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ABSTRACT: Composites were prepared by mixing thermoplastic biodegradable poly-
mers with sea algae fibers. Tensile mechanical properties were analyzed as a function
of fiber concentration. The effect of processing, such as compression molding and
calendering, on the mechanical properties of the materials was investigated. Compos-
ites showed higher elastic modulus and lower strength than the matrix components.
Fiber damaging, characterized by a reduction of both length and diameter, was ob-
served in the composites. Films, prepared by calendering operations, showed anisotro-
pic properties due to fiber alignment. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73:
583–592, 1999
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INTRODUCTION

Environmental concerns generated by plastic ma-
terials are generating an increasing interest to-
ward the development of ecological products. The
use of disposable plastic material increases the
undegradable waste portion; and, for this reason,
it is necessary to develop more recyclable and/or
biodegradable plastic to reduce the amount of
plastic to landfill.

Biodegradable polymers are already utilized in
many biomedical applications, such as biodegrad-
able sutures, wound dressing, bioresorbable im-
plants, and drug delivery systems, applications
where the high cost of the materials is justified.
However, their use in commodity applications,
such as packaging or agriculture, is still limited
either for economical reasons and for difficulties
related to their processing, often due to their poor
thermal stability.

Among the most interested biodegradable poly-
mers studied today, we should mention the micro-
bial polyesters; the synthetic polyesters, such as
polylactide, polyglycolide, and their copolymers;
polycaprolactone; and biopolymers, such as starch
and polysaccharides, obtained from renewable
sources. The combination of these materials in
blends and/or composites allows the preparation
of polymeric systems whose properties can be tai-
lored for specific applications. Blends and compos-
ites of starch with natural and/or synthetic poly-
mers have been extensively studied, and this is-
sue has been recently reviewed.1–3 In our
previous works, we have reported on the effect of
the composition on the properties of partially and
totally biodegradable blends, such as poly(methyl
methacrylate) and polycaprolactone (PMMA–
PCL) blends,3 polyhydroxybutyrate-co-valerate,
and poly-L-lactide (PHB–PLLA) blends4,5 and on
starch-based polyurethane foams.6

Properties and cost of biodegradable polymers
can be modified and improved through the use of
natural occurring fibers that reduce the cost of
the material without modifying their biodegrad-
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ability. The advantage of using vegetal fibers is
that they can be produced by a large amount of
different kind of plants; therefore, they can be
obtained by renewable sources distributed around
the world. Lignocellulosic fibers have been used
with not degradable polymers, such as polypro-
pylene,7–11 polyethylene,12–15 polyvynil chloride,
and polystyrene16–18 to reduce the cost of these
commodity thermoplastics. Most of the prior
works on lignocellulosic fibers in thermoplastics
deal with the use of wood flour and native cellu-
lose fibers, such as kenaf, jute, flax, and sisal,
with additives that can improve dispersion and
interaction with the polymeric matrix. The use of
the lignocellulosic materials in these thermoplas-
tics results in material with higher elastic modu-
lus. Their strength is usually lower due to the
poor adhesion between the hydrophilic filler and
the hydrophobic matrix. As a matter of fact, fibers
can work as reinforcement or as filler, depending
on the fiber–matrix interaction, on the aspect ra-
tio and on the critical fiber length. A strong inter-
face is necessary to obtain stress transfer from
the matrix to the fibers and to avoid that the
dispersed phase acts like weak points in the ma-
terial. Reinforcing effects can be improved, there-
fore, if the adhesion is promoted by the use of
additives or by chemical modifications of the com-
ponents.

One of the possibilities is to functionalize the
polymeric matrix, for example, with maleic anhy-
dride, to increase the hydrophilic characteristics
of the polymer. Treatment of the fiber surface is
another technique7,9,11,14–16,19,20 that improves
the compatibility between the surface energies of
the two phases, but the addition of a processing
step may increase the cost of the material. A
recent review deals with advantages and draw-
backs of the different approaches.21

In this work, biodegradable composites were
prepared by using sea algae fibers, as lignocellu-
losic fibers, embedded in three different biode-
gradable polymeric matrices. Effects of processing
and fiber composition on mechanical properties
were investigated.

EXPERIMENTAL

Materials

The following three polymers were used as the
matrix: Mater-Bit YI01 U (MAT-Y) and Mater-
Bit ZF03 U/A (MAT-Z) (kindly supplied by Nova-

mont, Italy) and polycaprolactone (PCL) (Aldrich
Chemical Company, USA; Mn 5 42,500).

The fibers utilized in this work were algae col-
lected from Sardinia (Italy) beaches. They were
first used for agricultural applications in hydro-
ponic cultures in greenhouses for 2 years. They
were dried at 40°C in a vacuum oven for 24 h prior
the preparation of the composites.

Processing

Composites were prepared with the following dif-
ferent processing technologies: batch compound-
ing, extrusion, compression molding, and calen-
dering.

Fibers were dispersed in the polymers in a mix
chamber (Rheocord 9000 HAAKE) at different fi-
ber concentrations. Compounds were compres-
sion-molded, and these materials will be referred
as MIX–COMP. Compounding, before compres-
sion-molding, was also performed by using a lab-
oratory twin-screw extruder (HAAKE CTW 100)
to prepare pellets. These pellets were then either
compression-molded (samples EXT-COMP) or
used to prepare films by a calendering device
(samples EXT-CAL).

MIX–COMP

The following fiber concentrations were used in
this case: MAT-Y, 5–50% w with increments of 5%
w; MAT-Z, 5–40% w, with increments of 5% w;
and PCL, 30–70% w with increments of 10% w.

Mixing temperatures were 72°C for MAT-Z and
140°C for MAT-Y, and they were chosen accord-
ing to the technical specifications indicated for
the different grades of Mater-Bi. PCL-based com-
posites were processed at 140°C because, at this
temperature, the low viscosity of the matrix al-
lowed the preparation of samples with high fiber
concentration. The rotational speed was kept
equal to 100 rpm, and the residence time varied
from 60 to 150 s with the increase of the fiber
content.

Compression-molding was performed with a
pressure of 0.7 MPa and a temperature of 180°C
for MAT-Y-based composites and 0.35 MPa and
90°C for both MAT-Z- and PCL-based materials.

EXT–COMP

Compounding was performed by the twin-screw
extruder to prepare pellets having a fiber concen-
tration of 40% w in a matrix of MAT-Z. Due to the
low density of the lignocellulosic materials, the
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fiber dispersion in the extruder was divided in
four steps: the material was extruded four times;
and, at each step, fibers were added with incre-
ments of 10% in order to get an overall fiber
content of 40% w. The total residence time of the
polymer in the extruder after the four stages was
kept equal to 180 s, that is, 30 s more than the
mixing time in the Rheocord. The temperature in
the extruder can be independently controlled in
four zones: three along the barrel, and the last at
the die. In this case, the four temperatures were
50, 75, and 90°C in the barrel and 110°C at the
die. Compression-molding was performed accord-
ing to the procedures described above.

EXT–CAL

Composite pellets with MAT-Z were prepared
with a fiber content of 30% w and then calen-
dered. Also in this case, the extrusion process was
divided into three steps to increase progressively
the fiber content and the temperature profile was
the same as in the previous section. A fourth step,
with the same temperature profile, was then em-
ployed for the calendering operation.

Test Methods

Tensile tests were performed by an INSTRON
(model 4204) according to the ASTM 638M (dum-
bell geometry Type M-III). Crosshead speed em-
ployed for the tests was 2 mm/min. Morphology of
the fracture surfaces was observed by means of a
scanning electron microscopy (HITACHI S-2300).

Statistical Distribution of Fiber Geometry

Fiber length and diameter were statistically eval-
uated on the composite samples after removal of
the matrix component by Soxhlet extraction. Ex-
perimental data were elaborated in order to ob-
tain the cumulative distribution function of fiber
dimensions: F(d) for diameter, F(l ) for length,
and F(l/d) for the aspect ratio. In general, the
function F( x) describes the fraction of fibers hav-
ing a dimension # x.

RESULTS AND DISCUSSION

Mechanical Properties

Biodegradable polymers with different mechani-
cal properties were selected as matrices. MAT-Y
is a brittle polymer with a high modulus (E 5 793

MPa) and low elongation at break («b 5 4.9%),
while MAT-Z (E 5 38 MPa) and PCL (E 5 114
MPa) are flexible materials with very high «b («b
equal to 1480% for PCL and 960% for MAT-Z). In
particular, PCL displays the typical cold drawing
behavior with the formation of a neck, which ap-
pears in correspondence to the yielding stress
(Fig. 1). The formation of the neck is followed by a
plastic flow occurring with almost constant stress
up to a deformation of 700%. The alignment of the
macromolecules, which follows this phenomena,
produces a further increase of the stress versus
strain up to rupture of the material. MAT-Z
shows a very high elongation at break; but, in this
case, no neck was observed, and, for this reason,
the yield point does not exhibit the typical maxi-
mum, as shown in the same figure.

Selected stress–strain curves are reported in
Figures 2–4 to show the effect of fibers concentra-
tion on the mechanical behavior of the compos-
ites, while Tables I–III report mechanical data of
the all materials prepared. The three classes of
materials present a similar behavior: an increase
of the amount of fibers results in higher elastic
modulus and lower strength and maximum elon-
gation, compared to the properties of the matrix
components.

Fibers produce a great reduction of the maxi-
mum elongation displayed by the pure MAT-Z
and PCL. In MAT-Z-based composites, fibers pro-
gressively reduce the plastic flow (Fig. 3), which
disappears at a concentration above 20%.

Cold drawing is absent in PCL-based compos-
ites (Fig. 4), and this is due to the high concen-
tration of fibers (.30%). In this case, a yield point
is still present, but the presence of fibers prevents
macromolecular orientations, typical of the cold-

Figure 1 Stress–strain curves of MAT-Z and PCL.
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drawing phenomena. However, composites with
fiber concentration up to 50% do not display brit-
tle fracture. As a matter of fact, postyielding be-
havior is characterized by a gradual reduction of
the stress upon strain, and this can be correlated
to fiber pull-out.

Comparison among three composite materials
reinforced with the same fiber concentration (30%
w) is shown in Figure 5. Differences of the me-
chanical behavior of the pure polymers are
strongly reduced in the composites. As a matter of
fact, elongation at break varies only from 1.3 to
3.5%, strength from 5.5 to 11 MPa, and the mod-
ulus from 363 to 1166 MPa. Contribution of the
fiber properties to the mechanical behavior of the
composite becomes more and more significant as
the fiber concentration increases.

Elastic Modulus

The higher elastic modulus of the fibers, com-
pared to those of the matrices employed in this
work, lead to materials with greater rigidity. In
order to examine this behavior, experimental
data were analyzed according to the Halpin–Tsai
equation, as follows:

Ec

Em
5

~1 1 ABf!

~1 2 Bf!
(1)

with

B 5
Ef/Em 2 1
Ef/Em 1 A (2)

Figure 2 Stress–strain curves of the MAT-Y compos-
ites.

Figure 3 Stress–strain curves of the MAT-Z compos-
ites.

Figure 4 Stress–strain curves of the PCL composites.

Table I Mechanical Data of MAT-Y-Based
Composites (MIX–COMP)

Algae
Content

(%) E (MPa) sb (MPa) «b (%)

0 w 792.8 6 14.3 17.0 6 1.0 4.9 6 0.2
5 w 827.7 6 46.3 12.5 6 0.3 2.2 6 0.1

10 w 1050.1 6 49.6 11.0 6 1.7 1.5 6 0.2
15 w 744.9 6 141.9 5.6 6 1.1 0.8 6 0.1
20 w 898.0 6 221.9 6.8 6 1.3 1.0 6 0.1
25 w 1155.6 6 266.8 10.7 6 1.5 1.1 6 0.2
30 w 1166.1 6 88.1 9.6 6 1.5 1.0 6 0.2
35 w 1139.8 6 172.2 10.1 6 1.5 0.9 6 0.1
40 w 1253.4 6 638.9 10.8 6 1.0 0.8 6 0.1
45 w 1825.7 6 327.6 10.5 6 2.4 0.8 6 0.1
50 w 2207.9 6 403.7 9.9 6 1.1 0.7 6 0.1
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where Ec, Em, and Ef are the elastic modulus of
the composite, the matrix, and the fibers; f is the
volumetric fiber concentration. The elastic modu-
lus of the fibers was assumed to be equal to 5.62
GPa (see discussion on morphology for details).

A is a not negative parameter related to (a)
fiber aspect ratio l/d, (b) packing geometry, and
(c) loading conditions. A was used as an adjust-
able parameter for the fitting of the experimental
data, and the following values were found: A
5 0.615 for MAT-Y, A 5 14.9 for MAT-Z, A
5 6.09 for PCL. A comparison between experi-
mental data and the best fitting curves obtained
by eqs. (1)–(2) is reported in Figure 6.

The low value of A and, therefore, the small
increase of the elastic modulus observed in the
composite with MAT-Y is due to damaging effects
occurring during the mixing process of the fibers
in the melt, as confirmed by lower values of the
statistical distribution of the aspect ratio reported
in Figure 7(a). Less damage was observed when
MAT-Z and PCL were used as matrices, and this
is related to their lower viscosity during the mix-
ing process. As a matter of fact, high shear
stresses developed during mixing can result in

the breakage of the fibers if the shear stresses
transferred to the fibers overcome their tensile
strength, and this effect was more evident in
MAT-Y-based composites.

Shear stresses result not only in the fragmen-
tation of the fibers but, as confirmed by the sta-
tistical analysis of fiber diameter [Fig. 7(b)], in-
duce their disgregation into fibers constituted by
a discrete number of individual fibers or ducts,
promoting an effective reduction of the average
diameter of the reinforcing elements. The distri-
bution function F(d) is not continuous with the
diameter but has a typical multimodal shape.
This is due to the fact that disgregation leads to
fibers composed by an integer number of elemen-
tary fibrils.

These individual fibers are themselves compos-
ites of predominantly cellulose, lignin, and hemi-
cellulose; and their mechanical properties are de-
pendent on the cellulose content and also on the
angle at which fibrils are aligned in the fibers.
Finally, the mechanical properties of the overall
fiber is dependent on the properties of the matrix
connecting the individual fibers, which usually is
the weak link in the system.

Table II Mechanical Data of MAT-Z-Based Composites (MIX–COMP)

Technology
Algae

Content (%) E (MPa) sy (MPa) «y (%) sb (MPa) «b (%)

MIX–COMP 0 w 37.5 6 0.9 2.4 6 0.6 6.6 6 1.5 7.3 6 1.3 859.0 6 89.0
MIX–COMP 5 w 76.4 6 4.8 3.3 6 0.4 4.5 6 0.7 5.5 6 0.3 106.3 6 16.5
MIX–COMP 10 w 89.5 6 12.1 1.8 6 0.3 2.5 6 0.5 4.3 6 0.7 53.5 6 24.7
MIX–COMP 15 w 138.0 6 9.3 2.5 6 0.3 2.0 6 0.3 5.0 6 0.1 18.6 6 6.1
MIX–COMP 20 w 181.8 6 21.8 2.0 6 0.1 1.3 6 0.1 4.7 6 0.6 14.3 6 3.9
MIX–COMP 25 w 226.5 6 70.7 2.6 6 0.4 1.4 6 0.5 4.6 6 0.1 3.7 6 1.3
MIX–COMP 30 w 363.2 6 29.7 2.6 6 0.3 0.9 6 0.1 5.5 6 0.8 3.2 6 0.2
EXT–CAL 30 w 590.6 6 41.8 7.5 6 0.8 1.5 6 0.1 8.8 6 0.9 2.5 6 0.2
MIX–COMP 40 w 333.5 6 10.3 3.0 6 0.2 1.1 6 0.2 5.6 6 0.5 4.0 6 .04
EXT–COMP 40 w 233.8 6 7.5 2.6 6 0.1 1.3 6 0.3 7.2 6 0.6 9.1 6 0.7

Table III Mechanical Data PCL-Based Composites (MIX–COMP)

Algae
Content (%) E (MPa) sy (MPa) «y (%) sb (MPa) «b (%)

0 w 114.1 6 1.1 7.2 6 0.3 6.5 6 0.1 18.2 6 0.5 1426.4 6 8.2
30 w 557.8 6 132.7 7.2 6 0.7 1.7 6 0.7 9.8 6 0.6 3.3 6 1.2
40 w 630.2 6 28.4 8.4 6 1.0 1.5 6 0.1 9.7 6 0.5 2.2 6 0.3
50 w 847.5 6 120.8 6.8 6 1.9 1.0 6 0.2 9.2 6 1.3 1.8 6 0.3
60 w 1170.7 6 18.8 7.0 6 1.9 0.8 6 0.1 9.1 6 1.3 1.4 6 0.2
70 w 1468.6 6 32.3 12.1 6 0.9 1.0 6 0.1 12.7 6 1.2 1.2 6 0.1
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Comparison between the statistical distribu-
tion of the fiber diameter in PCL and MAT-Z
composites, reported in Figure 7(b), shows that
the disgregation of the original fibers is less pro-
nounced in PCL-based composites. Here, a rela-
tively high percentage of fibers (; 30%) have a
greater diameter than those dispersed in MAT-Z-
based composites. As a consequence, in the PCL
systems, load is carried by a high number of fibers
composed of a certain number of adjacent ducts;
and, for this reason, the effect on Young’s modu-
lus of the composites is less effective than in sys-
tems, where the individual fibers are separated.
This behavior justifies the lower value of A in
PCL composites compared to the MAT-Z-based
composites.

Mechanical Strength of Composites

The addition of fibers to the biodegradable matri-
ces results in materials with lower mechanical
strength. Strength of composites sbc, divided by
the strength of the matrix sbm is reported in
Figure 8 as function of fiber concentration. After
an initial drop, there is an increase of sbc with a
partial recovery of the mechanical strength.

In order to make comparison between the dif-
ferent composites, we should take into account
the differences exhibited by the matrix compo-
nents. The biodegradable polymers chosen for
this work have very different mechanical behav-
iors, ranging from systems presenting high rigid-
ity and brittle fracture (MAT-Y) to materials with
plastic flow associated with cold drawing (PCL)
and to materials displaying viscous flow (MAT-Z).
For the last two composite systems, fracture oc-
curs after the yielding point. In particular, for

Figure 5 Effect of the matrix on the stress–strain
curves of composites containing 30% w of fibers.

Figure 6 Normalized elastic modulus of the compos-
ites as function of fiber concentration. Continuous
curves represent the Halpin–Tsai model.

Figure 7 Cumulative distribution of (a) aspect ratio
l/d and (b) fiber diameter of MIX–COMP samples con-
taining 30% w of fibers; (h), MAT-Z, (E) MAT-Y, (‚)
PCL, (F) fibers before processing.
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MAT-Z-based composites, this is true when com-
position is lower than 15% w. In this case, fibers
interfere with the alignment of the macromole-
cules during the plastic flow, amplifying defects
and reducing the maximum strength of the mate-
rial. For concentration higher than a critical
value, plastic flow is not present, and the rupture
occurs when the stress overcomes the strength of
the composite system, which depends upon the
reinforcing capacity of the fibers and the quality
of the adhesion.

The initial decrease of the mechanical strength
is, however, a common behavior in short fiber-
reinforced composites22 since a low volumetric
fraction of fibers (f) does not provide additional
strength to the matrix. In other terms, at low
concentrations, fibers act only like weakening
points. When algae concentration is higher
(.15% w for MAT-Z; .25% w for MAT-Y), fibers
contribute to increase the strength of the mate-
rial, allowing a partial recovery of the initial drop.

Comparison between MAT-Y and MAT-Z data
confirms that damage of fibers is less pronounced
in the latter system, probably for the low viscosity
of the matrix and for the lower mixing tempera-
ture. We should underline that for fiber concen-
tration higher than the minimum volumetric frac-
tion allowable for reinforcing effects, mechanical
strength doesn’t increase monotonically with fiber
concentration. As a matter of fact, the mechanical
strength of the composites is never higher than
the matrix strength, but, in the best case, it is
about 40% lower. This is due to the poor mechan-
ical strength of the algae fibers, which can be
related to the low actual section of the porous

morphology displayed by these fibers, as will be
discussed later. Moreover, the average length of
the fibers is probably lower than the critical
length necessary for reinforcing effects.

The higher strength displayed by MAT-Z com-
posites, compared to PCL ones, can be related not
only to a different level of fiber–matrix interac-
tion of the two composite materials, but also to
the greater fiber disgregation occurring in MAT-Z
composites. In the latter case, load is transferred
to fibers with a fewer numbers of ducts and, sim-
ilarly, to what is observed for the elastic modulus,
this produced materials with higher strength.

Effect of Processing

In order to analyze the effect of the mixing pro-
cess on the mechanical properties, composites
based on MAT-Z, containing 40% w, of fibers were
prepared according to procedures described above
for MIX–COMP and EXT–COMP. Stress–strain
curves, compared in Figure 9, show that extrusion
process yields to materials with higher strength
and strain at break (Table II).

The lower strength displayed by the MIX–
COMP samples is related to the different damag-
ing effects occurring during mixing and extrusion.
The higher shear stresses, developed during the
extrusion process, result in greater damaging of
fibers, which showed a lower length [Fig. 10(a)]
and diameter [Fig. 10(b)]. However, fragmenta-
tion and disgregation produce fibers with a higher
aspect ratio l/d [Fig. 10(c)]. Combination of these
two effects (separation in individual fibers and

Figure 9 Effect of processing on stress–strain curves
of the MAT-Z-based composite, with a fiber concentra-
tion of 40% w: [curve (a)] MIX–COMP and [curve (b)]
EXT–COMP.

Figure 8 Normalized mechanical strength versus fi-
ber concentration: (E) MAT-Z, (‚) MAT-Y, and (F)
PCL.
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increase of l/d) leads to composite materials with
higher strength.

In Figure 11, stress–strain curves of MIX–
COMP (30% w of fibers) samples [curve (a)] are
compared with EXT–CAL (30% w of fibers) sam-
ples in the transversal [curve (b)] and longitudi-
nal [curve (c)] directions of the calendering oper-
ation; also in this case, materials prepared by
mixing show lower mechanical properties. More-
over, flow profiles developed during the calender-
ing operation gave rise to anisotropic materials.
For this reason, mechanical properties measured
in the longitudinal direction are higher than
those measured in the opposite one. This behavior
is related to alignment of both fibers and poly-

meric matrix. As a matter of fact, these direc-
tional effects were also observed in pure calen-
dered MAT-Z.

Morphology

Scanning electron microscopy of the algae re-
vealed the cellular structure of these fibers (Fig.
12), characterized by a large number of adjacent
ducts. The resistant section is therefore lower,
and this is one of the reasons of the low mechan-
ical strength of both fibers and composites. Image
analysis of the algae section allowed the determi-Figure 10 Effect of processing on the cumulative dis-

tribution of (a) length, (b) fiber diameter, and (c) aspect
ratio l/d on MAT-Z composites containing 40% w of
fibers: (E) EXT–COMP and (F) MIX–COMP.

Figure 11 Effect of processing on stress–strain
curves of MAT-Z-based composite, with a fiber concen-
tration of 30% w: [curve (a)] MIX–COMP, and [curve
(b)] EXT–CAL in transversal and [curve (c)] longitudi-
nal directions.

Figure 12 Scanning electron microscopy (SEM) mi-
crograph of the fracture section of an algae fiber
(15003).
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nation of the void fraction (; 47%), which was
used to estimate the properties of the fibers. Den-
sity and elastic modulus were calculated from the
properties of crystalline cellulose, and the follow-
ing values were obtained: rfiber 5 0.53 z 1.50 g/cm3

5 0.795 g/cm3; and Efiber 5 0.53 z 10.6 GPa 5 5.62
GPa.

Figure 13(a) shows the typical fracture sur-
faces of the MAT-Z-based composites. Even
though fiber concentration in this figure is 40% w
(f 5 45.6%), the fiber fraction appears to be quite
low. This is due to the damaging of the fibers that
separate into a large number of small fibrils. As
previously shown (Fig. 7), the initial size of the
fibers is therefore reduced due to the separation of

the original adjacent ducts. These fibrils are em-
bedded into the polymeric matrix and produce the
typical fibrillar morphology when samples are
mechanically loaded, as confirmed by the higher
magnification micrograph [Fig. 13(b)]. Moreover,
the surface of the fibers are not totally clean, and
this suggested good fiber–matrix adhesion.

CONCLUSIONS

The effect of sea algae concentration on the me-
chanical properties of biodegradable composites
have been investigated. The increase of fiber con-
tent yields to materials with higher elastic mod-
ulus. However, due to the low mechanical
strength of the fibers and to the their low adhe-
sion with the matrix, composites showed lower
mechanical strength than those of the matrix con-
stituents.

Shear stresses developed in mixing and extru-
sion processes were responsible for damaging
phenomena of the fibers, and these effects are
related to the different rheological properties of
the thermoplastic matrices. Better mechanical
properties were obtained in all those cases when a
reduction of diameter, related to disgregation of
fibers, occurred, while the aspect ratio l/d was
preserved.

The higher shear stresses developed in a coun-
terrotating, conical, and intermeshing twin-screw
extruder utilized to disperse fibers caused a great
reduction of both fiber diameter and length. The
statistical distribution of ratio l/d was, however,
higher compared to those obtained from batch-
mixing operations. For this reason, better me-
chanical properties were obtained when compos-
ites were prepared by the twin-screw extrusion
process.
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