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Composites consisting of fique fibers (Colombian fibers) and unsaturated polyester (UP)
matrix have been investigated. Fique fiber bundles were subjected to alkalization and/or
treated with different chemical agents such as maleic anhydride, acrylic acid and a silane
to provide increased compatibility between fiber and resin. The mechanical behavior of the
composite materials was analyzed by flexural tests. Maximum mechanical properties were
observed for composites with fibers subjected to alkalization and also when it was applied
as previous process for the other treatments. Aspects of composite materials such as
fiber bundle length, fiber content as well as two ways of preparing the material, lamination
and BMC, have been evaluated. The influence of surface treatment of fiber on curing of the
polyester resin was analyzed by differential scanning calorimetry (DSC). Dynamic mechanical
properties were also evaluated to establish the influence of the interfacial interactions
on the mechanical behavior of the laminates. C© 2004 Kluwer Academic Publishers

1. Introduction
In Colombia, the fique fiber is an important natu-
ral resource. The production is estimated at 30,000
tonnes/year [1], and this production extends to areas
such as Ecuador and some regions of Central and South
America. These fibers have medium thermal and me-
chanical properties. The fique fiber is employed in prod-
ucts such as ropes and sacks for seed, grain and coffee.
The presence of synthetic fibers, such as polypropylene,
in these markets has progressively substituted those
hard fibers. This situation is common to other fibers
such as jute and sisal.

In recent times, the composite materials approach al-
lows for a good chance in a new area of applications for
natural fibers. In the latter ten years increasing research
for thermosetting matrix composites as jute/epoxy
[2, 3], sisal/epoxy [4, 5], and sisal/unsaturated polyester
[6], amongst others, has been performed.

However, there is agreement in the observations with
jute and sisal fibers [2]. The fibers have problems for
their incorporation within an organic matrix due to the
presence of highly hydrophilic OH groups in their
chemical structure. The use of chemical agents applied
to the fiber and also matrix modifications are some pos-
sibilities to overcome this difficulty.
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For composites performed with unsaturated
polyester (UP) matrix and natural reinforcements,
the main chemicals used by other authors to enable
the fiber/matrix adhesion are: alkaline treatments [7],
silanization [8] and esterification [9].

To explore the different possibilities offered by fique
fiber laminates in the composite field, both laminates
and bulk molding compound (BMC) materials have
been prepared in this investigation. The mechanical
properties of composites formed by UP matrix and dif-
ferently treated fique fiber bundles have been studied
for several fiber lengths and contents.

In this study, the influence of untreated and treated
fique fibers on the curing of the UP matrix has been eval-
uated using DSC. Finally, dynamic mechanical analy-
sis has been used to establish the effect of the different
treatments on the fiber/matrix adhesion.

2. Experimental
2.1. Materials
Compañı́a de Empaques S.A., Medellin, Colombia,
kindly provided fique fiber bundles. The unsaturated
polyester resin used was Cronolita 1.112 from Plas-
tiform, containing 30 wt% styrene and no additives.
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T ABL E I Characteristics of the unsaturated polyester

Properties

Viscosity (mPa·s) 600–700
Flexural strength (MPa) 95
Flexural modulus (MPa) 3820
Density (kg/m3) 1230

T ABL E I I Fique fiber bundles characteristics

Properties

Diameter (µm) 50–200
Ultimate stress (MPa) 200
Modulus (GPa) 8–12
Ultimate strain (×102 mm/mm) 4–6
Density (kg/m3) 870

The initiator for polymerization of the UP resin was
methylethylketone peroxide, also purchased from Plas-
tiform, used in a 2 wt% with respect to the resin. For
BMC compounds the initiator was terc-butyl perben-
zoate. The most significant characteristics of the poly-
meric matrix [10] and the fique fiber [11] are reported
in Tables I and II, respectively.

The chemical agents used were: sodium hydrox-
ide for alkalization, maleic anhydride, MA (CEPSA),
acrylic acid, AA (Fluka); and γ -methacryloxypropyl
trimethoxy silane (Dynaslan MEMO), provided by
Degussa-Hülls.

2.2. Surface modification of fiber bundles
The characteristics of the different treatments and re-
action times and temperatures are shown in Table III.
More detailed information has been previously pub-
lished [12, 13]. After the different treatment processes,
the fibers were dried for 24 h at 105 ± 5◦C.

2.3. Composite processing
Laminates were produced using fiber bundles cut into
lengths of 20, 30 and 40 mm. Then, to prepare the com-
posites, the fibers were dried to 105 ± 5◦C for 24 h.

For laminates manufacturing, the fique fiber bundles
were randomly arranged on the mould and subsequently
the resin was added. The processing technique was
compression in a hot press, SATIM, with a cure sched-
ule of 2.5 h at 80◦C at a pressure of 25 bars followed by
a post-curing stage of 2 h at 120◦C at the same pressure.

T ABL E I I I Treatment conditions for fique fiber bundles

Treatment Contenta (wt%) Solvent Reaction time (h) Reaction temperature (◦C)

Alkalization (M) 20b Distilled water 1 Room
Maleic anhydride (MA) 5, 10, 15 Acetone 25 55
Acrylic acid (AA) 5, 10, 15 Distilled water 1 Room
γ -methacryloxy propyl 1, 2.5, 5 Distilled water 1 Room
Trimethoxy silane (MEMO)

aAmount calculated respect to fiber content.
bSolution concentration for treatment.

The BMC composite material was produced using
the following typical recipe [14]:

Relative weight

Unsaturated polyester 100.00
CaCO3 filler 75.00
MgO 3.00
Zn-stearate 2.50
Terc-butyl perbenzoate 1.25
Chopped fiber reinforcement Different contents respect

to UP matrix

The BMC systems were prepared using fiber bun-
dles cut off at mesh sizes of 4, 6 and 8 mm. The size of
CaCO3 particles is presented in Table IV. Compound-
ing was made by mixing the components in a Haake
mixing chamber during 10 min at 15 rpm at room tem-
perature. The material was stored between polyethylene
foils for 24 h. Compression press molding was carried
out at 120◦C and 25 bar for 1 h, afterwards cooling with
water at the same pressure at a rate of approximately
4◦C/min.

2.4. Test methods
Fiber bundles tensile properties were determinated us-
ing a Universal mechanical testing machine, Instron
model 4026, equipped with a 10 N load cell. The defor-
mation rate employed was 5 mm/min and gauge length
was 50 mm. Thirty fibers were tested in each series.
Individual fiber bundles were glued on small paper
frames. Pneumatic clamps were employed, and prior
to test the frame sides were cut to allow free straining
of the sample. The transverse area of the fibers has been
assumed to be circular in order to facilitate calculation
of mechanical properties [12]. The diameter was mea-
sured using an optical microscope. Thirty fibers were
studied for each type of treatment.

Composites mechanical properties were evaluated
using a flexural test procedure, according to ASTM
D-790, by using the same mechanical machine. The
specimens employed were 60 mm long, 25 mm wide
and around 3 mm thick. They were tested by using a
loading span of 48 mm. Five specimens for each mate-
rial have been tested.

For studying the influence of different treatments on
curing of the UP resin, differential scanning calorimetry
(Perkin-Elmer DSC-7) was used. About 15–20 mg of
sample were placed in the sample pan. Each of samples
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T ABL E IV Filler size distribution for CaCO3 particles

Mesh size (mm) (%)

0.320 64
0.125 33
0.100 1
0.063 2

contained between 25–30 wt% fiber. The sample was
scanned from 30 to 200◦C at a rate of 10◦C/min.

The determination of the acid values for the esterified
fibers was performed following the methods described
elsewhere [15].

A Metravib viscoanalyser was employed to obtain
the storage modulus (E ′) and loss factor (tan δ) of
the laminate specimens tested in form of small bars
(12×60×2 mm3). A bending device with 44 mm span
was used. Temperature range from 20 to 200◦C was
analysed at a heating rate of 3◦C/min. The frequency
was fixed to 10 Hz.

A Jeol 6400 scanning electron microscope, SEM,
was used to study the flexural fracture surfaces of the
laminates.

3. Results and discussion
3.1. Laminate composites
3.1.1. Influence of fiber bundle length

and content
Fig. 1 reports the effect of fiber bundle length on the
flexural strength (σF) and modulus (E) for 30 wt% un-
treated fiber content. As seen, the flexural strength of
UP matrix is higher than that for the composites whilst
the stiffness of the composites slightly increases with
respect to that for the matrix only for fiber lengths equal
to or higher than 30 mm, though the changes are within
the standard deviation. These results are similar to those
obtained by other authors, such as Pothan et al. [16]
using UP matrices containing other vegetable fibers. It
is possible to appreciate the influence of the medium
mechanical behavior of fique fibers on the modulus in-
crease and also the low adhesion and/or lack of homo-
geneity in the interphase between fique fiber and UP
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Figure 1 Variation of flexural properties vs. fiber bundle length for 30 wt% untreated fique fiber laminates.

matrix as strength was lower for composites than for
neat matrix.

In composites with chopped fiber bundles, the stress
along the fiber is not uniform; there exists a certain
length where the transmission of stresses between ma-
trix and fiber is better [16–19]. For fique laminates, this
certain fiber length seems to be around 30 mm. Pothan
et al. [16] reported a comparable value for unsaturated
polyester matrix reinforced with banana fibers.

According to Fig. 2, both flexural strength and mod-
ulus increase with fiber content. However, there are
not significant differences in strength between 30 and
40 wt% fiber laminates. These results suggest that for
high fiber contents the interactions between fibers in-
crease, so producing a lower stress transmission within
the system. Besides, with the increment of fiber content,
the disposition of the matrix for fiber wetting is reduced,
and therefore the empty spaces and dry zones can in-
crease, so affecting the interfacial bond strength [20].

3.1.2. Effects of fiber treatment
on mechanical behavior

Table V shows the influence of fiber treatment on the
mechanical properties of different laminates containing
30 wt% fibers with 30 mm length. The highest flexu-
ral properties were observed when alkaline treatment
was applied as previous treatment, see Fig. 3. This be-
havior is because alkalization increases the fique fiber
strength and modulus, a fact that can be associated with
the changes introduced by this treatment on the orienta-
tion of molecular chains of cellulose [12] since it affects
the molecular entanglements as well as its regularity.
Additionally, increasing of the cellulose content in the
fiber together with lowering of the other non-crystalline
components of the fiber also reduces the fiber diameter
[12], and it can lead to improved fiber wettability. Be-
sides, as reported for other natural fibers, this treatment
can generate more sites for mechanical interlocking [5]
due to the formation of a rougher surface and to the
increasing in the fiber fibrillation [20].

For esterification and silanization processes, the in-
fluence of the agent amount with respect to the weight
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Figure 2 Variation of flexural properties vs. fiber content for untreated 30 mm length fiber bundle laminates.
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Figure 3 Tensile properties of untreated and treated fique fibers for the several coupling agents used.

of fiber was also analyzed. Concerning esterification
with maleic anhydride, a 10 wt% with respect to the
fiber weight seems to be the appropriate value. At lower
maleic anhydride concentration (5 wt%), probably less

T ABL E V Influence of fiber treatments on the mechanical behavior
of laminates containing 30 wt% fique fiber (30 mm fiber bundle length)

Ultimate strain
Treatment σF (MPa) E (MPa) (×102 mm/mm)

Untreated 55.6 ± 7.1 4680 ± 230 3.00 ± 0.50
Alkaline (M) 102.6 ± 9.5 6190 ± 640 3.60 ± 0.20
5 wt% MA, 25 h 47.4 ± 3.9 5570 ± 330 1.20 ± 0.20
10 wt% MA, 25 h 51.4 ± 3.4 5670 ± 600 1.10 ± 0.10
15 wt% MA, 25 h 38.2 ± 1.3 5400 ± 370 0.80 ± 0.10
M + 10 wt% MA, 25 h 86.8 ± 5.5 6250 ± 810 2.10 ± 0.20
5 wt% AA 55.6 ± 5.7 5035 ± 354 1.80 ± 0.20
10 wt% AA 66.7 ± 3.7 530 ± 430 2.00 ± 0.30
15 wt% AA 64.3 ± 6.1 5150 ± 340 2.00 ± 0.20
M + 10 wt% AA 79.0 ± 4.8 5840 ± 200 2.10 ± 0.70
1 wt% MEMO 66.7 ± 8.0 4300 ± 380 3.09 ± 0.30
2.5 wt% MEMO 73.3 ± 8.8 4690 ± 410 3.00 ± 0.40
4.5 wt% MEMO 67.5 ± 6.2 4290 ± 410 2.90 ± 0.20
M + 2.5 wt% MEMO 103.2 ± 17.2 6060 ± 530 3.60 ± 0.10

formation of ester groups and minor substitution of hy-
droxyl groups occur, and consequently the adhesion
between fique fibers and UP matrix is lower. As shown
in Table VI, these results agree with the acid values
obtained after esterification. Nevertheless, at the opti-
mal concentration of MA, the flexural strength is still
smaller than for the laminates with untreated fique fiber.
As shown in Fig. 3, this behavior is surely related to the
changes on the fiber mechanical behavior by effect of
the treatment. These variations are also reflected on the
lower deformability and higher flexural modulus of the
composites.

In the case of AA esterification, the best results are
obtained for the 10 wt% content with respect to the

TABLE VI Acid values for esterification treatments

Contenta (wt%) MA AA

5 8.5 3.6
10 19.2 9.1
15 20.7 11.0

aAmount calculated with respect to fiber content.
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fiber weight. Accordingly, optimal conditions for es-
terification treatments seem to be around 10 wt% agent
content. For a lower concentration of acrylic acid, such
as 5 wt%, the progress of reaction is low such as ob-
served in Table VI. At higher AA concentrations it is
not possible to obtain higher flexural strength. Although
less than for MA modification, flexural modulus also
increases with respect to that for the untreated lami-
nates. These variations possibly are a consequence of
the changes introduced by esterification treatments on
the mechanical behavior of the fiber, as shown in Fig. 3.
On the other hand, the variations observed on mechani-
cal properties caused by using coupling agents can also
be a consequence of the increased homogeneity of the
composites so obtained.

Alkalization can be considered as a pre-treatment
when one wants to work with a follow-up process.
For composites including fibers to which alkalization
combined with MA and AA treatments were carried
out, results reflected a high influence of alkaline pro-
cess. Thus, the flexural properties of these laminates
are higher than those for laminates containing MA or
AA treated fibers but not previously alkalized.

For the silane treatment, the best flexural properties
were obtained for a 2.5 wt% MEMO respect to fiber
content. The flexural strength increases by around 30%

Figure 4 SEM micrographs of UP laminates with: (a) untreated and (b) alkali treated fibers.

with respect to that for the untreated fiber laminate. Ac-
cording to Fig. 3, silane treatment does not significantly
affect the mechanical properties of the fique fibers. So,
the constancy of modulus and deformability together
with the higher resistance of these laminates with re-
spect to the same properties in composites containing
untreated fibers are possibly associated with a better
stress transmission throughout the interface as well.
The reported behavior is comparable to that shown by
Singh et al. [21] with sisal fibers. The changes induced
in the fique surface would also prevent the fiber–fiber
interlocking contacts, which is a source of high stress
concentration in the composites [22]. As for other treat-
ments, prior alkalization leads to much better properties
with respect to those for the laminates with untreated
fibers.

According to previous work [12], with all treatments
employed in this study a reduction on the hydrophilic
behavior of the treated fiber with respect to the untreated
fiber is obtained. Thus, it is possible that this reduction
leads to an enhancement on the fiber/matrix adhesion
and, consequently, on the mechanical properties of the
fiber treated laminates.

For a better analysis of the effect of alkalization on
the fiber/matrix adhesion, Fig. 4 presents SEM micro-
graphs for untreated and mercerized fiber laminates.
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In Fig. 4a, fiber pull-out is present and many empty
spaces between fibers can be observed, so suggesting
poor adhesion between untreated fibers and UP matrix.
On the contrary, for mercerized laminates, see Fig. 4b,
the fibers are covered by UP matrix, and there are no
empty spaces. This indicates a better wetting of the
fiber. Besides, some regions present some level of defor-
mation possibly due to the fibrillation of the fiber. Thus,
these results confirm the enhancement on fiber/matrix
adhesion by effect of alkalization.

3.1.3. Influence of the fique fiber treatment
on the cure kinetics of UP resin

Another factor to be considered is the possibility that
these fiber treatments can introduce variations on the
curing of the UP matrix and also on its mechanical be-
havior. Some authors [23–25] reported variations on
cure kinetics or Tg changes on such composites. Ther-
mal results for different samples containing untreated
or treated fique fibers are shown in Table VII. Each
composite probe contained around 30 wt% fiber.

The total enthalpy of curing (�H ) for mass unit UP
resin in the untreated fiber laminate, 348.7 J/g, was com-
parable to that evaluated for the neat resin (353.4 J/g),
and similar to that presented in the bibliography survey
(around 340 J/g) [26]. These results indicate that the
presence of the untreated fique fiber has no influence
in the curing of UP resin. Lucas et al. [27] obtained a
similar result working with UP and mineral fillers.

The main variations obtained for composite reac-
tion enthalpies are associated with samples containing
silanized and AA treated fibers. However, these values
can be affected by the fiber content. The introduction of
treated fibers slightly delayed the curing process, this
behavior being more evident for AA treatment.

For analysis of these results, Table VII also includes
the reaction enthalpy for the neat UP resin mixed with
each chemical agent employed, with the appropriate
concentration according to flexural behavior. For sam-
ples containing AA or MEMO chemicals a reduction
of total enthalpy with respect to the neat UP matrix is
also observed. Besides, these samples present a slight
increment in maximum temperature of curing. This sit-
uation is possibly associated with the interference of
the double bonds of the agents on curing of the UP ma-
trix. Shieth et al. [28] and Ishida et al. [29] reported a
similar behavior with a MEMO silane applied on glass
beads and E-glass fibers, respectively.

According to these results, it is possible to suggest the
changes observed on the curing process of UP matrix

T ABL E VII Influence of fiber treatments on curing of UP matrix

�H /Composite �H /UP �H Maximum
30 wt% fiber in composite neat UP temperature

Treatment (J/g) (J/g) (J/g) (◦C)

Neat UP – – 353.7 115.4
Untreated fiber 248.4 348.7 – 116.1
Alkaline 240.4 341.0 – 116.0
MA 248.0 332.3 367.7 117.6
AA 220.3 299.1 342.4 118.7
MEMO 244.0 322.8 328.1 118.4

due to the fiber treatments can also affect the ultimate
properties of the analyzed composites.

3.2. BMC
Tables VIII and IX show the results for BMCs pre-
pared with untreated and alkalized fique fiber bundles.
As can be seen, the flexural behavior is affected by
different factors as amount of fiber, fiber length and
also alkalization applied onto the fiber. The best me-
chanical behavior for composites containing untreated
fibers is achieved using 60 phr of fibers with respect
to UP matrix. At higher weight contents, it is possible
that interactions between fibers increase, so affecting
the mechanical behavior of the material. For all BMCs,
inhomogeneties in the bulk exist due to the possible in-
terference between the mineral fillers and fique fibers.
This can be attributed to the increased incompatibility
between fique fibers and fillers due to the difference
in shape and size that reduces the stress transmission
through the material. Rozman et al. [30] reported a sim-
ilar behavior for thermoplastic composites reinforced
with glass and coconut fibers.

The variation of the mechanical behavior with fiber
length is shown in Table IX for 60 phr fiber composites.
Flexural strength presents a slight increase with the av-
erage fiber length in the 2.9 to 6.5 mm range, though the
mechanical properties do not show important changes
in the fiber length range used. As reported in Fig. 5, that
is possibly due to the wide size distribution that each
mesh size employed presents.

Similarly to the laminates, for BMC materials,
alkalization appears to be an adequate treatment in or-
der to enhance the mechanical behavior. A compari-
son of results shown in Table VIII indicates that both
flexural strength and modulus are higher for all fiber
contents than those corresponding to composites with
untreated fibers. This increase is related to better me-
chanical properties of the fibers because of changes
introduced by the alkaline treatment on the fiber struc-
ture and also to the enhancement on the wettability of
the fiber.

TABLE VII I Mechanical behavior of several BMCs. Mesh size:
4 mm

Untreated fibers Alkaline fibers

Fiber content (%) σF (MPa) E (MPa) σF (MPa) E (MPa)

0 43.7 ± 2.1 6310 ± 290 43.7 ± 2.1 6310 ± 290
40 42.6 ± 6.5 7320 ± 170 59.9 ± 4.9 8690 ± 170
60 52.1 ± 4.8 8690 ± 310 70.8 ± 2.6 9170 ± 130
80 48.4 ± 1.3 8300 ± 80 62.8 ± 3.4 9610 ± 780

100 50.1 ± 4.0 8700 ± 290 – –

TABLE IX Variation of mechanical behavior with fiber length for
BMCs containing 60 phr untreated fique fiber

Mesh size Average fiber
(mm) length (mm) σF (MPa) E (MPa)

4 2.9 52.1 ± 4.8 8690 ± 310
6 3.7 60.0 ± 3.7 8700 ± 420
8 6.5 59.3 ± 5.3 9010 ± 320
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3.3. Dynamic mechanical testing
Fig. 6 presents the variation of storage modulus (E ′)
and loss tangent (tan δ) with temperature for neat both
matrix and untreated 30 wt% fiber laminate. The glass
transition temperature (Tg) of the laminate is similar
to that for the neat matrix. Marcovich et al. [31] and
Mwaikambo et al. [32] reported similar results. The
height of the tan δ peak is lower for the laminate than
that for the UP resin. This change is produced by the
fiber presence since it leads to hindering of the molecu-
lar movement of the UP matrix. The E ′ of the untreated
laminate is higher than that for the UP matrix as the
incorporation of fibers into the polymer increases the
stiffness of the material. It can be further noted that the
difference in storage modulus between laminates and
UP matrix increases at higher temperatures.

Fig. 7 shows the variations of tan δ upon tempera-
ture for different laminates. Results correspond to the
second scan for reducing the plastifying effect of the
moisture observed by others authors [33]. In a similar
way to that reported by Saha et al. [34] for cyanoethy-
lated jute fibers, for all treatments only a slight vari-

ation of Tg and small variations of shape of damping
peak are observed. Some authors [35] attribute the vari-
ations on shape of damping peak respect to temperature
with changes in the orientation of fibers as well as with
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Figure 7 Variation of tan δ versus temperature for laminates containing
30 wt% fiber: untreated (—–), MA (�) AA (�), and silane treated (�).
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variations in fiber—matrix adhesion. In these compos-
ites, the untreated fiber laminate has a higher damping
than those for the treated fiber laminates, which could
be associated with some wettability increment of the
treated fibers by the UP matrix.

4. Conclusions
The importance of choosing an adequate chemical
agent and its amount has been proven for compos-
ites containing fique fiber bundles. Flexural properties
of fique fiber laminates and BMC systems can be in-
creased with fiber content and fiber length. However,
in BMCs the effect of the size distribution has to be
considered.

For the mechanical behavior of the treated materials,
the best results are achieved when the fiber is subjected
to treatments such as alkalization. These variations are
associated with the enhancement of the fiber—matrix
adhesion observed through microscopy techniques but
also with the changes introduced by treatments on the
structure and mechanical properties of fique fibers and
also on the homogeneity of the composites. This behav-
ior has been observed for both laminates and BMCs.

For some treatments, such as silanization or AA,
some slight changes on curing behavior of UP matrix
can take place.

The fiber presence produces a reduction on the damp-
ing properties of composites with respect to the neat
matrix, due to the restrictions of chain movements of
the UP matrix.
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