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Abstract Natural lignocellulosic fibers are successfully
replacing synthetic fibers as the reinforcement phase of
composite materials in many engineering applications,
including automobile parts. In addition to well-known
conventional lignocellulosic fibers, others with promising
properties, like that obtained from the leaves of the curaua
plant (Ananas erectifolius) found in the Amazon region of
Brazil, are now being considered. The present work
investigated microstructural aspects associated with the
performance of curaua fibers in pullout tests carried out to
characterize the fibers interfacial strength with a polyester
matrix. The results have shown that the naturally bonded
filaments that constitute a curaua fiber present interspatial
voids between them. These voids play an important role in
providing adherence of the fiber surface to a polyester
matrix, resulting in an effective reinforcement for a curaua-
strengthened composite.

Introduction

Biodegradable and renewable lignocellulosic natural fibers
have been considered as substitutes for energy-intensive
synthetic fibers made of glass, aramid or carbon in many
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uses in which a high elastic modulus is not required [1-3].
In fact, traditionally cultivated fibers for textile such as
cotton, sisal, jute, flax, hemp and ramie are, nowadays,
being applied in several engineering systems from auto-
motive parts to building construction elements [4-6]. In
most of these applications, the natural fiber is used as a
reinforcement phase for polymeric matrix composite
materials. In particular, the low cost associated with low
density and the fact that natural fiber reinforced composites
can easily be recycled are economical advantages over
synthetic fiber composites [3-6].

In order to further extend the use of lignocellulosic nat-
ural fibers, it is important to fully characterize the properties
of the traditional fibers and to search out for new sources of
this type of material. In developing countries with vast
tropical areas, such as India and Brazil, technological re-
search works are revealing promising lignocellulosic fibers
from plants that were, so far, not applied as engineering
materials. Examples of relatively unknown plants whose
fibers could serve as reinforcement of engineering com-
posites are piassava (Attalea funifera) [7-10], sponge gourd
(Luffa cylindrica) [11-13] and curaua (Ananas erectifolius)
[14—-15]. Among these fibers, curaua is the one with greater
potential to be used as an engineering material owing to its
reported mechanical properties [16, 17]. According to Leao
et al. [15], curaua is ranking in the top four among the
common fibers for stiffness.

The possibility of using curaua fibers in polymeric
composites has been investigated by Araujo [18]. Poly-
urethane and polypropylene composites incorporated with
20 wt.% of chopped, 6-20 mm, curaua fibers were char-
acterized by thermal analysis techniques. In particular, the
storage modulus obtained by dynamic mechanical analysis,
DMA, showed that the incorporation of curaua fibers tends
to increase the stiffness of both types of composites.

@ Springer



490

J Mater Sci (2008) 43:489-493

Another relevant point regarding the mechanical
behavior of curaua fibers is its soft characteristics associ-
ated with relatively small diameter. Consequently, the
precise determination of a single fiber ultimate stress is a
difficult task. In fact, detailed information on the experi-
mental procedure used to measure the tensile resisting area
of a single fiber has not been given in the works related to
this subject [14—18].

In spite of the already performed investigation on the
curaua fiber properties, no systematic evaluation of its
behavior as reinforcement for polymeric matrix composites
or microstructural characterization of its interfacial
strength has been performed. Therefore, the results
obtained from tensile tests and the characterization of
curaua fibers by scanning electron microscopy were the
objective of the present work.

Experimental procedure

Fibers of curaua (Ananas erectifolius) were obtained from
the POEMA project in the state of Para, Amazon region,
Brazil. Figure 1 illustrates, respectively, the aspect of the
curaua plant (a) and a bundle of fibers extracted from the
leaves (b). These fibers are known by their high strength,
smoothness and low density [15].

Fig. 1 Curaua plant (a) and fibers (b)
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The curaua fibers were used in the as-received condi-
tion, without any surface treatment, except open air-drying.
The length and the diameter of the fibers were statistically
evaluated using the graphs in Fig. 2. From these graphs, an
average length of 442 mm and an average diameter of
0.17 mm were obtained.

Tensile tests were performed in more than 100 single
fibers using a mechanically driven Instron machine
with pneumatic action grips. The tests strain rate was
5x 107 s and a grip holding pressure of 0.15 MPa was
applied to the fibers extremities.

Before each tensile test, the fiber diameter was measured
both with a profile projector and a micrometer caliper. It
was found that measurements done by a metallic caliper, in
which one needs to feel the touch of the metal against the
fiber surface, underestimated the correct value of the
diameter. Consequently, the fibers’ cross-section area was
also underestimated, and unrealistically greater values for
the tensile strength were consequently determined [19].
This effect was more accentuated the smaller the fibers’
diameter. Figure 3 presents the correction curve that nee-
ded to be considered to obtain the correct value for the
curaua fiber diameter, whenever a metallic caliper is used.

Pullout tests were performed according to the schematic
drawing shown in Fig. 4a. The embedded length L in this
figure was varied from 3 to 50 mm in order to generate a
pullout tensile stress versus L curve. The single curaua
fiber was mounted on cylindrical polyester socket, Fig. 4a,
with 6 mm in diameter. Each pullout test was conducted on
a mechanically driven Instron machine with pneumatic
action grips at a strain rate of 5 x 10~ s™'. A holding
pressure of 0.15 MPa was experimentally determined to
provide reliable test results. The polymeric resin used as
the embedding material, simulating the composite matrix,
was a commercially available orthophtalic polyester mixed
with 0.5 wt.% of methil-ethil-ketone catalyst. The fiber/
polyester socket was cured at room temperature for at least
24 h. A minimum of 20 specimens were tested for each
value of the embedded length and a stress versus L curve
for the curaua/polyester composite system was obtained
[20]. This pullout curve is shown in Fig. 4b.

The structural analysis of the curaua fibers was
performed by scanning electron microscopy, SEM,
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Fig. 3 Correction curve for the curaua fiber diameter when using a
metallic caliper (factor to be multiplied by the measured cross section
area)

observations in a model JSM 6460 LV Jeol microscope
operating with a beam voltage of 15-20 kV.

Results and discussion

Figure 5 illustrates the two general types of load versus
extension curves typically registered by the Instron ma-
chine.

Most of the single curaua fibers, when tensile tested,
presented a sudden rupture after the linear elastic
extension, as shown in Fig. 5a. Few other fibers, Fig. 5b,
undergo a successive process of rupture of the individual
filaments that constitute the fiber structure. These micro-
structural aspects, which will be shown ahead in the present
work by SEM. In this latter case, each discontinuous drop
in the curve in Fig. 5b could be associated with a broken
filament. Here it is important to remark that fibers that
undergo a sudden rupture, Fig. 5a, display a relatively
higher ultimate stress than the ones, Fig. 5b, that suffer a
successive rupture of their filaments.

From the more of 100 curves, such as those shown in
Fig. 5, a mean value and corresponding standard deviation
was obtained for the tensile strength of curaua fibers:

Fig. 4 Pullout test of curaua (a)
fibers: (a) schematic procedure
and (b) stress versus embedded
length curve

(a) (b)

Fig. 5 Examples of the typically registered load versus extension
curves for curaua fiber: (a) sudden rupture; (b) successive rupture of
filaments

om = 404 + 141 MPa (1)

Regarding the value presented in Eq. 1, it is relevant to
mention that, owing to the different cases of rupture
illustrated in Fig. 5, a large dispersion in the strength value
given in Eq. 1 can be justified. Indeed, among all tensile
tests performed, one fiber presented a maximum value of
729 MPa whereas a minimum of 158 MPa was also found.

Another point worth mentioning is that the mean value
of 404 MPa obtained in the present work is significantly
smaller than that of 502 MPa previously reported [17]. A
possible explanation for this discrepancy could be the way
of measuring the fiber diameter, as above discussed in the
Experimental Procedure. In fact, a recently obtained
unrealistic average value for the curaua fiber strength of

(b)

600

Polyester socket =
simulating the %
; i < 400 1
composite matrix -
8
fiber & !
O ~—— (6} 5 2007 f B B
—15 3 10,84
0dL 1020 ‘ ‘ ‘
Embedded length 0,7 20 3 40 50

&7 Embedded Length, L (mm)

@ Springer



492

J Mater Sci (2008) 43:489-493

559 + 314 MPa [19], in which the fibers’ diameters were
measured with a metallic caliper, confirmed this explana-
tion.

Based on the pullout curve of Fig. 4b, in which the fiber
cross section area was calculated using the correction curve
in Fig. 3, both the fiber’s critical length, /., and its inter-
facial strength with the polyester matrix, 7., were evaluated
by means of the Kelly and Tyson equation [21].

o dO'f
T 21,

(2)

where ¢, = 10.20 mm is the critical length in Fig 4b,
d=0.17 mm the average fiber diameter in Fig. 2b,
o =404 = 141 MPa the fiber strength in Eq. 1 and 1
calculated as

T = 3.4 + 1.2MPa (3)

Among the lignocellulosic fibers like the piassava [9]
this interfacial strength is relatively high and could repre-
sent a comparatively good adherence between the curaua
fiber and the polyester matrix.

The role played by the microstructure of the curaua fiber
on its interfacial strength with the polyester matrix was
revealed by SEM analysis. Figure 6 shows the typical
aspect of a curaua fiber broken in tension. In this figure one
should notice that a single curaua fiber is formed by several
filaments that participate, individually, in the rupture
process. Actually, during this process, some filaments
could be breaking, while others are still intact and resisting
the applied load.

Figure 7 depicts a single curaua fiber, as a bundle of
parallel filaments, which has been pulled out from the
polyester socket during the test. In this figure, it is

X80 ZOBkm
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Fig. 6 Tensile fracture of a curaua fiber
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Fig. 8 Interaction of filaments and polyester resin in a single curaua
fiber

important to observe the patches of resin still covering the
fiber.

Figure 8 reveals, with larger magnification, the polyes-
ter resin interaction with the filaments’ surface. One could
then regard the curaua fiber as a natural mini-composite in
which the space in between the filaments may be pene-
trated by the resin, while it is in the liquid state. Conse-
quently, as shown in Fig. 8, the curaua fiber tends to
develop a strong adherence to the polymeric phase and thus
efficiently transfer mechanical strength to the composite
matrix. In conclusion, the heterogeneous characteristics of
the curaua fiber are associated with naturally bonded fila-
ments presenting interspatial voids between them. These
voids could help the adherence of a polymeric resin matrix,
resulting in an effective reinforcement for a curaua fiber
composite.
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Conclusions

Curaua fibers are among the strongest natural lignocellu-
losic fibers with a tensile strength above 400 MPa. How-
ever, owing to heterogeneous characteristics, which result
in large statistic dispersion, tensile strength greater than
700 and smaller than 200 MPa may eventually be found in
individual fibers.

In a microstructural scale, the heterogeneous character-
istics of the fiber are associated with naturally bonded fil-
aments presenting interspatial voids between them. These
voids could help the adherence of a polymeric resin
resulting in an effective reinforcement for a curaua fiber
composite.

Acknowledgments The authors thank the Brazilian agencies:
CNPq, CAPES, FAPERJ and TECNORTE/FENORTE for supporting
this research. It is also gratefully acknowledged the permission by the
PEMM/COPPE/UFR]J for using the SEM microscope.

References

1. Bledzki AK, Gassan (1999) J Prog Polym Sci 24:221

2. Bledzki AK, Reihmane S, Gassan J (1996) J Appl Polym Sci
59:1329

3. Peijs T (2000) Mater Technol 15(4):281

4. Rowell RM, Sanadi AR, Caulfield DF, Jacobson E (1997) In:
Lignocellulosic plastic composites. UNESP, Botucatu, SP, Brazil,
p 23

5. Schuh TG, Gayer U (1997) In: Lignocellulosic plastic compos-
ites. UNESP, Botucatu, SP, Brazil, p 181

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.
21.

. Marsh G (2003) Mater Today 6(4):36
. Aquino RCMP, D’Almeida JRM, Monteiro SN (2001) J Mater

Sci Lett 20:1017

. Aquino RCMP, Monteiro SN, D’Almeida JRM (2002) Metalur-

gia Mater 58(527):97 (in Portuguese)

. Aquino RCMP, Monteiro SN, D’Almeida JRM (2003) J Mater

Sci Lett 22:1495

de Deus JF, Monteiro SN, D’ Almeida JRM (2005) Polymer Test
24:750

Boynard CA, D’Almeida JRM (2000) Polym-Plast Technol Eng
39:489

Tanobe V, Mochnacz S, Mazzaro I, Sydenstricker THD, Amico
SC (2003) In: Proceedings of the 58th annual congress of the
Brazilian society for metallurgy and materials (in Portuguese)
July, 2003. ABM - Brazilian Society for Metallurgy and Mate-
rials, Rio de Janeiro, Brazil, p 1671

Boynard CA, Monteiro SN, D’Almeida JRM (2003) J Appl
Polym Sci 87:1927

Young RA (1997) In: Lignocellulosic plastic composites.
UNESP, Botucatu, SP, Brazil, p 1

Ledo AL, Tan IH, Caraschi JC (1998) In: Proceedings of the
international conference on advanced composites, May, 1998.
Hurghada, Egypt, p 557

de Araujo CR, Perlaza LC, Mothé CG (2002) Nat Polym Compos
4:547

Sabaa MW (1991) Polym Degrad Stab 32:209

de Araujo CR (2003) Thermal decomposition kinetics of poly-
meric composites with curaua fibers (in Portuguese), D. Sc.
Dissertation, Federal University of Rio de Janeiro, Rio de Janeiro,
Brazil, December, 2003)

Monteiro SN, de Deus JF, D’ Almeida JRM (2005) In: Proceed-
ings of the SAM-CONAMET Binational Congress, October,
2005. SAM - Argentinean Society for Materials, Argentina, p 1
Monteiro SN, D’ Almeida JRM (2006) Rev Mater 11(3):189
Kelly A, Tyson WR (1965) In: High strength materials. Wiley,
New York

@ Springer



	Performance of curaua fibers in pullout tests
	Abstract
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


