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ABSTRACT: The final properties of the composites materi-
als are strongly dependent on the residual aspect ratio, orien-
tation, and distribution of the fibers, which are determined by
the processing conditions. Present work is a systematic study
of the influence of natural fiber concentration on its damage
during all the steps involved in the composite compounding.
The system under study is cellulose fiber-reinforced polypro-
pylene. The fiber geometrical parameters—length, diameter,
and aspect ratio—are measured, and their statistical distribu-
tions are assessed for different concentrations. It is found that
the higher the fiber concentration, the lower the fiber damage.

These results evidence a difference in behavior between the
damage of flexible natural fiber and rigid ones. The results are
analyzed in terms of fiber concentration regimes, fiber–fiber
interaction, flexibility, and entanglements. Two competitive
mechanisms of the fiber interaction are proposed for explain-
ing the fiber damage behavior during the flow of the flexible
natural fiber suspensions. � 2006 Wiley Periodicals, Inc. J Appl
PolymSci 103: 2501–2506, 2007
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INTRODUCTION

Composites materials are currently used in many
applications. Continuous thermosetting fiber compo-
sites are used mainly in applications with high techno-
logical contents such as aircraft and space industries
because of their cost. On the other hand, short fiber
thermoplastic matrix composites are used in other
fields like automotive, sports articles, urban furniture
helmets, etc. This fact is imputable to the use of com-
modity materials as matrix (with consequent cost
reduction) and to the advantages in cost-effective pro-
cessing and performance.1

The first reinforcements used, to increase the poly-
mer rigidity, were glass, carbon, and aramid fibers.
However, over the last years, many attempts have been
made to replace the aforesaid fibers with others that
satisfy requirements such as easy availability, low cost,
good properties (when compared with traditional rein-
forcement), and low environmental impact. Natural
fibers such as flax, cellulose, hemp, jute, sisal, etc., seem
to offer a good response for these requirements. In fact,

they are very cheap, available throughout the world,
continuously renewable, and perfectly biodegrad-
able.2–9 These reinforcements also possess other ad-
vantages such as low density and good flexibility. The
mechanical properties of natural fibers are comparable
to that of the classical fillers such as glass, aramid, and
carbon.6 On the other hand, natural fibers are not abra-
sive, and this makes them very safe during the han-
dling of the products, and moreover, they do not cause
damage to the processing machine, resulting in low
equipment wear during the composites manufactur-
ing.8,9

Natural-reinforced composites are more recyclable
compared with glass or carbon fiber-reinforced ones.
The reduction in properties after recycling of natural
composites is lower than that of the composites rein-
forced with rigid glass fiber.5 Furthermore, the natural
fibers are completely environment friendly: they are
biodegradable and completely combustible; this is
important when the plastic materials are incinerated
for energy recovery.8 On the other hand, natural fibers
emit less CO2, when they breakdown, than that is
absorbed during plant growth.10

Currently, the main use of the natural fiber compo-
sites is for building materials such as tiles, doors, and
windows. The most promising sector for these materi-
als is the automotive industries.10 These composites
can be used for making of interior parts. Moreover,
these materials can be used for making products like
pottery, toys, and office objects.
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The final properties of the composites materials are
strongly dependent on the residual aspect ratio, orien-
tation, and distribution of the fibers, which are deter-
mined by the processing conditions. During the man-
ufacturing of short-fiber thermoplastic composites,
they flow as suspensions of a polymer melt and short
fibers. Then, the final fiber geometrical parameters
depend on the fiber–fiber interaction and the interac-
tion between fiber and the walls of the processing
machine. The higher the fiber concentration, the
higher the fiber interactions. However, the kind of the
fiber–fiber interaction is different depending on their
flexibility. Previous studies show that for glass fiber-
reinforced polypropylene11 compounded in a single
screw extruder, higher fiber concentration leads to
higher fiber damage. Also, they demonstrate that fiber
length and the breath of this distribution decrease
with extrusion rate. Czarnecki et al.12 studied fiber
damage and mastication characteristics of aramid-,
glass-, and cellulose fiber-reinforced polystyrene melts,
blending in an internal mixer. They found that glass
fibers break down rapidly to very small aspect ratios,
while aramid ones show a ‘‘kinked’’ structure. They
also proposed a mechanism for fiber breakage based
on buckling during rotation in shear flow. The results
about cellulose fiber mastication are not very accurate
because they say that the damage is least. No meas-
ures of geometrical parameters were done on cellulose
fibers.

There are previous studies about fiber damage dur-
ing processing.2,13 They analyze mainly the effect of
shear rate and temperature of manufacturing on final
fiber length. However, the effect of fiber concentration
on damage is not completely analyzed and under-
stood. In the present work, a systematic and extensive
study of the concentration influence on flexible natural
fiber damage during manufacturing operations is per-
formed. All fiber parameters—length, diameter, and
aspect ratio—are taken into consideration in this analy-
sis, correlating their variations to fiber–fiber interac-
tion, concentration regime, and fiber flexibility. The
results are interpreted in terms of concentration re-
gime, fiber interactions, and fiber entanglements.

EXPERIMENTAL

Materials and compounding

Polypropylene MOPLEN FL F20 in powder form (Mw:
240,000 g/mol; Mn: 94,000 g/mol), kindly supplied by
Montell, was used as matrix. Natural fibers were
obtained from sheets of cellulose pulp type LINCELL
A, kindly supplied by Celesa. These sheets were
reduced and separated by grinding in a high-speed
rotational mill (Waring blender) at room temperature.
After this, the fibers from cellulose pulp were well sep-
arated like fibers in cotton wools.

The fiber/matrix compounding was carried out in a
batch mixer Haake Rheomix 90 at 1908C and 100 rpm.
To improve the fiber dispersion, the mixer was fed
with PP (powder) and ground cellulose pulp. The mix-
ing was performed for 15 min to obtain a constant tor-
que in the mixer. Samples with concentration of 10, 20,
30, and 40 wt %were prepared. Table I shows the char-
acteristics of all samples prepared.

Several preliminary experiments were performed
first to choose the method for mixing cellulose pulp
with polymer to obtain a composite with fibers uni-
formly distributed. The first method included feeding
the mixer with the polymer and cellulose pulp cut in
small pieces, but the mixer was not able to homoge-
nously disperse the fibers into the melt polymer. The
second one included the dispersion of the fibers in
water to enhance its separation, followed by a drying
process and feeding the mixer with these fibers and the
polymer. The problem was that, after drying, the cellu-
lose fibers were agglomerated again, and the final dis-
persion was not very good.

Finally, the best final homogeneity in the composite
was obtained by feeding the mixer with the ground
pulp. In all the cases, the homogeneity control was pri-
marily visual and, more accurately, using optical
microscope.

Fiber characterization

Fiber density determination

The fiber density was measured according to the
ASTM D 792 norm. This procedure is based on the
Archimedes principle, and then, it depends on
the weight of dry sample and the weight of the same
sample immersed a fluid having a known specific
weight. Ten samples were measured to statistically
determine the specific weight of the cellulose pulp, and
a value of 1.356 0.04 g/cm3was obtained.

Fiber geometrical parameters

The fiber characterization was performed by transmis-
sion light optical microscopy studies using a Hund
Wetzlar model H600 optical microscope. The images
were acquired online and analyzed with Scion Image
4.0 software. Images with different magnifications

TABLE I
Name and Concentration of All Suspensions Prepared

Denomination
Fiber weight
fraction f

Fiber volume
fraction fv

C0 (PP) 0 0
C10 0.10 0.069
C20 0.20 0.143
C30 0.30 0.222
C40 0.40 0.308
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were acquired to accurately measure the fiber dimen-
sions (length, diameter, and aspect ratio). The length of
the fibers was assessed using low magnifications
(2.5�) so as to have more complete fibers in each
image. However, the diameter was measured on pho-
tographs with higher magnification for accuracy (10�).
It is important to note that the measurement of flexible
natural fiber is more complex than rigid ones. Flexible
fibers had to be fitted with straight segments and the
length is obtained as the sum of this. The amount of
segment considered is a function of the fiber curvature.

The fiber dimension control was performed before
and after the grinding (even before feeding) and after
compounding in each concentration sample. In the first
case, where the fibers are not mixed with the polymer,
they were dispersed in water and put directly in a glass
slide for microscope observations. In the second case,
where fibers are into the composite, some small pieces
of the composite were cut, melted, and compressed
between two glass slides to obtain a thin film that can
be observed in a transmission light microscope. With
this method fibers are not damaged by any extracting
process. More than 30 images were taken for each sam-
ple, and at least 150 fiber measurements were done to
obtain the fiber length, diameter, and aspect ratio sta-
tistical distribution.

The distribution of the fibers geometrical parameters
was assessed by calculating the probability density of
the data. It was performed by the use of the expectation
maximization algorithm (EM)14 by means of MATLAB
5.3 program. This algorithm allows the assessment of
the probability density function from a set of data
(vector x Rd) using a linear combination of Gaussian
functions. In this work, the Gaussian used proceeds
form the class described by eq. (1).

pðxjyÞ ¼
Xn
i¼1

kiNðxjmiSiÞ (1)

where y is a vector with components (ki, mi, Si)
n
i¼1 sub-

ject to the following constrains applied are ki ‡ 0 andPn
i¼1 ki ¼ 1. The term N(x|mi Si) is the normal density

(or Gaussian one) given by the eq. (2).

NðxjmiSiÞ ¼ ð2pÞ�d=2jSij�1=2 exp � 1

2

ðx� miÞi
Sðx� miÞ

" #
(2)

The parameters in eqs. (1) and (2) can be calculated iter-
atively with the mentioned EM algorithm. The itera-
tions are divided in two steps. The first one (step E)
allows the estimation of the current parameters:

hki ¼
kiVðxkjmiSiÞPn
j¼1 kjNðxjmiSiÞ (3)

The second step, called step M, permits to obtain the
new parameters by

ki ¼ 1

m

Xm
k¼1

hki (4)
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k¼1 h
k
i x

kPm
l¼1 h

l
i

(5)

S0
i ¼

Pm
k¼1 h

k
i ðxk � m0iÞðxk � m0iÞTPm

l¼1 h
l
i

(6)

The values of the probability density for each set of
data measured (length, diameter, and aspect ratio)
were calculated by any iteration of this algorithm up
to the convergence. Note that the present algorithm
allows for the calculation of the probability density
of each component of each input vector (length, di-
ameter, or aspect ratio), but does not give the analyti-
cal expression of the distribution. Curves in Figures
1, 2, and 3 show the distribution for fiber diameter,
length, and aspect ratio, respectively.

RESULTS AND DISCUSSION

Before compounding

Fiber dimensions suffer only a little change before
compounding because of the grinding of the cellulose
pulp. The average length, as well as the variance,
changes around 4% from the initial ones, but the aver-
age diameter variation is one order of magnitude
minor, 0.5%, as shown in Table II. These results are
expected because the final dimensions of grinding
pulp are much greater than the ‘‘apparent’’ single fiber
length. Grinding is a mechanical effect more important

Figure 1 Fiber length distributions after compounding for
all composites prepared.
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for the length reduction than for fibrils separation. For
understanding this, it is important to note that an
‘‘apparent single fiber’’ (from here called single fiber)
is a group of single fibrils joined by lignin. Figure 4
shows a micrograph of the cross section of cellulose
fiber. From this, it can be observed that each fibril is
hollow and their walls are hollow too. The average di-
ameter of a single fibril is around 1 mm, and not equal
for all, and it depends on the wall thickness and the
hollow dimensions.15 Taking into account this fact, the
two principal dimensions of the fibers change with
grinding for cutting, detaching, and straining. The
smallest fiber diameter reachable is the single fibril
one. When the pulp is ground, the fibers are cut rather
than they are detached, because the lignin joined is
hard and increases the fiber toughness. The aspect ra-
tio, as expected, decreases 4% because the length varia-
tion is greater than the diameter one. Figure 5 shows
the optical microscopy images of the fibers after grind-
ing. It is evident that the fibers are flexible and their
diameter and length are not constant.

After compounding

The variation in fiber geometrical parameters is more
marked after compounding. Figures 1–3 show the fiber
length, diameter, and aspect ratio distributions (area
normalized) for all of composites prepared. Table III
shows the average parameter values, and Figure 6
shows the average values normalized with its mini-
mum as a function of fiber concentration.

The average length decreases 8.5 times for suspensions
with 10 wt % of fibers, 7 times for those with 20 wt %,
and around 6.5 times for higher concentrations. The
lower the concentrations of fiber concentration suspen-
sions, the narrower the fiber length distributions. It
seems that from a critical concentration, the fibers suf-
fer the same kind of damage. Note that the length dis-
tributions for 30 and 40wt %match each other.

The fiber diameter distributions show a similar
behavior as that of length distributions. However, the
percentages of decrements are less than that for length,
as it can be seen in Figure 6. Suspensions with 10 wt %
of fibers suffer a decrement of 58% in the average
diameter, while for 20 wt % of fibers, the diameter is
reduced to 70% of the initial one and for 30 and 40wt %
to the 86%. Also for fiber diameter, the damage in-
creases as the fiber concentration decreases.

The third parameter analyzed is the aspect ratio
(L/D), the most important geometrical parameter in the
determination of flow and final properties. Although it

Figure 3 Fiber aspect ratio distributions after compound-
ing for all composites prepared.

Figure 2 Fiber diameter distributions after compounding
for all composites prepared.

TABLE II
Average Values and Variance of Geometrical Parameters

for Cellulose Fibers before Compounding

Length L
(mm)

Diameter D
(mm)

Aspect
ratio L/D

Before grinding 3448 6 1451 37.1 6 26.2 136.5 6 86.5
After grinding 3297 6 1261 36.9 6 25.8 131.4 6 82.3

Figure 4 SEM micrograph of cellulose fiber internal struc-
ture.15

2504 TERENZI, KENNY, AND BARBOSA

Journal of Applied Polymer Science DOI 10.1002/app



came from the relation between the length and the di-
ameter, it shows different behavior with the concentra-
tion variation. For natural fibers, both fiber length and
diameter vary after processing, whereas for glass
fibers, the length varies but the diameter remains con-
stant.11,12 In the last suspensions, with higher fiber con-
tent, the fiber damage also increases. Usually, this per-
formance is understood by taking into account the
rigidity of the glass fiber. During the flow and process-
ing, the two principal causes for fiber damage are the
breaking due to fiber–fiber interaction and fiber attri-
tion for frictionwith processing equipment walls.

The fiber length distribution for rigid fiber suspen-
sions is similar to aspect ratio distribution, because the
fiber diameter is constant. Nevertheless, for the natural
fiber suspensions, the distributions get narrow as the
fiber concentration increases; for 20 wt % of fiber con-
tent, the distribution matched perfectly and the aver-
age remained constant.

A first step in the comprehension of flow behavior is
the determination of the concentration regime. Three
typical regimes can be defined depending on the fiber–
fiber interaction.When the fibers canmove freely with-
out encountering other fibers, the suspension is dilute.
On the other hand, when fiber motion is restricted by
others and cannot move, the suspension acts as a solid.

Between these two states, the fiber–fiber interaction
occurs, and this is the semiconcentrated regime.16 For
rigid fibers, one suspension can be considered semi-
concentrated if the fiber–fiber interdistance (h) is
greater than its diameter and less than its length. Fol-
lowing the definition for average h given by Batchelor17

for aligned fiber, the semiconcentration regime can be
defined by the following expressions for random and
uniform orientations, respectively:

1

L2
, n ,

1

LD2
or

p
4

D

L

8>: 9>;2

, fv ,
p
4

(7)

The limits for the suspensions feed in themixer are (av-
erage L/D ¼ 131) 4.57 0.10�5 < fv < 0.785. The maxi-
mum packing volume fraction is 0.785. This maximum
limit is valid also for flexible fibers, in the case that they
are straight, tangent, and parallel to each other.
According to this limit, all of the suspensions prepared
(Table I) are semiconcentrated; they can flow, but
fiber–fiber interaction is very important.

The typical parameters usually used for characterize
rigid fiber suspensions with uniform fiber orientation
gives the limits of fiber–fiber interactions; because they
only take into account the fiber–fiber contacts, but
not the flexible fiber entanglements. The interaction
between flexible natural fibers is more complex than in
the rigid ones because they buckle as demonstrated in
Figure 7. There are two competitive interaction mecha-
nisms that determine the final fiber dimensions. The
first one is similar to the rigid fiber suspensions. The
fibers hit each other and with the walls, and then they
break.18 On the other hand, because of the flexibility,
they entangle generating a ‘‘network.’’ The higher the
fiber content, the higher the fiber entanglements. Fig-
ure 7 corroborates it. The fiber network became denser,
and therefore, this second mechanism controls the
fiber interaction.

Figure 5 Optical micrograph of cellulose fiber before
compounding and after grinding.

TABLE III
Average Values of Geometrical Parameters of

Cellulose Fibers after Compounding

Name
Length L
(mm)

Diameter D
(mm)

Aspect
ratio L/D

C10 484 6 281 15.40 6 05.1 31.6 6 13.1
C20 977 6 712 25.50 6 10.5 38.5 6 17.7
C30 1078 6 631 28.51 6 14.5 39.5 6 18.4
C40 1116 6 653 30.11 6 14.6 40.1 6 18.4 Figure 6 Fiber geometrical parameters normalized with

the minimum value as a function of fiber concentration.

FIBER DAMAGE OF FLEXIBLE NATURAL FIBER SUSPENSIONS 2505

Journal of Applied Polymer Science DOI 10.1002/app



Based on this assumption, it is possible to under-
stand the behavior of geometrical parameters with
fiber contents. Actually, the first mechanism produces
higher damage than the second one. In the last case,
the fiber motion is so restricted by the others, and all
the fibers in the network have an affine motion, and
then, the attrition between them and against the walls
decreases considerably.

The results showed earlier agree with this discus-
sion. The higher dimension reductions were observed
for the lower concentrations. The match in the parame-
ters values for higher concentration (30 and 40 wt %)
can be also explained. The fibers motion restriction
remains constant from a determined amount of entan-
glements. More entanglements neither increase the
motion impediments nor the fiber breaking.

CONCLUSIONS

This article presents an accurate study of flexible fiber
damage before and after compounding. From the
results and the discussion presented, the following
conclusions can be arrived.

• Before compounding (after grinding), the dam-
age in the fibers is not so important, up to 4%.

• After compounding, the lower the fiber concen-
tration, the higher the geometrical parameters
reduction.

The results were interpreted in terms of the fiber–
fiber interaction, taking into account the fiber contacts
(as rigid fiber suspensions) and the fiber entangle-
ments (as flexible network). At low fiber contents, it
seems that the behavior is similar to rigid fiber suspen-
sions. However, at high fiber contents, the entangle-
ment dominates the flow behavior. A limit concentra-

tion value from which the damage remains constant
was obtained. This behavior introduces the idea of con-
sidering the concentrated flexible fiber suspensions as a
flexible fiber network intercalated in highly entangled
polymermolecules.

The authors gratefully acknowledge Dr. Jerico Biaggiotti
for the interesting discussions.
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Figure 7 Optical micrographs of natural composite materials at different concentrations: (a) 10 wt %, (b) 30 wt %.
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