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ABSTRACT: Flax fiber–vinyl ester composites are milled and mixed with virgin
matrices to produce recycled composites. The effect of this powder incorporation on
the mechanical properties of a thermosetting matrix (vinyl ester) and a thermoplastic
matrix (polypropylene) is studied.
In the case of thermosetting matrix, flexural and tensile strength decrease with the

addition of powder. For filler contents higher than 50 vol%, the strength reaches
a constant value. Flexural and Young’s moduli remain constant for different powder
contents.
In the case of thermoplastic matrix, strength and modulus decrease when powder

is replaced by fibers. Both, fibers and powder act as reinforcement as moduli
increase. Impact properties are improved with the addition of powder and fibers in
comparison with the pure matrix.

KEY WORDS: natural fibers, recycling, composites, vinyl ester, mechanical
properties.

INTRODUCTION

T
HERE EXIST PROBLEMS in the disposal of end-of-life composites. The best disposal
method is discussed in [1,2]. In the case of plastic materials, there are three available

methods: landfills, biodegradation, and recycling. Each one has its own disadvantages.
Plastics were put into landfills like many other materials. The increasing use of plastics,
and the growing contamination stimulated the search for recycling and other disposal
methods. Composite materials tend to be regarded as nonrecyclable and much of the
waste currently produced is ultimately sent to landfill for disposal [3]. The reasons that
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natural products cannot replace the synthetic polymers are technical, economic, and
humanitarian. Even though only a small fraction of plastics is present in the waste from
the cities, it takes so many years for the complete biodegradation of these materials. Most
of the polymers cannot degrade naturally by light, oxygen, water, or microorganisms,
because of their carbon chains and lack of chromophores, and the energy content in
plastics is wasted during the biodegradation process. Incineration can be another method
of using the energy involved in plastics, but the emission of dioxin into the air is a
disadvantage of such a procedure.

Recycling can be performed in different ways for thermoplastic polymers: (i) as
materials by remelting or reshaping, (ii) as raw materials by degradation to monomers or
petrochemicals [4].

Thermosetting composites is one of the materials that cannot be used for remelting or
reshaping, but it is one of those especially interesting cases to study to use the scrap from
processing or production.

Polymer matrices and composites can typically be recycled by three methods: chemical
[5,6], powder production [7], or energy production. Chemical recycling includes processes
like pyrolysis in which the material is heated to produce one or more recoverable
substances. Powder production refers to processes in which thermosetting composites can
be mechanically milled into particles that can be used later as filler in a new composite.
Energy production is based on the possibility of incinerating the material to recover energy
from its organic portion. Chemical recycling and powder production are the most suitable
methods for recycling thermosetting matrix composites because these materials have a low
organic content and produce low energy.

The product of milling in particle recycling can be used as filler in thermosetting or in
thermoplastic matrices. For example, the automotive industry produces reinforced parts
together with scrap. This scrap can be reused by milling it and making compound parts
by compression molding (bulk molding compound). The other possibility is to sell this
material to the thermoplastic composite industry.

The aim of this work is to determine the feasibility of recycling of a thermosetting
composite material.

MATERIALS AND METHODS

Vinyl ester resin Derakane 411-350 from the Chemical Company Dow kindly supplied
by Poliresinas San Luis, Argentina was used. The resin was reinforced with 30 vol% of
flax fiber mat. Finflax (Finland) supplied the flax fiber. The plaques were fabricated by
vacuum infusion. All plaques were postcured in an oven at 140�C for 120min. A Perkin
Elmer differential scanning calorimeter (DSC) was used in order to verify the complete
curing of samples. A run was performed from 25 to 250�C at a heating rate of 10�C/min,
under nitrogen. Specimens of 1 cm width were cut and then these small pieces were milled
to get a powder. The milling machine used was a Janke and Kunkel – IKA. Tyler series
sieves were used to separate the powder. The number of the sieves was 7 and they were put
on a vibrator machine for 10min.

Polypropylene Eltex-P HV200 from Solvay was used as the thermoplastic matrix.
Polypropylene (PP) was mixed with 30wt% of reinforcement. Samples were made by the
combination of different amounts of flax fiber pulp and powder in the following relations
(powder/fiber): 0/30, 10/20, 20/10, and 30/0. The polymer and the fibers were mixed in
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an intensive mixer at 180�C for 15min. The pellets were compression molded into thick
plaques at 180�C and 500MPa and then rapidly cooled down with running water. In order
to release thermal stresses generated during molding, the plaques were annealed in an
oven for 1 h at 100�C.

The same vinyl ester resin (Derakane 411-350) was used as thermoset matrix for
the composites. Vinyl ester resin (using 2wt% MEKP hardener, without any initiator)
was mixed with different amounts of powder: 30, 50, 60, and 70 vol%. The mixtures of
polymer and powder were prepared using an intensive mixer at room temperature. Due
to the time required for mixing, it was not necessary to use any initiator. Hence the catalyst
would be thermally activated during the high-temperature molding process. The mixed
materials were compression molded into thick plaques at 80�C and 450MPa for 60min.

Flexural tests were performed on cut specimens from thermosetting composites of
dimensions 11� 3� 80mm3 at a crosshead speed of 2mm/min and a span value of 50mm,
according to ASTM 790-92. Tensile tests were carried out on specimens of dimen-
sions 15� 3� 120mm3. The calibrated length was 50mm and the crosshead speed was
2mm/min, according to ASTM D D3039-00. A mechanical extensometer was used to
record the actual elongation during the test.

Tensile dumbbells of thermoplastic composite specimens of 3mm thickness and
10mm width were machined from compression molded plaques. Tensile tests were per-
formed according to ASTM D638-93 at a crosshead speed of 5mm/min. A mechanical
extensometer was used to record the actual elongation during the test. Flexural tests
were done at a crosshead speed of 1.3mm/min in accordance with ASTM D-790-92 on
specimens of dimensions 15� 3� 80mm3, cut out from the plaques. The distance between
supports (span) was 50mm.

All these tests were carried out at room temperature on an Instron dynamometer 4467.
Puncture tests were conducted on disk samples of 90mm diameter cut out from

thermoplastic compression molded plates according to ASTM D256-84. These tests were
performed in a falling weight Fractovis of Ceast at 3.5m/s using the minimum striker mass
(3.6 kg).

An optical microscope Olympus SZH10 was used to study the fiber dimensions
and fiber aspect ratio (length/diameter) reduction during intensive mixing. The same
microscope was used to study the fracture surface of thermoplastic composites. Fibers
length distribution after intensive mixing was measured on isolated fibers after removal of
the matrix by Soxhlet extraction at 180�C using xylene as the solvent.

RESULTS AND DISCUSSION

Milling Time for the Powder Preparation

In order to select the most efficient milling time, the size distribution of the powder was
studied as a function of milling time using three different times. Figure 1 shows the results
of this study. It can be seen, from this figure, that for milling times greater than 20min,
the powder size does not decrease any further. Due to this experimental observation,
the milling time was set as 20min. The resultant powder had cured resin particles and
defibrillated fibers.

The energy consumption of this process is about 4.5 kW per kilogram of powder.
The powder was sieved and the fraction larger than 840 mm was excluded (�4wt%).
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The average diameter (weight) was 220 mm. The average values of powder fibers
dimensions after milling, obtained by optical microscopy, are shown in Table 1.

Thermosetting Composite Materials

Figure 2 shows the fiber length and diameter distribution in the powder fibers before
and after mixing with the resin. The aspect ratio (length/diameter) increased from 9.47
(Table 1) to 12.5 due to a larger reduction in diameter than in length during the mixing.
The true stress–strain curves obtained in flexural and tensile tests for thermosetting
composite material are shown in Figure 3(a) and (b). The nonlinearity of these curves
can be related with toughening mechanism that acts in composite materials. The initial
linear portion of these curves is related to the elastic behavior of the studied materials,
the deviation from linearity is an indication of initial matrix cracking. The rest of the
drops in the curve are an indication of progressive failure of fibers in the longitudinal
direction (axial splitting) producing fibrillation, and the fracture of the fibers in the
perpendicular direction (transverse microcracking) with respect to the applied load. A low
fiber–matrix adhesion generates a poor interphase, which produces the sliding of the fiber
into the matrix and pullout. A macroscopic failure occurs when the fibers fracture [8].
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Figure 1. Cumulative fraction vs particle diameter for different milling times: 15, 20, and 25 min.

Table 1. Average fiber dimensions after milling obtained
by optical microscopy.

Fiber Average value

Length (mm) 201.86
Diameter (mm) 21.32
l/d (aspect ratio) 9.47
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This nonlinearity tends to disappear when the powder content increases, because
in this case the powder particles act as stress concentrators. These figures also
show that elongation at break and displacement values decrease as the powder content
rises.

In the case of tensile test, there is a significant difference between composites with
30wt% of flax fiber mat and composites with 30wt% of powder and it is related to
the higher aspect ratio of mat fibers compared with powder particles and fibers in the
powder [9].

Results of flexural tests are summarized in Table 2. It can be seen that the difference
in strength between 30 vol% mat and 30 vol% powder composite is not important. This
could be a consequence of the good compatibility between the vinyl ester resin and the
vinyl ester cured particles that drives to a higher adhesion. This leads to the conclusion
that the powder obtained by milling the original composites may have interesting
commercial properties.
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Figure 2. (a) Fiber length distribution before and after mixing and (b) fiber diameter distribution before and
after mixing.
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On the other hand, as the powder content increases, the strength decreases due to
dewetting and it may be due to the formation of a rigid interphase around the filler, which
hinders the deformation. For filler contents higher than 50 vol%, flexural strength reaches
a constant value of about 47MPa. This result could be due to the reaching or over-
coming of the percolation threshold for the crack propagation. When the percolation
threshold is reached, particles are closer to each other and crack connectivity is higher,
leading to easier crack propagation. The values obtained from the flexural modulus
were similar for fiber and powder-filled composites for all filler contents studied
in this work.
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Figure 3. (a) Flexural test results for thermoset composites based on vinyl ester with different powder
content: 30, 50, 60, and 70 vol%, and a composite with 30 vol% of flax mat and (b) tensile test results for
thermoset composites based on vinyl ester with different powder content: 30, 50, 60, and 70 vol% and also a
composite made with 30 vol% of flax mat.
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Table 2 also shows the mechanical properties obtained from the tensile tests.
The strength shows the same behavior as in flexural tests. Tensile modulus is higher than
the flexural modulus. This is due to the shear deformation of the flexural modulus, so that,
the flexural testing tends to underestimate the elastic modulus. Young’s modulus is higher
for the mat-reinforced vinyl ester than for powder-reinforced vinyl ester. Mat presents a
higher aspect ratio than the powder material. This result can be explained in terms of the
higher load transfer from the resin to the reinforcement in the first case. For different
powder contents, the modulus values were similar.

Thermoplastic Composite Materials

Two different initial fiber lengths – short fibers (average length: 2.31 cm) and long fibers
(5.94 cm) – were used, which correspond to the fiber lengths before intensive mixing
process. Therefore, the real fiber size (diameter and length) distribution will be different
after this process. Figure 4 shows the fiber length and diameter distribution after
intensive mixing in composites with 30wt% flax fibers. The average short fiber length was
1.34� 0.48mm, and the average long fiber length was 3.19� 0.73mm, with an aspect ratio
of 15.8 and 35.1, respectively.

Figure 5 shows the stress–displacement curves obtained in flexural tests for PP matrix
and different composites. It can be clearly seen from this figure that flexural strength
is higher for long fiber composite than for short fiber composite and 30wt% powder
composites. This result can be explained in terms of the difference in the aspect ratio. As
expected, long fibers have the highest aspect ratio and it leads to composites with higher
mechanical properties [10].

Figure 6 shows the true stress–strain curves obtained in tensile tests for composites
based on PP matrix and different powder to fiber ratios. Table 3 summarizes the results
obtained from flexural and tensile tests in the case of thermoplastic composites. It can be
seen that the tensile strength decreases as the fiber (regardless of its length) is replaced by
powder. This result is also based on the difference in the aspect ratio of both fillers. Similar
results are observed for Young’s modulus.

The optical micrographs from the fractured surface of composites are shown in
Figure 7(a) and (b). These figures reveal the existence of holes close to the powder particles
and where one particle was included. In the case of 30wt% of powder, the surface is
plenty of holes. On the other hand, in the case of 30wt% of fibers there are more fibers
than voids. For composites with both, powder and fibers, there were holes and fibers in
different ratios.

Table 2. Flexural and tensile results for thermosetting samples.

Filler
(vol%)

Flexural tests (ASTM D790-93) Tensile tests (ASTM D3039-00)

� (MPa) E (GPa) d (mm) � (MPa) E (GPa) " (%)

30% mat 71.1� 6.8 4.00� 0.60 3.20� 0.16 57.5� 1.6 6.88�0.17 1.15�0.08
30% powder 63.5� 4.4 3.65� 0.08 2.41� 0.12 38.7� 4.9 3.98�0.11 1.00�0.14
50% powder 46.7� 2.2 3.95� 0.32 1.53� 0.07 22.6� 1.8 3.97�0.02 0.60�0.02
60% powder 48.8� 3.1 4.12� 0.14 1.72� 0.11 27.9� 3.1 4.52�0.08 0.65�0.07
70% powder 49.0� 4.0 4.08� 0.21 1.53� 0.18 30.0� 1.4 4.64�0.17 0.68�0.07
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Figure 8 shows the load–displacement curves obtained in puncture test for some
thermoplastic composites. Impact properties of the resultant material appear to be
very poor. Many results were discarded. This figure shows the complete brittle failure.
There is no crack propagation zone and the ductility index (defined as the ratio between
propagation energy and total energy) equals zero. It can also be seen that the increase
in powder content leads to poorer results, as expected. Another important result is the
decrease of impact energy when the powder content increases (Table 3).

Table 3 also shows the comparison between different PP-reinforced materials
and the obtained results in this work. The sample with 20wt% of powder and 10wt%
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Figure 4. (a) Fiber length distribution after intensive mixing in composites with 30 wt% flax fibers and (b) fiber
diameter distribution after intensive mixing in composites with 30 wt% flax fibers.
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of fiber appears to have good mechanical properties, except for elongation at break values.
The initial fiber length appears not to significantly influence the final properties, may be
due to the reduction in length and diameter after processing. The powder obtained from
milling of composite with 30wt% of fiber mat could be used as filler material. In addition,
impact property was found to increase, may be due to the dewetting process. The
dewetting is a micromechanical deformation process that consumes energy [11]. However,
a maximum value was found for 20wt% powder and 10wt% fibers; for higher content of
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Figure 6. True stress–strain curves obtained in tensile tests for composites based on PP matrix and different
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Table 3. Summarized results of this work and comparison with other composites.

Property

Tensile
modulus

(GPa)

Tensile
strength
(MPa)

Tensile
elongation

(%)

Flexural
modulus

(GPa)

Flexural
elongation

(%)

Impact
energy
(kJ/m)

100 wt% PP 2.1 36.9 8 1.60 61.30 0.35
70 wt% PP
30 wt% powder 2.2 21.2 3.26 1.98 41.45 0.66
70 wt% PP
20 wt% powder 2.5 23.8 2.2 1.93 44.95 1.17
10 wt% long fibers
70 wt% PP 2.5 21.5 1.85 2.03 40.16 1.19
20 wt% powder
10 wt% short fiber
70 wt% PP 3.0 26.1 1.15 2.35 26.59 0.74
10 wt% powder
20 wt% long fiber
PP 20 wt% talcum� – 30 20 2.4 50 –
GMT� 5.5 80 1.6 5 120 –
�Reference: Ecofina web site.

Figure 7. (a) Optical micrograph of fracture surface of composites with 30 wt% powder and (b) optical
micrograph of fracture surface of a composite with 30 wt% fibers.
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fiber, the impact energy decreased and it could be due to the poor dispersion of the fibers
in the composites.

CONCLUSIONS

Flax fiber–vinyl ester composites were milled and mixed with virgin matrices to produce
recycled composites. The effect of this powder incorporation on the mechanical properties
of a thermosetting matrix (vinyl ester) and a thermoplastic matrix (polypropylene) was
studied.

For thermosetting matrix, it was shown that both flexural and tensile properties are
lower than that of the original material (vinyl ester with 30 vol% fiber mat). These can
be explained in terms of the stress concentration effect of the powder particles. For filler
contents higher than 50 vol%, the strength reaches a constant value.

On the other hand, flexural and Young’s moduli values did not change as the powder
content increases.

For thermoplastic matrix, although the filler content was kept constant, it was shown
that the strength decreases when the powder percentage increases in the filler. Both, fiber
and powder act as reinforcement for the PP because their incorporation leads to a higher
material modulus. Furthermore, the decrease in the reinforcement aspect ratio when fibers
were replaced by powder drives to a lower modulus.

Finally, impact properties were improved with the addition of powder and fibers in
comparison with the plane matrix.

ACKNOWLEDGMENTS

This work forms part of a bigger project (ECOFINA) founded by the European
Community. The authors acknowledge the Agencia Nacional de Promoción Cientı́fica y

0 10 20
-200

-100

0

100

200

300

400

500

600

700

800

20 wt% powder/10 wt%
short fibers

30 wt% powder

20 wt% powder/10 wt%
long fibers

Fo
rc

e 
(N

)

Displacement (mm)

Figure 8. Load–displacement curves obtained in falling weight test for thermoplastic composites based on
PP and powder to fiber content with short and long fibers.

Mechanical Properties Evaluation of Vinyl ester 255



Tecnológica de Argentina for the economical support (UE-004). CONICET and CIC are
also acknowledged.

REFERENCES

1. Cunliffe, A.M., Jones, N. and Williams, P.T. (2003). Recycling of Fiber-reinforced Polymeric
Waste by Pyrolysis: Thermo-gravimetric and Bench-scale Investigations, J. Anal. Appl.
Pyrolysis, 70: 315–338.

2. Drozdov, A.D., Al-Mulla, A. and Gupta, R.K. (2004). The Effect of Recycling on the Time-
dependent Behavior of Polycarbonate Reinforced with Short Glass Fibers, Composites Science
and Technology, 64: 129–144.

3. Halada, K. (2003). Progress of Ecomaterials toward a Sustainable Society, Current Opinion in
Solid State and Materials Science, 7: 209–216.

4. Hans-Georg, E. (1997). In: Bock, B. (ed.), An Introduction to Polymer Science, Weinheim,
Federal Republic of Germany.

5. Cunliffe, A.M. and Williams, P.T. (2003). Characterisation of Products from the Recycling of
Glass Fiber Reinforced Polyester Waste by Pyrolysis, Fuel, 82: 2223–2230.

6. Kennerley, J.R., Kelly, R.M., Fenwick, N.J., Pickering, S.J. and Rudd, C.D. (1998). The
Characterisation and Reuse of Glass Fibers Recycled from Scrap Composites by the Action of a
Fluidised Bed Process, Composites Part A, 29A: 839–845.

7. Cavalieri, F. and Padella, F. (2002). Development of Composite Materials by Mechanochemical
Treatment of Post-consumer Plastic Waste, Waste Management, 22(8): 913–916.

8. Rombary, G., Karger-Kocsis, J. and Czigany, T. (2003). Tensile Fracture and Failure Behaviour
of Thermoplastic Starch with Unidirectional and Cross-ply Flax Fiber Reinforcement,
Macromol. Mater. Eng., 288: 699–707.

9. Piggott, M.R. (1980). Load Bearing Fiber Composites, Pergamon, Oxford.

10. Moloney, A.C., Kausch, H.H., Kaiser, T. and Beer, H.R. (1987). Parameter Determining the
Strength and Toughness of Particulate Filled Epoxide Resins, Journal of Material Science, 22:
381–393.

11. Bezeredi, A., Demjen, Z. and Pukanszky, B. (1998). Fracture Resistance of Particulate Filled
Polypropylene, Die Angewandie Makromoleculare Chemie, 256: 61–68.

256 E. RODRÍGUEZ ET AL.


