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a b s t r a c t

Epoxy fique composites were evaluated for construction applications and compared with conventional
wood used in construction. The composites studied were made with fique fibers treated using Na(OH)
solution at 18 w/v%, untreated fique fibers were also used. The matrices were epoxy and epoxy with
5 wt.% of chemically modified C30B montmorillonite. Unidirectional composites of 90 mm � 20 mm �
4 mm were elaborated by pultrusion processing technique. The flexural properties loss occurred over
20 days of composites submitted to three types of environments: (i) water, (ii) saturated calcium hydrox-
ide solution and (iii) mortar with w/c ratio of 0.45 and 540 kg/m3 of cement, cured in a saturated solution
of lime stone at 50 �C. Results showed that fiber treatment and montmorillonite addition improved the
flexural modulus and strength of composites in 40% and 34% respectively. Moreover the flexural proper-
ties of composites before and after ageing resulted comparable or even better than conventional wood
used in construction.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Applications of natural fiber composites (NFCs) in construction
are being investigated as a result of the increasing demand for
environmentally friendly materials in construction. Applications
like roof for housing [1–3], structural panels, unit beams [2,3],
and door frames [4] have been investigated. Furthermore there
are other applications in construction in which NFC could be a
cheaper and environmentally friendly option. For instance NFC
could be used to manufacture geocells used in treatments to con-
trol erosion of soil, or also in the manufacture of geotextiles used
to separate, filter, reinforce, protect, and drain the soil. The knowl-
edge of mechanical properties of NFC and their mechanical proper-
ties after exposition to both alkaline and humidity environmental
or even mortar environmental is crucial for the acceptability of
the NFC in construction applications. Since natural fibers may
deteriorate in the highly alkaline environment of the cement
matrix because dissolution of hemicellulose and lignin, affects
the mechanical properties of composites [5,6].

Until now the researches about NFC, in construction [1–4,7], are
focused principally on their processing and mechanical response,
but their mechanical properties after exposition to alkaline or
mortar environmental has not been studied. The use of polymeric
ll rights reserved.
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matrix as a binder around the natural fibers provides protection to
them. However, if the interface of composites is not good, or the
matrix is not alkaline resistant, the composite will deteriorate.
When the molecules of H2O or Ca(OH)2 enter in the NFC the follow-
ing things could occur: (i) decrease in the mechanical properties of
the matrix because, chains polymer hydrolysis, network swelling,
relaxation and formation of hydrogen bonds between water and
polymer molecules [8]. (ii) Deterioration of the interface, because
H2O or Ca(OH)2 could migrate at the interface. In the case of cal-
cium hydroxide, the growth of its crystals in the voids of the inter-
face may cause a severe damage to the composite [9]. (iii) Fiber
swelling and embrittlement by chemical and biological attack [10].

To improve their mechanical properties of NFC before and after
exposition to humidity and alkaline environmentals, both modifi-
cation of natural fibers and modification of matrix can be carried
out. Alkaline treatment of natural fibers appears as low cost alter-
native compared with other commonly used treatments such as:
acetylation or silanization. Alkaline treatment results in bleaching
of the fiber removing impurities, waxy materials, lignin and hemi-
cellulose [10–12]. Regards to matrix modification, homogeneous
dispersion and exfoliation of montmorillonite comes out as an
attractive alternative. It has been reported that addition of mont-
morillonite reduces the coefficient of moisture diffusion, increases
their mechanical properties, and improves significantly the
mechanical strength [13,14].

Unidirectional composites with the matrix and the fiber modi-
fied and unmodified were elaborated by pultrusion processing
ties loss of unidirectional epoxy/fique composites immersed in water and
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technique. The flexural properties loss was measured after 20 days
of ageing of composites submitted to three types of environments:
composites in distilled water (pH = 6.0); composites in alkaline
solution (pH = 12.0), to simulate the pore solution of cement mor-
tar; composites included in cement mortar, cured in a lime stone
saturated solution.

2. Materials and methods

This investigation uses Colombian fique fibers, extracted from
the leaves of the fique plant Furcraea Andina, which is the most cul-
tivated natural fiber plant of Colombia. Fique fibers were washed
and dried before alkaline treatment to eliminate impurities and
waxes of its surface.

The epoxy resin used as matrix (E) was diglycidyl ether of
bisphenol-A (DGEBA) with n = 0.15 and the hardener is triethyl-
enetetramine (TETA) from Hunstman and provided by Distraltec
S.A. Argentina. The montmorillonite Cloisite 30B (C30B) was kindly
provided by Southern Clay Products, Inc, USA. The Cloisite 30B is a
group of mineral silicates which have been chemically modified
with a quaternary ammonium salt (methyl tallow bis-2-
hydroxyethyl).

2.1. Modification of fibers

The untreated fique fibers previously washed were treated with
18 w/v% NaOH solution at room temperature for 2 h, using a liquor
ratio (fiber/solution w/v) of 1=4 (FQ18). After the alkaline treatment,
fibers were rinsed with distilled water until neutral pH. Both un-
treated (FQ) and treated (FQ18) fibers were dried in an oven over-
night prior to composite manufacture.

2.2. Modification of matrix

The unmodified matrix (E), was elaborated with the prepolymer
DGEBA previously mixed with 12 wt.% of TETA. The modified ma-
trix (EC30B) was prepared by mixing the prepolymer DGEBA with
5 wt.% of C30B for 30 min by means of a mechanical stirrer, fol-
lowed for 30 min of sonication. Finally, the TETA hardener was
mixed for 5 min by means of a mechanical stirrer.

2.3. Manufacturing of composites

Unidirectional composites were elaborated by manual pultru-
sion with around 40 wt.% of fique fibers. To elaborate the compos-
ite, the fibers proceeded through a bath, where they were
impregnated with the matrix. Then the matrix-impregnated fibers
were preformed to the shape of the profile. After that, the compos-
ite material was passed through a steel die that was machined pre-
cisely to the final shape of the composite manufactured. Finally the
composites were submitted to following curing cycle: 21 h at
80 �C, then 15 h at 120 �C and finally 3 h at 140 �C. Samples with
dimensions 90 mm � 20 mm � 4 mm were cut from the pultruded
plaques to develop the mechanical tests and water absorption.
Composites were identified using the name of the matrix used fol-
lowed by the name of the fiber used.

3. Methods

3.1. Attenuated total reflection Fourier transforms infrared
spectroscopy (FTIR-ATR)

Infrared spectroscopy experiments were developed using a FTIR
spectrometer Nicolet 6700 Series equipped with a single-reflection
Attenuated Total Reflectance (ATR) accessory. A type IIA diamond
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crystal mounted in tungsten carbide of approximately 0.5 mm2

sampling area was used. Infrared spectra were collected at
4 cm�1 resolution using 64 scans.

3.2. Thermogravimetrical analysis (TGA)

Thermogravimetric analysis was developed using N2 atmo-
sphere at a heating rate of 10 �C/min, using around 14 mg of
sample.

3.3. X-ray diffraction (DRX)

Powder X-ray diffractometry were carried out. DRX patterns
were recorded by a SIEMENS D5000 diffractometer equipped with
an X-ray generator operating with a curve graphite filter at radia-
tion wavelength (k = 1.542 Å).

3.4. Field emission scanning electronic microscopy (FE-SEM)

Specimen surfaces were coated with a 30 nm gold layer and
observed in a Field emission scanning electronic microscopy Zeiss
Supra 40. Fiber and composite morphology were analyzed using
FE-SEM operated in secondary electron mode under an accelerat-
ing voltage of 3 kV. The FE-SEM was performed on the polished
and fractured surfaces of the composites.

Before FE-SEM analysis, surfaces of composites were studied
using an optical microscope (Olympus PM63).

3.5. Energy dispersive X-ray spectrometer (EDX)

Energy dispersive X-ray spectrometer (EDX) attached to the
SEM operated at 20 kV was used to characterize the diffusion of
calcium hydroxide molecules in samples. All the composites were
polished before the EDX tests.

3.6. Mechanical properties

Tensile tests of fique fibers were performed according to ASTM
D3379 specification with a loading rate of 2 mm/min, using an In-
stron 4204 universal machine. About 20 fibers of 30 mm in length
were tested. All tests were carried out at 25 �C.

Flexural tests of composites were performed in a Baldwin uni-
versal machine in three-point bending configuration of flexural
stress, with 74 mm of support spam following the standard ASTM
D790 M-93, Eq. (1) shows the bending equation. The specimen
measures were: 90 mm � 20 mm � 4 mm and the crosshead speed
was chosen in accordance with the standard.

r ¼ 3PL

2bd2 ð1Þ

where r is the stress in the outer fibers at midpoint; P is the load at
a given point on the load–deflection curve L is the support spam; b
is the width of the sample and d is the depth of the sample.

3.7. Flexural properties loss

The flexural properties loss occurred over 20 days of specimens
stored at room temperature in three environments: (i) distilled
water (pH = 6.0), (ii) saturated solution of Ca(OH)2 (pH = 12.0)
and (iii) cement mortar, cured in a lime stone saturated solution.
The solutions were covered and the pH of the solutions was
checked at regular intervals, solutions which had not retained
the initial pH value were replaced. Changes in composites weight
were followed over the time. After 20 days of ageing, samples were
ties loss of unidirectional epoxy/fique composites immersed in water and
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Fig. 1. FTIR spectra of: untreated fibers FQ, treated fibers FQ18, commercial
cellulose, hemicellulose and lignin.

ig. 2. TGA and differential TGA (DTGA) analyzes of untreated fibers FQ and treated
bers FQ18.
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rinsed with distilled water and let 7 days at room temperature un-
til flexural test.

A conventional pan mixer was used to make the cement mortar,
prepared following the standard EN 196-1, with w/c ratio of 0.45
and 540 kg/m3 of cement. The curing process for cement mortar
compromised three steps. In the first step, the specimens were
molded and cured for 24 h at room temperature without moisture
saturation. After that the specimen were demolded and stored in
saturated calcium carbonate solution for 7 days at room tempera-
ture. Finally the specimens in the same saturated solution were
held in a water bath at 50 �C for 4 days. Once completed the curing
procedure composites were extracted from the mortar, rinsed with
distilled water and let 7 days at room temperature until flexural
test.

3.8. Water and calcium hydroxide absorption of composites

Composites absorption at time was calculated by the weight
difference between pre-dried samples and samples exposed to
water or calcium hydroxide. The weight changes with time were
recorded. Samples were carefully dried with an absorbent paper
prior to be weighed. The Eq. (2) was used to evaluate the weight
gain of composites.

%Mt ¼
Wt �W0

W0
� 100 ð2Þ

where %Mt is the increment in weight over time t, Wt is the weight
of the moist sample at time t and W0 is the weight of the dry
sample.

3.9. Diffusion coefficients

The diffusion behavior of composites was evaluated by weight
gain measurements of pre-dried specimen immersed in water or
calcium hydroxide. The Fick’s law was evaluated with following
suppositions: the material is homogeneous; diffusion is the only
mechanism involved in water absorption i.e. no chemical interac-
tion between the polymer chains and water, without void content,
etc. Therefore, the diffusion coefficient was used as fitting param-
eters in Eq. (3). This is the apparent diffusion coefficient, because
takes into account all the involved mechanism in water absorption.

Mt ¼
4Mm

h
t
p

� �0;5

D0;5
app ð3Þ

where Mt is the increase in weight over time t, Mm is the maximum
weight gain; h is the thickness of the composites; t is the time and
Dapp is the apparent diffusion coefficient.

4. Results and discussion

4.1. Fique Fibers Treatment

The FTIR spectroscopy is an appropriate technique to establish
the variations introduced by alkaline treatments on the chemical
structure of the natural fibers. FTIR spectra of untreated and trea-
ted fibers are shown in Fig. 1. The spectras of cellulose hemicellu-
lose and lignin were superposed to determine structural changes
caused by their solubilization. It was found that peak around
2918 cm�1, corresponding to O–H stretching in methyl and meth-
ylene groups in cellulose hemicelluloses and lignin [15–18], was
presented in all spectra. Moreover, after alkaline treatment some
absorption decreased significantly. Absorption centered at
1735 cm�1, assigned to vibrations of acetyl and uronic ester groups
of hemicellulose and ester linkage of carboxylic group of the ferulic
and p-coumaric acids of lignin [15–17] decreased after alkaline
Please cite this article in press as: Gómez Hoyos C, Vázquez A. Flexural proper
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treatments. Furthermore, the band near to 1230 cm�1 corresponds
to stretching of ether groups of lignin and hemicellulose [15,16],
also decreased significantly after alkaline treatments. This indi-
cates that treatment removes appreciably the hemicellulose. In
addition, spectra of both treated and untreated fibers exhibit some
characteristic vibrations of lignin: 1510 cm�1 (aromatic rings
vibrations), 1460 cm�1 (C–H deformations) [17,18], then treatment
removes partially lignin from fiber structure. Lignin cannot be to-
tally removed by the alkaline treatment, because lignin degrada-
tion is very difficult by presence of strong C–C linkages and
aromatic groups, which are very resistant to chemical attack.

Fig. 2 shows the TGA curves which are used to characterize each
compound in the fiber before and after alkaline treatment. The
shoulder around 300 �C is because of hemicelluloses decomposi-
tion. Clearly, the alkaline treatment provoked an important loss
of this compound. Peak at 360 �C is related to cellulose decompo-
sition. Lignin was the most difficult to decompose, its degradation
occurred slowly and appear as a wide peak from 200 to 600 �C. Its
degradation is associated to dehydration, yielding derivatives
structures, with lateral unsaturated chains releasing water, CO2,
CO and CH4 [19].

The XRD patterns are presented in Fig. 3. The diffraction pat-
terns of FQ and FQ18 are very similar between them and exhibit
several broad peaks. It can be found that the pattern of both fibers
exhibits a sharp high peak at 2h 22.7� corresponding to 200 reflec-
tion plane and also the peak at the lowest angle can be described as
F
fi

ties loss of unidirectional epoxy/fique composites immersed in water and
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Fig. 3. DRX patterns of: untreated fibers FQ and treated fibers FQ18.

Table 1
Tensile properties of fique fibers.

Fiber Tensile modulus
(GPa)

Tensile strength
(MPa)

Tensile strain
(%)

Fique 5.7 ± 1.8 197 ± 65 7.7 ± 2.9
Treated

fique
10.1 ± 3.9 324 ± 122 9 ± 5
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the overlapping of 1 �10 and 110 planes reflection at 2h 15� and
16.3�; which are assigned to cellulose I [17,27]. For natural fibers
like cotton and bamboo [27,28] have been reported that alkali con-
centrations higher than 16 %wt. at room temperature and for
30 min or less, changes the fiber structure from cellulose I to cellu-
lose II. However, for fique fibers treated with NaOH 18 %w/v
(15 %wt.) for 2 h at room temperature alkaline treatment did not
introduce changes in crystalline structure of cellulose, since both
fibers exhibit very similar patterns.

The morphological changes in fibers were studied using FE-
SEM. Fig. 4 shows the surface of treated and untreated fiber, both
fibers exhibit a rough surface. However, treated fibers had more
surface area available to contact with the matrix because exhibit
some holes. For several vegetal fibers, alkaline treatment has been
reported as an economical treatment that improves the interface
between fibers and matrix. Since it removes waxy materials from
fibers surface, increases its roughness and generates defibrillation,
increasing the effective surface area available for contact with the
matrix [12,20–23].

Furthermore, the treatment of fique fibers with solution of
18 w/v% NaOH resulted in important changes in their mechanical
properties. As it is shown in Table 1, the alkaline treatment incre-
mented the elastic modulus of fibers by 77%; and also increased
their failure strength and failure strain by 64% and 17% respec-
tively. Rong et al. [24] and Goda et al. [25] reported for sisal and
hemp fibers respectively, that hemicellulose and lignin removal
make the interfibrillar regions less dense and rigid, allowing fibrils
to rearrange along the direction of tension, resulting in better load
sharing.
Fig. 4. FE-SEM images of (a) untreated fi
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4.2. Composites

The silicates are modified through ion exchange reactions with
quaternary alkylammonium cations to facilitate the intercalation
of polymers into the interlayer galleries and therefore favor the
formation of an exfoliated nanocomposite. The montmorillonite
C30B was chosen because had been shown that modification with
quaternary amines enhancing both the intercalation, and the inter-
layer spacing when is mixed with epoxy prepolymers [13,14,26].
However results showed that montmorillonite C30B was not exfo-
liated or intercalated because both composites with modified ma-
trix exhibit a small peak in the same place that pure
montmorillonite C30B (Fig. 5a and b). It is known that there are
three main parameters which produce the clay exfoliation: (i)
chemical compatibility between the particle and the matrix, (ii)
time of sonication, and (iii) shear stress reached during mixing.
In this research the chemical modification of the clay and the son-
ication time were selected as recommended other authors
[13,14,26]. However the mechanical mixer was a simple mixer
with low rpm (2000 rpm) which conduct to a low efficient mixing
during the preparation of the composite.

Table 2 shows the mechanical properties of composites. The
composite with treated fibers and modified matrix achieved the
higher flexural properties; but the flexural properties increased
more after fibers treatment than after matrix modification. Fig. 6
shows the pictures of composites obtained by optical microscopy.
Comparing composites with modified and unmodified matrix we
could see that, the modification of matrix with montmorillonite
incorporated more voids into the matrix. Since montmorillonite
addition produces an increment of voids due to its ability to air
nucleation.

Fig. 7 shows the FE-SEM images of the fractured surfaces of the
composites after mechanical test. Treated and untreated fibers
showed good adhesion with matrix because of polar behavior of
both fiber and matrix. Comparing both Fig. 7a and b we can ob-
serve that the surfaces of treated fibers shown in Fig. 7b seems
more damaged than the surface of untreated fibers shown in
Fig. 7a. Since as mentioned above, fibers treatment increases the
surface area available to contact with the matrix and also increases
bers FQ and (b) treated fibers FQ18.

ties loss of unidirectional epoxy/fique composites immersed in water and
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Fig. 5. DRX patterns (a) composites with unmodified matrix EC30BFQ and pure montmorillonite C30B and (b) composites with modified matrix EC30BFQ18 and pure
montmorillonite C30B.

Table 2
Composites flexural strength before ageing in water or calcium hydroxide.

Specimen Flexural modulus
(GPa)

Flexural strength
(MPa)

Flexural strain
(%)

EFQ 5.7 ± 2.0 125.6 ± 26.7 3.0 ± 1.0
EFQ18 7.8 ± 1.3 (37%) 156.3 ± 13.5 (24%) 3.0 ± 0.6
E30BFQ 6.9 ± 0.8 (21%) 139.9 ± 14.5 (11%) 2.5 ± 0.3
E30BFQ18 8.0 ± 0.7 (40%) 168.3 ± 11.1 (34%) 2.7 ± 0.4

(%) improvements in mechanical properties respect to EFQ composite.
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the accessibility of the hydroxyl groups in natural fibers [27–30].
Then the alkaline treatment on fibers increased the surface area
to contact with the matrix and the available hydroxyl groups to
interact with secondary hydroxyl groups of the crosslinked epoxy
Fig. 6. Pictures of composites obtained by optical microsc
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resin. Additionally Fig. 8 shows the stress strain diagrams from
flexural tests that also evidenced the improvements on interface
after the alkaline treatment. Composites with untreated fibers pre-
sented pull out after break and reached lower tensile strength than
composites with treated fibers.
4.3. Water and calcium hydroxide absorption of composites

Fig. 9a and b, shows the percentage of both water and calcium
hydroxide absorbed, plotted against time for all the matrixes and
composites respectively. The same behavior was observed for all
the composites. Composites absorb water very rapidly during the
first stages reaching the saturation value, this initial behavior is
linear in the beginning, after that absorption slows and approaches
saturation, where no more is absorbed and the content of fluid in
opy: (a) EFQ (b) EFQ18 (c) EC30BFQ (d) EC30BFQ18.

ties loss of unidirectional epoxy/fique composites immersed in water and
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Fig. 7. FE-SEM micrographs of the fractured surface of composites with (a) untreated fibers EFQ and (b) treated fibers EFQ18.

Fig. 8. Stress–strain diagrams of composites without absorption: (a) EFQ (b) EFQ18 (c) EC30BFQ (d) EC30BFQ18.
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the composites remained the similar. Comparing composites with
treated and untreated fibers, could be observed that fiber treat-
ment decreased the absorption of both water and calcium hydrox-
ide by around 6 times. Fig. 10a and b show the FE-SEM images of
composites with treated and untreated fibers, composites with
treated fibers shows less and smaller voids at interface than com-
posites with untreated fibers.

If there are voids in the matrix, the water goes into these voids
and then passes through the solid matrix to the fiber/matrix inter-
face [31]. Voids in the matrix could be produced during processing
as a result of trapped air between the fibers, or also as a result of
volatiles produced during curing of thermosetting resin. Interface
also plays an important role in composites water absorption, since
Please cite this article in press as: Gómez Hoyos C, Vázquez A. Flexural proper
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if the interface is not perfect, the fiber and matrix can be detached
and water gets into interface and then travel in axial direction of
the composite because of fibers capillarity [33–35].

Comparing Fig. 9a and b, could be observed that the presence of
natural fibers increased significantly the water absorption. The
hydrophilic character is higher for natural fibers than for matrix;
therefore matrix had little effect on the maximum amount of water
or calcium hydroxide absorbed by composite. In addition, compos-
ites with treated fibers reached the saturation after 200 h, while
composites with untreated fibers reached it after 300 h (Fig. 9a).
Since capillarity that involves the water flow at interface between
fibers and matrix, is stronger in composites with weak interfacial
adhesion [31–33].
ties loss of unidirectional epoxy/fique composites immersed in water and
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Fig. 9. Percentage of both water and calcium hydroxide absorbed, plotted against time of: (a) Matrixes (h, j correspond to unmodified matrix; 4, N correspond to modified
matrix) (b) Composites (4, N correspond to composites with unmodified matrix and untreated fiber; h, j correspond to composites with modified matrix and untreated
fiber; s, d correspond to composites with unmodified matrix and treaded fiber andr, . correspond to composites with modified matrix and treaded fiber). The white shapes
correspond to absorption in water and the black ones correspond to absorption in calcium hydroxide.

Fig. 11. Percentage of both water and calcium hydroxide absorbed, plotted against root time of: (a) Matrixes (h, j correspond to unmodified matrix; 4, N correspond to
modified matrix) (b) Composites (4, N correspond to composites with unmodified matrix and untreated fiber; h, j correspond to composites with modified matrix and
untreated fiber; s, d correspond to composites with unmodified matrix and treaded fiber and r, . correspond to composites with modified matrix and treaded fiber). The
white shapes correspond to absorption in water and the black ones correspond to absorption in calcium hydroxide.

Fig. 10. FE-SEM micrograph of the polished surface of composites with (a) untreated fibers EFQ and (b) treated fibers EFQ18.
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4.4. Diffusion coefficients of composites

Different mechanisms are active in moisture exposure of poly-
meric composite materials [33,34]: (i) capillarity mechanism that
as mentioned above involves the flow of water or calcium hydrox-
ide molecules into the interface between fibers and matrix; (ii)
Please cite this article in press as: Gómez Hoyos C, Vázquez A. Flexural proper
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transport by microcracks that comprises the flow and storage of
water or calcium hydroxide in the cracks, pores or imperfections
originated during the processing of the composite, as is the case
of composites with modified matrix; (iii) diffusion of water or cal-
cium hydroxide molecules inside the free volume between poly-
meric chains.
ties loss of unidirectional epoxy/fique composites immersed in water and
://dx.doi.org/10.1016/j.compositesb.2012.04.027
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Table 3
Absorption parameters of fique fiber composites aged in water and calcium hydroxide
at room temperature.

Specimen/
environmental

Maximal moisture
absorption Mm (%)

Apparent diffusion
coefficient Dapp (mm2/s)

EFQ/H2O 30.3 1.01E�5
EFQ/Ca(OH)2 32.5 9.37E�6
EFQ18/H2O 5.32 9.53E�7
EFQ18/Ca(OH)2 5.87 8.93E�7
E30BFQ/H2O 11.01 1.05E�6
E30BFQ/Ca(OH)2 21.69 1.98E�6
E30BFQ18/H2O 4.11 1.21E�6
E30BFQ18/

Ca(OH)2

3.18 1.22E�6

Matrices
E/H2O 0.83 7.0765E�7
E/Ca(OH)2 0.97 8.71288E�7
E30B/H2O 0.95 1.74742E�6
E30B/Ca(OH)2 0.82 4.1377E�6

Fig. 12. EDX analysis of (a) composites with unmodified matrix EFQ and (b)
composite with modified matrix EC30BFQ. The red points represent the calcium
hydroxide molecules. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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The value of the Dapp shows the ability of water or calcium
hydroxide molecules to penetrate inside the composite. It was cal-
culated by considering the slope of the first part of the weight gain
curve versus square root of time (Fig. 11) where Eq. (3) can be used.

Fig. 11 shows the percentage of weight gain as a function of
ffiffi
t
p

for composites, as mentioned above these curves were used to fit
the experimental data to Eq. (3) and calculate the Dapp. Table 3
shows the values of the moisture diffusion coefficient obtained
for the fitting of the linear part to Eq. (3). Espert et al. [33] and
Joseph et al. [35] reported comparable values of the diffusion
coefficient for sisal and polypropylene composites in water. The
modification of matrix decreased values of the moisture coeffi-
cient. However composite with treated fibers and unmodified
matrix reached the lowest diffusion coefficient value due to
improvements at interface. Composites with treated fibers and
modified matrix increased the values of the moisture diffusion
coefficient, with respect to the composite with treated fibers and
unmodified matrix. Since as mentioned above the modification of
matrix introduced voids in composite that compromises flow and
storage of water or calcium hydroxide.

Fig. 12a and b shows the EDX analysis for composites with mod-
ified and unmodified matrix. The composite with montmorillonite
has the calcium hydroxide molecules concentrated at the edge ex-
posed to the solution, because montmorillonite created a tortuous
path and calcium hydroxide molecules cannot penetrate so easily
in composite. While the composite without montmorillonite has
calcium hydroxide molecules dispersed in composite.

4.5. Flexural properties loss of composites after exposition to water and
calcium hydroxide

Flexural test were performed in all the composites before and
after water or calcium hydroxide absorption. Fig. 13 shows flexural
properties loss of composites after exposition to water or calcium
hydroxide. The flexural properties of composites decreased after
a low value of absorption, because water or calcium hydroxide
molecules change the structure and properties of the fibers, the
matrix and the interface. For several natural fibers composites with
polypropylene, unsaturated polyester and epoxy matrices have
been reported that once water or molecules diffuse into the matrix,
its glass transition temperature decrease and increase the rate of
the diffusion [33,34,36].

Flexural properties for all the composites were reduced after
absorption of water or calcium hydroxide. This effect was more
evident for composites with modified matrix, their flexural proper-
ties gets reduced in greater proportion respect to the composites
with unmodified matrix. Therefore the voids introduced during
the modification of matrix also favored the flexural properties loss.

In addition the loss in flexural properties depends on the
absorption medium: water or calcium hydroxide. The flexural
modulus for all composites (Fig. 13b) decreased more after exposi-
tion to calcium hydroxide than after exposition to water. Calcium
hydroxide gets into the interface and makes that fibers become de-
tached from the matrix; Purnell and Beddows [9] reported a simi-
lar behavior for composites with glass fibers. However the change
in flexural strength is more complex. Fig. 13a shows that flexural
strength gets reduced in greater proportion for the composites im-
mersed in water than for the composites immersed in calcium
hydroxide, except for composite with treated fibers, which behaves
in opposite way. Since treated fibers were affected in more propor-
tion for the dissolution of the cellulose and the remaining hemicel-
lulose and lignin than untreated fibers. Qi et al. [14], observed for
several natural fibers when are exposed to alkaline environments
and water; water seems to be highly aggressive to lignin while
alkaline environments seems to be highly aggressive to hemicellu-
lose and cellulose.
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The composite with treated fiber and unmodified matrix pre-
sented the better flexural properties after water or calcium hydrox-
ide absorption. Their flexural properties remain higher than
flexural properties for composite with untreated fiber and unmod-
ified matrix even before absorption.
4.6. Flexural properties loss of composites after exposition to mortar

Flexural test were performed in composites before and after
inclusion in mortar. Composites were included in cement mortar
with the aim to observe their flexural properties loss occurred over
the time due to alkaline environmental generated by cement
hydration. Table 4 shows the percentage of weight gained after
inclusion in cement mortar. Composites with modified matrix
ties loss of unidirectional epoxy/fique composites immersed in water and
://dx.doi.org/10.1016/j.compositesb.2012.04.027
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Fig. 13. Flexural properties loss of composites after ageing in water and calcium hydroxide (a) Flexural strength loss (b) Flexural modulus loss.

Table 4
Percentage of weight gained for composites after
inclusion in cement mortar.

Composite Absorption (%)

EFQ 26.11 ± 0.06
EC30BFQ 6.72 ± 0.01
EC30BFQ18 3.75 ± 0.01

Table 5
Mechanical properties of epoxy-fique composites and construction conventional
woods.

Specimen Flexural modulus
(GPa)

Flexural strength
(MPa)

OSB [1] 5 490–810
Pinus Elliottii [37] 6 78
Pino Parana (Araucaria

angustifolia) [37]
12 133

Eucalyptus grandis [37] 9.6 72
Bamboo [38] 7–12 80–125
EFQ18 7.8 ± 1.3 156 ± 13
EFQ18/H2O 5.7 ± 0.6 130 ± 9
EFQ18/Ca(OH)2 5.0 ± 0.6 106 ± 11
E30BFQ18 8.0 ± 0.7 168 ± 11
E30BFQ18/H2O 5.5 ± 1.4 128 ± 16
E30BFQ18/Ca(OH)2 5.0 ± 0.3 122 ± 18
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and untreated fibers reduced the absorption by around 4 times re-
spect to the composites with unmodified matrix and untreated fi-
bers. In addition composite with modified matrix and treated fiber
reduced their absorption by around 6 times respect to composites
with unmodified matrix and untreated fibers.

Fig. 14 shows that composites flexural properties decreased due
to the alkaline environment generated in cement mortar. However
the effect of mortar in flexural properties loss was less than the ef-
fect of water or calcium hydroxide. Since in cement mortar the pH
increases over time because calcium hydroxide is a product of
hydration in cement curing reaction. Additionally the composite
competes with cement for the water because cement requires
water during its curing reaction.

The results of flexural strength loss of composite included in
mortar are in agreement with reported above for composites in
water or calcium hydroxide. The presence of voids in the matrix fa-
vored the de flexural strength loss, since composites with modified
matrix gets reduced its flexural strength in greater proportion
respect to the composite with unmodified matrix. However the
flexural modulus was less affected in composites with lower
absorption.
Fig. 14. Flexural properties loss of composites after ageing in cement mor
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4.7. Comparison to properties of epoxy fique composites with
conventional materials used in construction

Of the several materials used in construction, NFCs have proper-
ties most similar to wood, bamboo and oriented strandboard (OSB).
Table 5 presents a comparison between flexural properties of con-
ventional wood used in Latin-Americans construction and compos-
ites with better mechanical properties before and after ageing
(EFQ18, EC30BFQ18). Epoxy fique composites before and after age-
ing have flexural strengths comparable to bamboo and araucaria
angustifolia and around 2 times higher than pinus eliottti, eucalyptus
grandis; while flexural strength of composites is lower than flex-
ural strength of OSB. Moreover the flexural modulus of composites
with unmodified matrix is higher than flexural modulus of OSB and
tar environment (a) Flexural strength loss (b) Flexural modulus loss.

ties loss of unidirectional epoxy/fique composites immersed in water and
://dx.doi.org/10.1016/j.compositesb.2012.04.027
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pinus eliottti. Furthermore the flexural modulus of composites
with unmodified matrix is comparable to araucaria angustifolia,
eucalyptus grandis and bamboo.
5. Conclusions

Physical and mechanical properties of fique composites for con-
struction application were evaluated. It was found that composites
decreased their flexural properties after 20 days submitted to three
types of environments: composites in distilled water (pH = 6.0);
composites in alkaline solution (pH = 12.0), and composites in-
cluded in cement mortar, cured in a lime stone saturated solution.

The flexural properties of composites increased more after fi-
bers treatment than after matrix modification. Since alkaline treat-
ment improved the interface between fibers and matrix, while
modification of matrix with montmorillonite C30B incorporated
voids into the matrix.

Improvements at the interface of composites also reduced the
water and calcium hydroxide absorption by 6 times. Composites
with treated fiber reached the lowest diffusion coefficient value
while the modification of matrix with montmorillonite C30B cre-
ated a tortuous path for water and calcium hydroxide.

The flexural properties loss depends on the absorption medium:
water, calcium hydroxide or mortar. The flexural modulus for all
composites decreased more after exposition to calcium hydroxide
than after exposition to water. On the other hand, the flexural
strength gets reduced to greater proportion for the composites im-
mersed in water than for the composites immersed in calcium
hydroxide except for composites with treated fibers, they behave
in opposite way. Since treated fibers were affected to a greater pro-
portion for the dissolution of the cellulose and the remaining hemi-
cellulose and lignin than untreated fibers. The flexural strength
loss for composites included in mortar are in agreement with re-
ported above for composites in water or calcium hydroxide. The
presence of voids in the matrix favored the flexural strength loss.
However in mortar the flexural modulus was less affected in com-
posites with lower absorption.

The mechanical properties of composites were compared to
conventional wood used in construction. The properties of epoxy
composites resulted comparable to or higher than properties re-
ported for wood with exception of the flexural strength of OSB.
The flexural modulus of epoxy fique composites was better than
modulus of OSB and comparable to after composites ageing. This
comparison suggests that epoxy fique composites should be able
to substitute or replace conventional wood used in construction.
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