.01
before processing and of 0.20 � 0.03 after processing;
the same values were obtained after 1, 2, and 3 days
extraction in toluene.

Sodium hydroxide (NaOH), sulfuric acid (H2SO4),
glacial acetic acid, and acetic anhydride analytical
grade reagents were used.

Methods

Fifty-gram samples of raw sisal fibers were washed in
distilled water at 80 � 2°C for 1 h, mercerized with

NaOH 5 or 10%, at room temperature (26 � 2°C), 50 or
80°C, for 1, 3, or 5 h, rinsed with tap water, neutralized
with acetic acid, and dried in a microwave oven for 15
min. The mass loss was measured after washing and
mercerizing.

For acetylation, 50-g samples of raw or mercerized
fibers were immersed in glacial acetic acid for 1 h at
room temperature (26 � 2°C) and then immersed in
500 mL of acetic anhydride containing 20 drops of
concentrated sulfuric acid for 5 min.22 The fibers were
separated in a Buchner funnel, rinsed with tap water
until pH 6 to 7, and dried in a microwave oven for 15
min. The average weight increase after acetylation was
2% for the mercerized fibers. The infrared spectra of
the acetylated sisal fibers show absorption peaks at
1740 cm�1 (ester CAO), at 1375 cm�1 (�C—CH3), and
at 1235 cm�1 (�C—O), which provide evidence of
successful acetylation.12,23,24

Composites containing 5, 10, 20, and 30 wt % of raw,
mercerized, and mercerized/acetylated fibers were
prepared by using both tire rubber samples. The raw
and treated sisal fibers were chopped using a knife
mill. The length distributions showed that � 70% of
sisal fibers were 1.6 mm. The chopped fibers and the
rubber particles were mixed by hand in the proper
amounts. Randomly oriented (160 � 150 � 3 mm)
composite sheets were prepared by hot-press molding
at 10.000 kgf, 200°C, for 3 h. These hot-press condi-
tions were previously established.25

Infrared spectra of treated and raw sisal fibers were
recorded on a Bomem Hartmann and Braun B100-MB
spectrophotometer, in KBr pellets. FTIR-multiple inter-
nal reflection (MIR) spectra were recorded on a Nicolet
Magna FTIR 550 spectrophotometer. Thermogravimetric
analysis (TGA) and differential thermogravimetry
(DTG) were obtained in a TA Instruments 5100-TGA
2050, in the temperature range of 25 to 800°C, at a heat-
ing rate of 3°/min in an argon atmosphere.

Water sorption of the fibers was measured by im-
mersing 1 g of the sisal fibers in tap water at room
temperature. After removal, surfaces were dried with-
out squeezing between paper towels. Mass increase
with respect to the initial dry mass was measured as a
function of time. Water sorption of the composites was
measured by immersing samples in tap water at room
temperature, following ASTM D 570-95.26

Tensile measurements of the fibers followed ASTM
D 3379-75.27 The individual fibers were fixed to a
cardboard window, 5 cm long. At least 50 filaments
were conditioned at 20 � 2°C and 50 � 5% relative
humidity for no less than 48 h before testing on an
EMIC DL 2000 Universal Testing Machine, at a speed
of 2 mm/min. Measurements of the mechanical prop-
erties of the composites followed ASTM D 412-92,28 at
a speed of 10 mm/min. The samples were conditioned
at 20 � 2°C and 50 � 5% relative humidity for at least
48 h before testing.
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For the analysis of fracture surfaces of the sisal
fibers and of the composites, the samples were im-
mersed in liquid nitrogen for 15 min and fractured.
For SEM, the samples were glued in proper stubs and
covered with gold in a Sputter Edward S 150 B and
observed in a JEOL JSM 840 A, operating at 25 kV.

RESULTS AND DISCUSSION

Sisal fibers

Mercerization is an alkali treatment of cellulose fibers
that depends on the type and concentration of the
alkaline solution, temperature, and time of treat-

ment.10 Results obtained for the sisal fibers after the
mercerization treatment showed that mass loss de-
pends more on temperature than on time. The mer-
cerization treatment leads to an average mass loss of
22 � 3% (w/w) for NaOH 5%, and of 27 � 5% (w/w)
for NaOH 10%. Infrared and MIR-infrared results
show that lignin and hemicellulose were removed
from the surface and the interior of the fibers. The
mass loss takes account, also, of the removal of soluble
matter during washing.

Figures 1 and 2 show DTG and TGA profiles of raw,
mercerized, raw-acetylated, and mercerized/acety-
lated sisal fibers. The DTG curves show an initial peak

Figure 1 Differential thermogravimetic analysis (DTG) of raw and treated sisal fibers. Temperature range 25–800 °C,
3 degree/min. Argon atmosphere. Duplicate results are coincident.

Figure 2 Thermogravimetric analysis (TGA) of raw and treated sisal fibers. Temperature range 25–800 °C, 3 degree/min.
Argon atmosphere. Duplicate results are coincident.
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between 50 and 100°C, which corresponds to water
loss in the all samples. After this peak, the DTG curve
of the raw fibers show three decomposition steps: (1)
the first decomposition peak at about 280°C is attrib-
uted to thermal depolymerization of hemicellulose
and the glycosidic linkages of cellulose; (2) the second
decomposition peak at about 340°C is attributed to
�-cellulose decomposition (weight loss � 70%); (3) the
small peak at 570°C (weight loss � 20%) may be at-
tributed to oxidative degradation of the charred resi-
due. The thermograms show an improvement in the
thermal stability of the modified fibers in relation to
the raw fiber. The main decomposition temperature
increases from 340°C (raw) to 350°C for the mercer-
ized fibers and to 395°C for the mercerized/acetylated
fibers. There is a change in the degradation mecha-
nism: in the mercerized/acetylated fibers there is only
one stage, and in the mercerized fibers and in the

raw/acetylated fiber there are two, whereas for the
raw fibers there are three. In the acetylated sisal fiber
the peak due to oxidative degradation of the charred
residue is missing, which indicates that the acetylated
material is lost as volatile products and does not con-
tribute to char formation. These observations agree
with the literature.29–31

Mechanical properties of raw and treated fibers are
shown in Table I. There is no significant variation in
tensile strength, elongation at break, and Young’s
modulus after the treatments, indicating that there is
no significant damage in the structure of the fibers.

The amount of water sorbed by the fibers is shown
in Figure 3. The raw and the mercerized fibers sorb a
maximum of � 80% of their weight in the first minute.
No difference was observed for fibers mercerized in
different conditions. Water sorption by the mercer-
ized/acetylated fibers is � 20% smaller than for the
mercerized and raw fibers.

Figure 4 shows characteristic SEM micrographs of
raw and treated fibers. Figure 4(A) shows the surface
structure of the raw fibers. The fiber surface is marked
by the characteristic vestigial attach of the parenchy-
matous cells in which the fiber was embedded in the
leaf. The surface of the mercerized fiber in Figure 4(B)
is quite changed, showing the partial loss of the pa-
renchyma cells, the removal of the impurities and
waxy cuticle layers on the fiber surface, and an incip-
ient defibrillation due to the extraction of the hemicel-
lulose and the cementing components, such as lignin.
This increases the effective surface area available of
contact with the matrix. Figure 4(C) shows a mercer-
ized/acetylated fiber in which the coating with cellu-
lose acetate due to heavy incorporation of acetyl
group in the fibrils is evidenced.

TABLE I
Mechanical Properties of the Sisal Fibers

(ASTM D 33379-75)

Fiber
Modulus
(10 GPa)

Elongation
at break

(%)

Tensile
strength

(GPa)

Raw 5 � 2 4 � 2 1.3 � 0.6
Mercerized (5%

NaOH, 5 h,
80°C) 5 � 2 3 � 1 1.1 � 0.5

Mercerized (10%
NaOH, 5 h,
80°C) 5 � 2 3 � 1 1.1 � 0.4

Mercerized (5%
NaOH, 5 h,
80°C) and
acetylated 4 � 2 3 � 1 1.0 � 0.4

Figure 3 Percent increase in weight after tap water sorption, as a function of time of immersion, for raw and treated sisal
fibers. Triplicate results. Room temperature.
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Composites

Mechanical properties measured for the composites
based on tire rubber particles (320 and 740 �m average
particle) and raw or treated sisal fibers are shown in
Tables II and III. Young’s modulus increases with
increasing fiber load in all cases, as expected. Tensile
strength and elongation decrease in all but a few cases
compared to the matrix without fibers.

In the composites obtained with the smaller parti-
cles, the treated fibers render higher modulus than the
raw fibers, at the same loading. Also, a maximum in
tensile strength is obtained at 10% loading for mercer-
ized/acetylated fibers and at 30% loading for mercer-
ized fibers. The 30% loaded composite has a small
elongation value and is stiffer. In this way, the best
composite is obtained with the mercerized/acetylated
fibers at 10% load, which shows � 50% increase in
tension strength and elongation (in relation to the raw
fibers). Only in this case, the expected response to fiber
loading is observed, namely, at low fiber loading, the
matrix dominates the tensile strength and the fibers
act as network defects32–33; increasing fiber load (up to
10%) gives a maximum in the tensile strength. At
higher fiber loading, poor dispersion of the fibers in
the tire rubber matrix was observed, leading to a
decrease in performance.

In the composites obtained with the bigger particles,
no significant correlation is observed between fiber
treatment and modulus. The best strength and elon-
gation performance (� 50% increase in relation to the
raw fibers) is observed with the mercerized/acety-
lated fibers at the lowest loading, 5%. Because no data
were obtained for loadings smaller than 5%, it is not
possible to associate this increased performance with
the expected optimal loading.

Figures 5 and 6 show the water sorption data for the
composites. The amount of water sorbed is related to
the porosity of the specimens and gives a picture of
their internal microstructure.18 The matrices obtained

Figure 4 Scanning electron micrographs of sisal fibers: raw
(A); mercerized (NaOH 5%, 80 °C, 5 h) (B); and mercerized
(NaOH 5%, 80 °C, 5 h)/acetylated (C).

TABLE II
Mechanical Properties of the Small-Particle Tire Rubber Composites (ASTM D 412-92)

Property Fiber

Load (%)

0 5 10 20 30

Young’s modulus
(MPa)

(Tire rubber) 5.2 � 0.3 — — — —
Raw — 6.8 � 0.7 8 � 1 14 � 2 19 � 3
Mercerized — 7.9 � 0.5 11.4 � 0.8 21 � 8 36 � 5
Mercerized/acetylated — 9 � 1 12 � 2 17 � 4 28 � 7

Tension strength (Tire rubber) 1.3 � 0.1 — — — —
at maximum Raw — 1.1 � 0.2 1.1 � 0.1 1.0 � 0.1 0.9 � 0.1
force (MPa) Mercerized — 1.2 � 0.1 1.2 � 0.1 1.4 � 0.2 1.6 � 0.2

Mercerized/acetylated — 1.1 � 0.1 1.7 � 0.1 1.2 � 0.1 1.2 � 0.1
Elongation at (Tire rubber) 50 � 5 — — — —

maximum force Raw — 36 � 4 39 � 3 26 � 7 18 � 3
(%) Mercerized — 42 � 3 30 � 2 15 � 3 10 � 1

Mercerized/acetylated — 34 � 3 57 � 3 33 � 7 17 � 4
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with the bigger particles sorb � 50% less water than
the matrices with the smaller particles, indicating that
they are less porous. As expected, the addition of sisal
fibers to the rubber increases the water sorption, be-
cause the fibers are hydrophilic and porous. Also, the
amount of water sorbed increases with loading. How-
ever, the saturation value is smaller than that calcu-
lated from a linear correlation with (wetted) fiber
mass.

Mercerization removes a large quantity of lignin
and hemicellulose, but roughness and microporosity
of the fibers are greatly increased. This should im-
prove mechanical anchorage and interlocking of the
matrix with the mercerized fibers. This could explain
the sorption behavior of the (less porous) bigger par-
ticle rubber composites, for which water sorption is
lower than that of the composites with the raw fibers.

However, water sorption in the (more porous) small-
particle rubber composites is similar for both the mer-
cerized and the raw fibers. In every case, water sorp-
tion by the composites with mercerized/acetylated
fibers is less than all the others.

The composites that showed the best mechanical
performance were those that sorbed less water: (1) the
10% mercerized/acetylated fibers composites show a
decrease in water sorption of � 30% in the small-
particle rubber matrix; and (2) the 5% mercerized/
acetylated fibers composite show a decrease of � 50%
in the big-particle rubber matrix, in relation to the raw
fiber composites.

A SEM micrograph of the rubber particles is shown
in Figure 7. The particles have a rough surface, with
irregular shape and different sizes. Small particles
appear aggregated on the bigger ones.

TABLE III
Mechanical Properties of the Big-Particle Tire Rubber Composites (ASTM D 412-92)

Property Fiber

Load (%)

0 5 10 20 30

Young’s (Tire rubber) 6.0 � 0.4 — — — —
modulus Raw — 10 � 2 10 � 1 17 � 3 27 � 7
(MPa) Mercerized — 7 � 1 10 � 1 18 � 3 37 � 17

Mercerized/acetylated — 6.6 � 0.3 10 � 1 17 � 5 26 � 12
Tension (Tire rubber) 1.2 � 0.2 — — — —

strength at Raw — 1.0 � 0.1 1.1 � 0.1 0.9 � 0.2 0.7 � 0.2
maximum Mercerized — 1.0 � 0.1 1.0 � 0.1 1.1 � 0.1 1.2 � 0.3
force (MPa) Mercerized/acetylated — 1.5 � 0.1 1.0 � 0.1 1.0 � 0.1 0.6 � 0.2

Elongation at (Tire rubber) 60 � 13 — — — —
maximum Raw — 35 � 9 45 � 5 22 � 3 9 � 3
force (%) Mercerized — 43 � 4 39 � 6 24 � 4 9 � 2

Mercerized/acetylated — 71 � 5 36 � 4 23 � 4 6 � 1

Figure 5 Percent increase in weight after tap water sorption, as a function of time of immersion, for small-particle tire rubber
composites with raw and treated sisal fibers. Triplicate results. 10% fiber load. Room temperature.
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The SEM micrograph in Figure 8 shows a typical
fracture surface of a 10% fiber composite. The label (F)
points to a sisal fiber dispersed in the rubber matrix
(M). The label (A) shows a hole developed on the
fracture surface due to the pullout of a sisal fiber. The
arrow shows nylon filaments existing in the tire rub-
ber particles, from the tire overlay. Poor adhesion can
be observed between the nylon filaments and the sisal
fibers with the rubber matrix, causing imperfections in
the composite internal structure; this was observed for
all fractures.

Figure 9 shows a SEM micrograph of the fracture
surface of a 10% raw fiber composite, in which the
weak interfacial adhesion is clear. Figure 10 shows
the fracture surface of a 10% mercerized fiber com-
posite showing no pull-out, which means that the
cohesion energy of the rubber is lower than the
fiber/matrix adhesion energy in the region of break-
ing. Figure 11 makes visible a strong adhesive joint
between the shown mercerized/acetylated fiber and

the rubber matrix. Cracking was lowest in the spec-
imens of this type examined by SEM. No cracking
means that the fracturing load was efficiently trans-
ferred from the matrix interface to the fibers, giving
rise to an on-the-plane fiber breakage, as the one
shown in this figure.

The effect of fiber content on fiber dispersion in the
composite matrices was also observed by SEM. Good
dispersion was observed in 5 and 10% raw or treated
fiber composites. In composites with 20 or 30% fiber
content, fiber/fiber interfaces were formed and led to
poor interfacial adhesion.

The important data about the composites can be
summarized as follows. FTIR-MIR results showed
that the surface of the raw fibers has lignin and
hemicellulose, and that both were almost removed

Figure 8 Scanning electron micrograph of a typical surface
of fracture (liquid nitrogen) of mercerized sisal fiber rein-
forced (10% weight) small-particle tire rubber composite. M
� rubber matrix, F � sisal fiber, A � hole on the surface due
to pullout of a fiber. The arrow shows a nylon filament
present in the tire rubber particles.

Figure 6 Percent increase in weight after tap water sorption, as a function of time of immersion, for big-particle tire rubber
composites with raw and treated sisal fibers. Triplicate results. 5% fiber load. Room temperature.

Figure 7 Scanning electron micrograph of the small parti-
cles of the tire rubber.
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after mercerization; also, that acetylation was more
efficient on the mercerized than on the raw fibers.
Mechanical tests showed that the composites ob-
tained with the fibers have higher modulus, as ex-
pected. The best modulus values are obtained for
the mercerized fibers. The best overall mechanical
performance is obtained with the mercerized/acety-
lated fibers. Water sorption performance of the com-
posites roughly follows the trend of the mechanical
performance. SEM results showed that the surface
(effective) area of the fibers increases from raw to
mercerized/acetylated to mercerized. SEM also
showed increasing strength in the adhesive joints
from the raw to the mercerized to the mercerized/
acetylated fiber composites. The tire rubber particles
will adhere to the surface of the fibers, which in-
creases and is less hydrophobic after lignin removal.
Contact angles measured by Segre et al.34 showed
that the tire rubber particles have a significant num-
ber of polar groups. It is well known that adhesion

improves as the number of van der Waals interac-
tions increase. In this way, increased surface (effec-
tive) area and surface hydrophilic character explain
the increased adhesion of the treated fibers.

CONCLUSION

Results show that the reuse of tire rubber in com-
posites with sisal fibers is a new possibility for the
application of these materials. Composite perfor-
mance can be enhanced by chemically treating the
sisal fibers. SEM shows better adhesive joints be-
tween the treated sisal fibers and the tire rubber.
Values obtained for mechanical properties and wa-
ter sorption and surface morphology show no sig-
nificant difference for composites obtained with
rubber particles of different average particle sizes.
However, the best fiber loading was found to be
5 and 10%, depending on the tire rubber particle
size.

Figure 9 Scanning electron micrograph of a surface of frac-
ture (liquid nitrogen) of raw sisal fiber reinforced (10%
weight) small-particle tire rubber composite.

Figure 10 Scanning electron micrograph of a surface of fracture (liquid nitrogen) of mercerized sisal fiber reinforced (10%
weight) small-particle tire rubber composite.

Figure 11 Scanning electron micrograph of a surface of
fracture (liquid nitrogen) of a tire rubber composite (small
particles) reinforced with mercerized/acetylated sisal fibers
(10% weight).
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