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Abstract:
The advantages of green composites are including, but not limited to their environmental
friendly nature, lightweight, reduction of production energy and costs, recyclability. This
work focuses on the mechanical, thermal and dynamic mechanical properties of
biocomposites. For that purpose biosourced polymers were used, namely polylactic acid
(PLA) and sisal fiber, and biocomposites were extruded and then injection molded with
different contents of sisal fibers (5%, 10%, 15%). The results show that the increase of the
rate of reinforcement improves the mechanical and dynamic mechanical properties of the
biocomposites made. By the increase of the sisal fiber content the degree of crystallinity of
the matrix was increased from 47% to 61%, as sisal fibers were acted as a nucleating agent for
the PLA.
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properties.

1. INTRODUCTION
Environmental issues, such as the greenhouse effect, the CO2 emission and climate change
have led researchers to develop alternative biomaterials to replace conventional ones. Among
the developed materials, composites are significant, playing an important role in various fields
(automotive, aeronautics, construction, etc.). Conventional composite materials are based on
the usual non-biodegradable matrices and synthetic fibers. The researchers have found that
natural fibers are alternatives of synthetic fibers, offering several advantages including: low
cost, low density and biodegradability 1-2.
Natural fiber composite reinforcements may be either plant origin such as alfa3, ramie4,
bamboo5, or animal origin such as wool6 or silk7. Several studies have been conducted on

natural fiber reinforced polymer composites and non-degradable matrices. The review of
Mittal et al.8 discusses the research activities that has been conducted recently in the field of
natural fiber-reinforced epoxy composites. The results presented in this review shows that
several factors of natural fiber (fiber content, fiber geometry including length and diameter,
surface, compatibility, aggregation of fibers, etc.) that improve the mechanical, thermal and
water absorption properties of the natural fibers reinforced epoxy composites.
Several comparative studies have been conducted on composites based on natural and
synthetic fibers9-11. Composites based on natural fibers have the following advantages over
composites based on synthetic fibers such as: low cost, biodegrability, low density, etc.
In recent years, the study of biodegradable polymers has been the subject of several studies1213

. The introduction of biodegradable polymers into composites offer a capacity for

degradation and compatibility with the environment14-16. Several studies have been conducted
to study the factor of the natural fiber content in the performance of biocomposites. The work
of Torres-Telloa et al.17 showed that the increase of the content of agave fiber in
biocomposites based on PHB (polyhydroxybutyrate) up to 30% can improve tensile, bending
and impact properties. Czigány et al.18 has shown that increasing the basalt fiber content in
PLA (polylactic acid) -based composites improves the tensile, flexural and impact properties.
Bax et al.19 study found that the rate of flax fiber from 5% to 20% in PLA-based composites
improves tensile and impact properties.
The effect of the natural fiber content on the thermal and dynamic mechanical properties of
biocomposites was studied in several works. Gamon et al20 found that the increasing of the
miscanthus fiber content from 10% to 40% in PLA do not modify the melting temperature of
the polymer. The study of Anuar et al.21 showed that the increase of the kenaf fiber content in
PLA improve the melting enthalpy of PLA. Cheng et al.22 studied the dynamic mechanical
properties of chicken feather fiber reinforced PLA biocomposite in terms of storage & loss
modulus. It was found that the increase of the fiber content increase the storage modulus of
the biopolymer.
Among the biopolymers, the polylactic acid polymer has an excellent balance of physical and
rheological properties, many additives have been combined with it to further extend the range
of properties achievable and thus optimize the biocomposites for specific end use
applications. The most common fibers that have been combined with PLA are glass fibers and
a limited selection of natural fibers including wood fibers and certain annually renewable
plant fibers such as flax and kenaf.
The challenge presented in this work is to develop biocomposites based on the polylactic acid
polymer based on natural Moroccan fibers with a low cost while improving the properties of
the polymer by controlling the content of the natural fiber.

Among the natural Moroccan fibers pine cone fiber23 and doum fiber24 are the ones which
have been used in other works on biocomposites. Sisal fiber, which we used, is native in the
northern regions of Morocco25 and is currently applied mainly in traditional medicine26. Sisal
plant is one of the most widely used natural fiber sources and is very easily cultivated. It is
extracted from the leaves of the agave (agave sisalana) plant.
In our work, it was studied how the Moroccan sisal fiber modifies the properties of
biocomposites of PLA matrix. This study was carried out to investigate the effect of the sisal
fiber content on the mechanical and dynamic mechanical properties of biocomposites based
on polylactic acid (PLA). The influence of Moroccan sisal fiber on the degree of
crystallization of the PLA polymer was studied by DSC for the various fiber contents. The
results reveal that Moroccan sisal fiber can possibly replace the synthetic nucleating agents of
PLA.

2. EXPERIMENTAL
2.1. Materials
The Moroccan sisal fibers were extracted mechanically using a decorticator machine. After
the extraction, the fibers were washed with water for 2 hours and then dried in an oven at 40
°C for 24 hours. After the fiber drying, the properties of sisal fibers were analyzed by various
characterization methods. PLA (NatureWorks Ingeo 3100HP) with a melt flow index of 24
g/10 min (at 210 °C and 2.16 kg) was used as matrix of the composite.

2.2. Preparation of the composites
The PLA biodegradable polymer was mixed with various weight percents of sisal fiber (5%,
10%, 15%) and extruded by using a Labtech LTE 26-44 twin-screw extruder. The
temperature profile in the various zones along the extruder was set to 190 °C. The screw of
the feeder was set at 20 rpm and used for the PLA. The sisal fibers were added manually. As
manual fiber feeding was applied, the 15% was the upper limit for the fiber content that the
extruder could carry. The resulted strands were cut into 2 mm long granules using a strand
pelletizer (LZ-120).
The composite specimens shown in Figure 1 were molded by using an Arburg Allrounder
270s injection molding machine. The injection speed was 50 cm3/s and the injection pressure
was 1200 bar. The nominal cross section was 4 x 10 mm, while the total length of the
specimen was 170 mm. The temperature of the mold was set at 25 °C while the temperature
of the injection unit’s barrel was fixed at 190 °C.

Figure 1: Standard type 1A tensile specimens of injection molded composites:
A) PLA ,B) PLA/5% sisal fiber, C) PLA/10% sisal fiber, D) PLA/15% sisal fiber
A, B, C, D must come from left to right. Scale bar – 10 mm.
Mirror the image and then put A, B, C, D

2.3. Test methods of fibers
2.3.1. Morphological Analysis
The surface characteristics of sisal fibers was studied by using a JEOL JSM 6380LA type
scanning electron microscope.

2.3.2. Thermogravimetric Analysis
The thermal decomposition of sisal fiber was evaluated by thermogravimetric analysis (TGA)
using a Q500 device of TA Instruments. Thermal analysis of sisal fibers was carried out
according to ISO 11358. The sample (4 mg) was heated under nitrogen atmosphere from
room temperature to 600 °C at a rate of 10 °C/min and the weight loss was monitored.

2.3.3. FTIR Analysis
The FTIR-analysis of sisal fibers was carried out using Thermo Scientific Smart OMNISampler spectrometer. The recorded wave number range was 4000 to 400 cm-1.

2.3.4. Mechanical Testing
The diameter of the sisal fiber was calculated on the basis of images taken by an Olympus
BX51 optical microscope equipped with a digital camera. The tensile test of single sisal fibers
was carried out by a universal load machine, namely a Zwick Z005, at a crosshead speed
fixed at 5 mm/min, according to ISO 5079. Twenty samples of sisal fibers of 25 mm width
was clamped between the grips of the tensile tester. Between the grips there was a distance of
5 mm.

2.4. Characterization of Composites
2.4.1. Tensile Testing
Tensile properties of composites were investigated according to ISO 527 by using a Zwick
Z050 universal load machine. The tensile test was carried out at room temperature at a
crosshead speed of 5 mm/min. Five samples of the injection molded composites were tested
for each type of composite reinforced by different weight fractions of sisal fibers (0%, 5%,
10%, 15%). The specimens of the composites were evaluated and the average value was
calculated.

2.4.2. Flexural Testing
Flexural test was carried out according to ISO 178. The flexural properties were measured by
using three point bending test method on a Zwick Z050 universal load machine. The flexural
test of specimens of the composites were evaluated at room temperature at a crosshead speed
of 2 mm/min. Five samples of the injection molded composites were tested for each type of
composite (5 wt%, 10 wt%, 15 wt% sisal fiber content) altogether with the five neat (0%)
reference specimens. The specimens of the composites were evaluated and the average value
was calculated. Calculation of flexural strength (σfm) and flexural modulus (Ef) by using
formulae (1) and (2):
(1)
(2)
F is the ultimate failure load (N), L is the span between the center of supports (mm), m is the
slope of tangent to the initial straight-line portion of the load-deflection curve, b and d are
width and thickness, respectively.

2.4.3. Charpy-impact testing
Charpy-impact test was carried out by using a Ceast Resil Impactor Junior test machine. The
specimens of composites were prepared as per ISO 179 with the dimensions of 60 x 10 x 4
mm. The impact speed was 2.9 m/s. Five samples of the injection molded composites were
tested for each type of composite reinforced with sisal fibers of different weight fractions
(5%, 10%, 15%), as well as the neat PLA sample. The Charpy-impact strength of the
composites specimens were evaluated and the average value was calculated.

2.4.4. Dynamic mechanical analysis (DMA)
The dynamic mechanical properties of the composites were performed by using a dynamic
mechanical analyzer (model Q800 of TA Instruments, USA) operated in three-point bending

mode. The specimens of the composites were prepared with the dimension of 60 x 10 x 4 mm.
The temperature range of the measurements was going from room temperature to 100 °C with
a heating rate of 5 °C/min and a constant frequency of 1 Hz.

2.4.5. Differential scanning calorimetry (DSC)
The DSC analysis was conducted by using a Q2000 device from TA Instruments. The
analyses were carried out in nitrogen atmosphere in a heat-cool-heat cycle in between -30 and
200° C with a heating and cooling rate of 5 °C/min and 10 °C/min, respectively.
The degree of crystallinity (XC) of the samples was calculated according to (3):
∙100

(3)

where ΔHm is the melting enthalpy of the sample [J/g], while ΔHmref is the melting enthalpy of
the 100% crystalline PLA that is 93.7 J/g according to the literature27.

Hcc [J/g] is the

enthalpy of cold-crystallization and x is the mass fraction of the sisal fibers.

3. Results and discussion
3.1. Characterization of the sisal fibers
3.1.1. Morphological analysis
The SEM image taken from the surface of sisal fiber is shown in Figure 2. The surface of the
sisal fiber is rough that can be attributed to non-cellulosic components (waxy substances and
impurities, such as hemicellulose or lignin)28.

Figure 2: SEM micrographs of sisal fibers, a) extracted fibers, b) single fiber

3.1.2. Thermogravimetric analysis
The thermal stability of the sisal fiber is studied by thermogravimetric analysis (TGA).
Thermal degradation (TD) and derived thermal degradation (DTD) curves (Figure 3.) present
the steps of thermal degradation of sisal fiber. The first step of thermal decomposition of the
sisal fiber can be observed below 150 °C, which is associated to the dehydration of sisal fiber.

The weight loss at the first step of thermal degradation is 9.59%. The second step of thermal
decomposition of sisal fiber is attributed to the degradation of hemicelluloses of sisal fiber29,
which occurred between 205 °C and 304 °C, the weight loss at the second step of thermal
degradation of sisal fiber is 20.4% .The third step of thermal decomposition of sisal fiber can
be observed between 270 ° C and 390 °C, which is attributed to the degradation of cellulose29.
The last step of thermal decomposition of sisal fiber took place between 390 °C and 475 °C,
which is due to the presence of free radicals at oxidative atmosphere30. The thermal
degradation of sisal fiber is similar to the thermal degradation of jute fiber studied by Khan et
al.28. The total weight loss of sisal fiber was 98.22%.

Figure 3: TD [a]and DTD [b] curve of sisal fiber

3.1.3. FTIR analysis
The infrared spectrum of sisal fiber shown in Figure 4. The chemical composition of sisal
fiber studied by FTIR spectroscopy in this work is similar to that of natural fibers studied in
previous papers30-31 and therefore the extraction by decortication was concluded to be
successful. The band between 3200 cm-1 and 3400 cm-1 is attributed to the O-H group
indicating the presence of cellulose12. The peak at 1742 cm-1 is associated with the elongation
vibration of the carbonyl group C=O indicating hemicelluloses in the fibers33. The peak
between 1625 cm-1 and 1685 cm-1 is attributed to the vibration of O-H group as water bound
to lignin.34The peak at 1540 cm-1 is attributed to the group corresponding to the vibration of
the C-H bond in the aromatic ring being present in the lignin. The peak at 1462 cm-1
corresponds to the deformation vibration of the lignin’s OCH3 group

34

. The peaks at 1368

cm-1 and 1318 cm-1 are attributed to the vibration of deformation of the CH3 and CH2 groups
of cellulose. The peak at 1050 cm-1 can be attributed to the deformation vibration of the C-O
group showing the presence of cellulose in the sisal fiber32.

Figure 4: FTIR Spectrum of sisal fiber

3.1.4. Mechanical testing:
Figure 5 shows stress vs. strain curves of sisal fibers. There is no observable plasticity; the
fiber exhibited an elastic, rigid break35. The measured mechanical properties of sisal fiber in
this work are in agreement with works studying sisal fiber in the literature35-36 with minor
differences originating from the different cultivation area and conditions.
Table 1 summarizes the mechanical properties of sisal fiber samples. The average diameter
was 239.00 ± 80.18 µm as sisal is composed of rough, thick fibers. The calculated diameter is
close to that of studied in the work of Belaadi et al.37 The average tensile strength of sisal
fiber was 340.02 ± 70.4 MPa which also corresponds to the work of theirs (462 ± 71 MPa).
The average Young’s modulus of sisal fiber was 12.5 ± 7.8 GPa, that is higher compared to
the same literature (7.47 ± 1.37 GPa). The average elongation at break of sisal fiber is 3.2 ±
0.8%. Natural fibers can exhibit various mechanical properties originating from different
cultivation experiences and naturally high difference of the specimens. The Moroccan sisal
fiber of the current study had good properties enough to reinforce PLA matrices.

Table 1: Mechanical properties of the tested sisal fibers

Figure 5: Tensile curves of five random samples of sisal fibers

3.2. Characterization of composites
3.2.1. Tensile testing
The tensile properties of composites are shown in Figure 6 and Figure 7. It can be observed
that the increase of sisal fiber content improves the tensile properties of the composites tested.
The maximum value of tensile strength and modulus were found to be 70.76 MPa and 4.6
GPa, respectively, corresponding to the PLA/15% sisal composite. Tensile strength of
PLA/15% sisal composite was 1.66%, 5.92% and 9.7% were higher than that of PLA/5%
sisal, PLA/10% sisal and neat PLA composites, respectively. Tensile Modulus of PLA/15%
sisal composite was 36.09%, 23.65% and 58.62 % more than those of PLA/5% sisal,
PLA/10% sisal, neat PLA composites, respectively.
In this work, the improvement of the tensile modulus was 58.56% for a sisal fiber content of
15% in PLA composites and the tensile strength a poor improvement of 9.7% for a sisal fiber
content of 15%. The improvement of tensile properties of PLA caused by the reinforcing sisal
fibers were compared (Table 2).

Figure 6: Tensile strength of the sisal /PLA composites

Figure 7: Tensile modulus of the sisal/PLA composites

3.2.2. Flexural testing

Flexural properties of the tested materials shown in Figure 8 and Figure 9. Both flexural
strength and modulus are improved by the increase of fiber content in PLA composites. The
PLA/15% sisal composite had the maximum value of flexural strength and flexural modulus
which were 135.1 MPa and 5.6 GPa, respectively. The improvement of the flexural properties
of PLA in this study was compared with different works in Table 2. Flexural strength of
PLA/15% sisal composite was 23.26% higher, while flexural modulus of PLA/15% sisal
composite was 80.64% higher than that of neat PLA. It has to be noted, that increasing the
sisal fiber content improved the flexural modulus and tensile modulus of PLA composites.

Figure 8: Flexural strength of sisal/PLA composites

Figure 9: Flexural modulus of sisal/PLA composites

3.2.3. Charpy-impact testing:
The variation in the Charpy-impact strength of the composite with sisal fiber is given in
Figure 10. It is clear from the diagrams that increasing the sisal fiber content from 0% to 15%
in PLA composites improved the impact properties of composites that is quite an uncommon
phenomenon in composites. Usually the matrix is the more ductile while the fibers exhibit
high modulus and rigid behavior. This is not our case. The impact strength of neat PLA, 5%,
10% and 15% sisal reinforced composites were found to be 2.97, 3.28, 3.56 and 3.87 kJ/m2,
respectively. In this work the improvement of Charpy-impact strength was 30.30% for a sisal
fiber content of 15% in PLA composites. This improvement was compared to different works
in Table 2. The best improvement of Charpy-impact strength of PLA have been reached using

flax fiberF. PLA is a very rigid material under its glass transition temperature and even though
sisal fibers have higher tensile strength, still they behaved more ductile then the matrix itself.
Improving the strength and impact properties took place simultaneously that is a great
advantage of the currently developed composite sisal/PLA materials.

Figure 10: Charpy-impact strength of sisal/PLA composites

Table 2: Comparison of the mechanical properties of natural fibers reinforced PLA
composites

3.2.4. Differential scanning calorimetry (DSC)
The thermal properties of the composites were investigated by DSC. The glass transition
temperature (Tg) of neat PLA was 58 °C (Table 2). It can be seen that the reinforcement of
PLA with different sisal fiber content (5%, 10%, 15%) did not modify this value, the presence
of sisal fibers did not influence the mobility of the molecular chains of PLA. That can be
attributed to the large diameter of sisal fibers (small specific area to connect to the matrix).
The melting temperature of the first and second heating cycles of the composites are shown in
Table 2. It can be observed that the melting temperature of the first heating cycle was around
175°C and the melting temperature of the second heating cycle was around 176 °C. Adding
the sisal fiber in PLA did not modify the melting temperature of PLA. Again, it can be
attributed to the relatively large size of sisal fibers and the relatively small boundary layer in
between the fiber and the matrix.
Figure 11 shows the enthalpy of crystal melting in the second heating cycle for the
composites. The reinforcement of sisal fiber in PLA composites increased the melting
enthalpy of composites compared to the neat PLA. The enthalpy melting of 5-10-15% sisal
containing composites was 14%, 17% and 7.5 % higher than that of neat PLA respectively.
The results in Table 2 clearly indicate that the adding of sisal fiber in PLA composites
improve the crystallization of PLA composites. The 10 % sisal fiber content in PLA
composite renders a high degree of crystallinity compared to that of the 5% and 15% sisal
fiber content in PLA composite. In general, PLA crystallization can be increased by adding a

nucleation agent27. The results show that the 10% fiber content of sisal fiber in PLA
composites were more crystallites were formed in the PLA/ 10% by weight of fiber
composites due to the role of natural fibers as a nucleating agent. Beyond the 10% sisal fiber
content, the fibers have possibly become barriers that prevent growth of spherulites of PLA.
Moreover, because the 15% was an upper limit of fiber content due to manual feeding, fibers
were possibly aggregated and/or did not dispersed homogeneously in the matrix resulting in a
different microstructure.

Figure 11: Enthalpy of melting of sisal/PLA composites

3.2.5. Dynamic Mechanical Analysis (DMA)
Figure 12 shows the storage modulus of sisal fiber reinforced PLA composites. The storage
modulus of neat PLA, PLA/5% sisal, PLA/10% sisal and PLA/15% sisal composites were
2623, 3430, 3015 and 2723 MPa, respectively. It must be noted, that the increase of the sisal
fiber content in PLA composites improved the storage modulus of PLA composites in the
glassy state that also suggest the nucleating effect of the fibers.
The decrease in the storage modulus above 50 °C is due to the transition of the amorphous
parts of the matrix from the glassy to the rubbery state. When reaching the rubbery state with
the amorphous part of the matrix, the storage modulus of neat PLA, PLA/5% sisal, PLA/10%
sisal and PLA/15% sisal composites were 207.81, 218.3, 224.9 and 245.0 MPa, respectively.
The improvement of the storage modulus of sisal fiber reinforced PLA composites by the
increasing of sisal fiber content in this study was similar to the result by Shakoor et al.38 who
studied the effect of increasing hemp fiber content in PLA composites.

Figure 12: Storage modulus curves of PLA/sisal fiber composites

Figure 13 shows the loss modulus of sisal fibers reinforced PLA composites. The loss
modulus curve allows the temperature of the glass transition to be determined. The values of
the glass transition temperature of PLA composites are around 60 °C from the location of the
first peak. This result fits to our DSC values, which shows that sisal fibers do not modify the
mobility of PLA matrix molecules due to their bulky nature making the material greatly
inhomogeneous. In the study of Shakoor et al.38 the glass transition temperature of the
composites remains unchanged by the addition of hemp fibers in PLA composites.

Figure 13 : Loss modulus curves of PLA/sisal fiber composites
Figure 14 shows the loss factor (tan δ) of the PLA/sisal fiber composites. The higher value of
tan δ corresponds to neat PLA. The increase of the sisal fiber content in PLA composites
decreased the loss factor. This decrease is due to the meager damping capability of the
composites around the glass transition of PLA. Higher fiber content had higher degree of
crystallinity in general (i.e. less amorphous), thus gradually less molecule segments became
mobile, which corresponds to lower loss factors. The nucleating effect of sisal fibers revealed
again. The glass transition temperature of PLA composite reinforced with different contents
of sisal fiber (5%, 10%, 15%) from the loss factor curves was 66 °C.

Figure 14: Loss factor curves of PLA/sisal fiber composites

4. Conclusion
This work investigated the influence of sisal fiber content on the properties of sisal fiber
reinforced PLA composites. Compounding was carried out by twin-screw extrusion and the
material was then injection molded into composite samples.
The tensile properties of PLA composites reinforced with different contents of sisal fiber (5%,
10%, 15%) shown that the increase of the sisal fiber content in PLA composites gradually
improved the tensile strength, tensile modulus flexural and impact properties. It is interesting
that PLA is rigid and therefore increasing the fiber content improved the Charpy-impact
properties, hence the material has higher strength and impact resistance at the same time.
The dynamic mechanical (DMA) tests and the DSC studies both demonstrated that increasing
of sisal fiber in PLA composites did not alter the glass transition temperature of the PLA
matrix. The loss factor of composites decrease by the increasing of the content of sisal fiber in
PLA composites. The sisal fiber act as a nucleating agent of the PLA, hence it increases the
degree of crystallinity in the PLA martrix and also decreases the loss factor around Tg, related
to the smaller amount of the amorphous phase. Our results reveal that sisal fiber can possibly
replace the synthetic nucleating agents of PLA maintaining the completely biodegradable
characteristic of the composite material.
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Tables:

Table .1: Mechanical properties of the tested sisal fibers
Diameter interval [µm]

121.6 - 411.0

Average diameter [µm]

239.0 ± 80.18

Elongation at break interval [%]

2.47 – 5.50

Elongation at break [%]

3.2 ± 0.8

Tensile strength interval [MPa]

186,9.7-409.4

Tensile strength [MPa]

340.02 ± 70.4

Young’s modulus interval [GPa]

4.89 - 23.29

Young’s Modulus [GPa]

12.5 ± 7.8

Table 2: Comparison of the mechanical properties of natural fibers reinforced PLA
composites

Fiber

Tensile

Tensile

Flexural

Flexural

content

strength

modulus

strength

modulus

Charpy impact

Reference

[%]

[MPa]

[MPa]

[MPa]

[MPa]

strength[kJ/m2]

No.

PLA/hemp

30

2.2%

70%

-

-

-

39

PLA/man

30

-

-

39.44%

154%

-

41

PLA/ flax

30

-

-

-

-

40%

41

PLA/basalt

15

42.01%

77.58%

24.72%

89%

98.4%

18

PLA/abaca

30

14.72%

80%

13.13%

101%

-

40

PLA/sisal

15

9.7%

58.62%

23.26%

80.64%

30.30%

Current study

made
cellulose

Table. 3: Thermal properties of sisal/PLA composites

PLA

PLA/5%

PLA/10%

PLA/15%

sisal

sisal

sisal

58.3

58.5

58.5

58.1

Melting temperature 1st cycle [°C]

175.8

174.2

174.7

174.1

Melting temperature 2nd cycle [°C]

176.3

175.6

175.8

175.1

Degree of crystallinity [%]

46.98

58.4

61.2

57.3

Glass transition temperature (Tg)
[°C]

