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ABSTRACT: This work was focused on the production
and characterization of microcellular polyurethane (PU)
composites reinforced with pine wood-fibers or with
hemp, which can be applied to the manufacture of car
interior panels, or acoustic insulation panels for the con-
struction industry. The polymers selected for the study
were crosslinked PUs, synthesized from a castor oil-based
polyol, with the formulations adjusted to obtain different
foaming levels. Microfoamed composites with preferential
orientation were prepared from long hemp fibers. Also,

samples with random arrangement of short hemp and
wood fibers were obtained. The morphology of the com-
posites was analyzed by scanning electron microscopy.
The mechanical performance of the reinforced foams was
studied through three point bending and dynamic
mechanical tests. � 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 105: 2791–2800, 2007
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INTRODUCTION

Polyurethanes (PU) can be synthesized from an
ample variety of reactants; the possibilities for their
formulation are almost unlimited. Different materials
can be prepared with properties ranging from those
of flexible elastomers to rigid crosslinked PU that
can be used as structural materials. The use of PUs
foamed to different levels provide a wide range of
possibilities for the fabrication of composite materi-
als for low weight applications, as well as applica-
tions for acoustic or mechanical damping materials.

In particular, rigid polyurethane foams (PUFs) are
materials used in different areas, construction, auto-
motive, nautical, etc. They have a great adaptability
to varying type of processes; they can exhibit high
energy absorption, good thermal properties, and
specific strength.1 PUFs are obtained from the reac-
tion of diisocyanate with polyol.2–4 This is an
exothermic reaction, and the released heat can be
used to form a cellular structure by evaporation of
physical blowing agents such as chlorofluorocarbons,
although nowadays, its use is considered undesirable
for the environment. Other alternative to generate
the cellular structure of the PUFs is from chemical
blowing agents. One of the widely used agents
is water, which reacts with diisocyanate, releasing

carbon dioxide bubbles, the initial step for foam cells
formation.2 The amount of water added determines
the density and the mechanical properties of the
foam.5,6 These foams can also be modified incorpo-
rating solids such as metal, glass, and other powders.
This addition modifies the walls of the foam cells6,7

introducing changes in the mechanical and thermal
properties of the materials.

During the last years there has been a constant
growing interest from the academic and industrial
sectors in the utilization of renewable resources for
the manufacture of new materials. Thus, the use of
resins based in natural products is being considered
and the use of vegetable fibers is already installed
in the market. Vegetable fibers are not only widely
available around the world, but they also offer large
aspect ratio, relatively high tensile strength and
modulus, low density and low cost. All of these char-
acteristics that contribute to increase the interest of
the manufacturers to produce low-cost, light-weight
composites.8–10 Besides, these reinforcements are bio-
degradable and fit easily into the earth–ecological
cycles. Thus, new materials and composites derived
from natural sources rich in cellulose, and offering
environmental and economic benefits, are being
developed by the automotive, construction, house-
hold furniture, and packaging industries. Therefore,
it is important to improve these materials for better
and more effective use.11 To obtain a good load trans-
fer from the matrix to the fibers, it is essential that
matrix and reinforcement are compatible and/or that
they can react with each other, to ensure a strong
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interface.12 In particular, PU’s are compatible with
lignocellulosic reinforcements, which contain a high
concentration of hydroxyl groups. However, vegeta-
ble reinforced PU’s have not been systematically
studied and there exist few references to this
respect.10,13,14

On the other hand, currently most used polymers
and polymeric composites are derived from petro-
chemical refining of crude oils and coals, both of
which are rapidly diminishing natural resources.15

As the number of applications of polymeric materi-
als continues to increase, an alternative source for
these materials is required.15,16 Natural oils, which
can be derived from both, plant and animal sources,
are found in abundance in all parts of the world, pro-
viding an ideal petroleum-substitute from a chemical
feedstock. Recently, renewable and natural plant
products such as castor oil,17 palm oil,15 and rosin,18

were used to synthesize polyester polyols, which
were used as raw materials in the preparation of
rigid PU foams.19

The present work is focused in the production and
characterization of PU composites reinforced with
pine wood-fibers or with hemp, which can be applied
to the manufacture of car interior panels, or acoustic
insulation panels for the construction industry. The
polymers utilized are crosslinked PU’s, formulated
from a castor oil based polyol. The source of isocyanate
groups utilized is a polymeric 4,40-diphenylmethane
diisocyanate (MDI) that has low vapor pressure and
allows for easier handling of the reactants and rein-
forcements. Because of the chemical nature of the
polymer chosen as matrix and the selected reinforce-
ments, a very good interfacial adhesion is expected
in these composites. Since the vegetable reinforce-
ments are materials rich in hydroxyl groups, they
can be reactive towards the isocyanate component
and thus, become chemically linked to the polymeric
matrix.

EXPERIMENTAL

Materials

The PU foam was synthesized from a polyol obtained
through alcoholysis of castor oil (Parafarm1, Argentina).
The castor oil (previously dried until constant weight),
dry trietanolamine (1:3 mol ratio), and LiOH (cata-
lyst, 0.2 wt % based on total reactants) were stirred
together in a flask at 1508C during 180 min.20,21 Fig-
ure 1(A) is a schematic of the polyol synthesis from
castor oil, which consists of a mixture of the species
shown in the figure and unreacted triglyceride, with
a major concentration of the monoglyceride compo-
nent.22 The modification reaction allowed increasing
the OH value from 169.3 mgKOH/g for initial castor
oil to 449 mgKOH/g for the modified polyol after

reaction. Both reported values were determined by
analytical techniques.23

The isocyanate crosslinker was a 4,40-diphenylme-
thane diisocyanate (MDI) prepolymer (Rubinate 5005,
Huntsman Polyurethanes, USA) with an equivalent
weight of 131 g/equiv. Figure 1(B) is a schematic of
the PU synthesis from polyol and isocyanate.

Humidity present in the polyol and the vegetable
reinforcements was enough to generate foaming. The
samples prepared in these conditions are called
throughout the text ‘‘foamed-1.’’ In some samples,
extra water (foaming agent, 0.25% respect to the total
weight) was purposely added to the formulation to
obtain a different foaming level. The samples pre-
pared in these conditions are called ‘‘foamed-2’’
throughout the text.

The neat PU and reinforced samples (containing
a 20 wt % of vegetable fibers), were formulated with
an Index 5 1.25 (equivalents NCO/equivalents OH
from polyol). A relatively large imbalance was
utilized for the reinforced formulations, because
some isocyanate groups are assumed to be con-
sumed in a heterogeneous covalent reaction with the
surface OH groups of the vegetable fibers added. In
all cases, the polyol was vacuum aid dehydrated
during 2 h at 808C with strong stirring before being
used, to eliminate most of the absorbed moisture.
A small amount of a commercial surfactant agent
(Tergostab B 8404, Huntsman PUs, 1 wt % respect to
the total weight) was added to the reactive mixture
to control cell size distribution in the foam. Reinforc-
ing fibers were dried overnight at 1108C prior to
composite preparation.

The vegetable fibers utilized in the study were
wood fibers from pine Sp. (Hungary) and hemp
fibers (Hungary). The shape characteristics of the
fibers are shown in Figure 2 (digital photographs).
Hemp fibers were incorporated as short (cut to
20 mm length) or long fibers. In both cases, the fibers
were forming threads (technical fiber), and in the

Figure 1 (A) Chemical pathway leading to castor oil
derived polyol. (B) Chemical pathway leading to polyur-
ethanes.
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case of the long fibers the threads were long enough
to behave as continuous fibers, they covered the
whole length of the sample specimen (� 15 cm). On
the other hand, pine wood fibers were classified
according to the following:

Small wood fibers: those that passed through a
sieve number 20 (average particle size 840 lm),

Medium wood fibers: those that passed through a
sieve number 10 (average particle size 2000 lm),

Large wood fibers: those that passed through a
sieve number 6 (average particle size 3360 lm)

Sample preparation

Microfoamed PU samples were obtained by mech-
anically mixing appropriate amounts of MDI, polyol,
and surfactant agent for 10 s. No catalyst was added
to the formulation to have a processing time before
reaction long enough for mixing and pouring the
mix into the mold. As indicated, the unreacted
mixture was poured into a metal mold (previously
coated with a Teflon film to facilitate sample releas-
ing) and closed. A relatively low pressure was
applied on the cover lid of the mold, to avoid the
opening of the mold by the internal pressure gener-
ated during foam raising. The crosslinking reaction
took place at room temperature and 120 KPa, and
was completed in about 1 h. No significant amounts
of materials (fibers, particles, or liquid reactives)
were lost during the reaction, thus the weight
percentages of the different components in the com-
posites were calculated on the basis of the initial
weights added. Plaques of 150 mm diameter and

4 mm thickness were obtained. The same procedure
was followed to prepare composite samples, but
in this case the fibers were first placed into the mold
and then the liquid PU mixture was poured onto
them.

Microfoamed composites were prepared with
random arrangement of short fibers (hemp or pine
wood fibers), or with continuous hemp fiber-threads
aligned in one, two (i.e., fiber placed at 0 and 908
with respect to the direction of the sample longitudi-
nal axe), and four directions (i.e., fiber placed at
0, 645, and 908 with respect to the direction of the
sample longitudinal axe).

Characterization methods

Scanning electron microscopy

The fracture surfaces generated during flexural tests
were analyzed by scanning electron microscopy
(SEM) using a Philips Jeol 35 CF microscope. The
samples were sputtered with gold prior to being
examined.

Density measurements

The density of the samples was calculated as the
ratio weight to volume of samples dried at 1108C.
The specimens were bars of 50 3 13 3 4 mm3, with
the linear dimensions measured to 60.01 mm,
and the equilibrium weight of the dried samples
were used in the calculations.

Figure 2 Images of the utilized reinforcing fibers, (a) pine wood fibers, (b) hemp fibers.
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Dynamic mechanical tests

A Perkin–Elmer dynamic mechanical analyzer (DMA
7) was used in these experiments to obtain the
storage modulus (E0), and loss tangent (tan d) of the
samples. The tests were carried out using the tem-
perature scan mode, and the three point bending
fixture with a specimen platform of 15 mm length
and under dynamic and static stresses of 4 3 105

and 8 3 105 Pa, respectively. The frequency of the
forced oscillations was fixed in 1 Hz. The specimens
were cut to 20 3 4 3 3 mm3, and the linear dimen-
sions were measured up to 0.01 mm.

Flexural tests

The mechanical performance of the reinforced foams
was studied using a three point bending fixture in a
INSTRON 8501 Universal testing machine. A span of
60 mm (transversal area of 13 3 4 mm2) and a cross-
head speed of 1 mm/min were selected, according
to the procedure A, ASTM 790 (rigid samples).
Flexural modulus (E) and flexural yield stress (ry)
were calculated from the stress–strain curves.
Flexural toughness was calculated as the area under
the stress versus strain curve.

RESULTS AND DISCUSSION

The morphology of the foams was analyzed by SEM
of the fracture surfaces of samples tested in flexion.
Figure 3 shows the features of an unreinforced foam
[Fig. 3(A, foamed-1)] and unidirectional hemp foams
prepared without (foamed-1) and with (foamed-2)
additional water [Fig. 3(B,C), respectively], which
are representative of the variations observed in all
composites. The amount of open cells slightly in-
creases when the reinforcement is added. The inter-
facial adhesion between fibers and matrix is very
good, because the OH groups present in the fibers
can react with the isocyanate groups to become
covalently bonded to the polymeric matrix. The av-
erage cell size decreased as the concentration of
foaming agent increases. Since the number of cells
increases with the addition of water (which gener-
ates CO2 blowing agent by reacting with the isocya-
nate) and the crosslinking reaction inhibits small
cells to collapse into bigger ones, a larger number of
smaller cells must result. This change in the mor-
phology not only affects the mechanical performance
of the foams but also their physical characteristics.

The incorporation of just a drop of water to the
formulation produces the large changes observed by
SEM and that are macroscopically measurable as a
change in the density of the materials (Table I).

Figure 3 Scanning electronic micrographs. (A) Unreinforced foam (foamed-1); (B) Long unidirectional hemp fibers
reinforced foam (foamed-1); (C) Long unidirectional hemp fiber-reinforced foams with added water (foamed-2).
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Obviously, the stoichiometry of the reaction is also
changed, because the isocyanate groups are consumed
in the formation of ureas and CO2 in a larger
proportion than in the formulation without water
addition. Comparison of the FTIR spectra obtained
from both types of samples is shown in Figure 4.
Infrared spectroscopy on recently prepared neat PU
samples show some differences related to the addi-
tion of extra water. The main difference is on the con-
sumption of the isocyanate groups at (2274 cm21);
more NCO groups are consumed in the foamed-2
sample and thus the intensity of the peak is lower.
A small difference appears in the region of soluble
ureas at about 1660 cm21, a slightly larger concentra-
tion of these groups is formed in the foamed-2
sample.24 As a consequence of the chemical and
morphological changes induced by water addition,
the materials can show different thermal and
mechanical properties.

Besides, the materials can also show some aging
which is the result of further polymerization of any
originally unreacted isocyanate, and also of possible
reactions of the unsaturations remaining in the chains
of the castor oil based polyol. Because some of the
unsaturations of the triglyceride chains in the polyol
are not converted to OH and thus they remain in the
crosslinked PU, a slow reaction initiated by oxygen
is possible. This reaction is responsible for the
solidification of drying oils and has been reported
previously in the literature.25–29 Since aging can
result in changes in the chemical structure of the
foams leading to changes in their physical and
mechanical properties, only samples with similar
aging times after preparation were compared. There-
fore, in the following discussion, unless it is specifi-
cally indicated, the properties of the samples stored
at room temperature during one year are reported
and compared. Additionally, the density of the
materials must be considered to discuss their final
properties on a comparable basis.

Effect of the filler size and structure

Wood fibers

Thermomechanical (DMA) and mechanical (flexural)
properties were measured for samples prepared
with the pine wood flours of different sizes (and as
previously discussed, different aspect ratios). No
additional water was incorporated to the formula-
tions so the little foaming observed in these samples
is the result of the equilibrium humidity content of
the fibers. The density of the resulting materials is
not exactly the same, since it will depend on the
nature of the fibers and the degree of microfoaming
in the samples (Table I). These differences have been
taken into account in the following analysis and
discussion of the results.

Figure 5 shows the storage modulus and tan d
curves for the unreinforced PU, small, medium, and
large pine wood fiber-composites. The analysis of
the dynamic measurements shows that the tempera-
ture of the tan d peak, which corresponds to the
main relaxation of the matrix and is related to its
glass transition, is in the range of 98–1088C for the
composites, while it is around 70–738C for the
unreinforced sample.

All the samples show a decrease of E0 with the
temperature, but the drop in E0 at the transition for
the composites is of only about one decade, because
the presence of the rigid fibers avoids a larger drop
of the modulus. On the other hand, the difference
between glass and rubber modulus is much higher
in the matrix than in the composites, being the
change for the unreinforced sample of about two
decades.

The large differences between the dynamic me-
chanical behavior of reinforced and unreinforced
samples are attributed to the combination of the
hydrodynamic effects of the particles embedded in a
viscoelastic medium and to the mechanical restraint

TABLE I
Density of the Samples

Density (Kg/m3)

Foamed-1 samples
Unreinforced PU 954.5 6 5.6
Small Wood fibers 969.1 6 27.3
Medium Wood fibers 783.9 6 10.8
Large Wood fibers 795.2 6 3.8
Hemp Short fibers 782.5 6 17.8
Hemp-1 direction 763.4 6 31.4
Hemp-2 directions 722.2 6 8.0
Hemp-4 directions 842.6 6 28.4

Foamed-2 samples
Unreinforced PU 672.3 6 51.8
Medium wood fibers 611.1 6 5.9
Hemp-1 direction 583.0 6 20.5

Figure 4 DRIFT spectra of PU foams. Difference spectrum
corresponds to the subtraction: foamed-1–foamed-2 spectra.
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introduced by the filler at high concentrations
(which reduced the mobility and deformability of
the matrix). This effect is even more important in the
present system, where the ��OH groups of the wood
fibers can react with the NCO groups of the MDI,
leading to the chemical bonding between matrix and
reinforcement.

It is very interesting to notice that the width of the
tan d peak for all the composites covers a tempera-
ture range of almost 1008C, suggesting that these
materials may have interesting damping properties.

Additionally, the materials were mechanically
tested and thus, the flexural properties of the cross-
linked reinforced samples were measured and are
shown in Table II. As anticipated, the density of the
samples was considered in the analysis. Table I
shows that the densities of medium and large wood

fibers-composites are quite similar, which allows a
direct comparison of the mechanical results obtained
for those two samples. However, the small fibers-
composite presented a higher density. A comparison
is still possible by considering the modulus and
strength of the samples per unit density. The results
obtained in this way are presented in Figure 6.

It is clear that there is an overall trend of increas-
ing properties (modulus and strength) as the size
of the fibers decreases. Similar trends have been
reported in the literature.30,31

Hemp fibers

The use of hemp fibers as chopped short fibers and
as continuous threads in different oriented arrange-
ments allowed obtaining materials with different
final properties. Figure 7 shows the tan d of the com-
posites tested in DMA, three-point bending geome-
try. The temperature at the maximum of the main
relaxation appears in the range of 90–1188C for all
the materials prepared with hemp. In all cases, the
relaxation covers a wide range of temperatures, from
above 508C up to 150–2008C. The width of the transi-
tion is larger for the composite prepared with short
fiber hemp. This feature, as already indicated for
wood fiber composites, may be quite interesting for
applications that require materials with damping
properties. The tan d peak corresponding to the one
direction composite is higher, and this effect is
reduced as more directions are added to the com-
posite. It looks like the polymer chains tested in flex-
ion and perpendicular to the fiber length are less
inhibited in their relaxation mobility than when
matrix of the other composites is formed.

The static flexural properties of the hemp rein-
forced PU composites were also measured and are
shown in Figure 8. It is clear that the best properties
are obtained for the aligned one directional-fiber
composite. The lowest properties correspond to the
two directional-fiber composite, while the four direc-
tional materials have intermediate properties. When
the material is subjected to bending, the lower face
is under tensile loads, while the upper face is under
compression. It seems that the lower face is more
important in determining the observed trend. For
that reason, the composite with longitudinal aligned
fibers can stand higher stresses. The fibers on the

Figure 5 Storage modulus and tan d curves for unrein-
forced PU, small, medium, and large pine wood flour-
composites (foamed-1).

TABLE II
Flexural Properties of Wood Fibers Reinforced Foams (1 y After Preparation, Foamed-1)

Composites made with Maximum stress (MPa) Maximum strain (mm/mm) Flexural modulus (MPa)

Small wood fibers 44.94 6 7.24 0.0285 6 1.03 E 23 2684 6 490
Medium wood fibers 26.05 6 5.08 0.0248 6 3.66 E 23 1635 6 117
Large wood fibers 26.93 6 0.13 0.0212 6 4.06 E 23 1223 6 485
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lower face are deformed under tensile forces, because
of the orientation of the continuous hemp strands,
and thus the modulus of the composite has a larger
contribution from the fiber properties. The two direc-
tional samples has only half of the fibers aligned in
that direction and consequently, the contribution of
the fibers to modulus or strength is lower. Finally, in
the four directional samples the fibers are ordered in
0, 45, and 908 with respect to the direction of the
sample longitudinal axe. The fibers aligned at 458
contribute at least in part to the modulus and

strength of the material (the lower face of the tested
specimen is considered for the analysis) and so the
properties measured are intermediate between one
and two directional aligned fiber-composites. Short
hemp-fibers composites present comparatively low
modulus and maximum stress. This is the expected
output for a particulate material, where the short
fibers contribute little to the strength of the material
(they are below the critical length for effective stress
transfer) and act mostly like a filler.

Figure 6 Flexural modulus and strength per unit density,
for pine wood flour composites (foamed-1).

Figure 7 Storage modulus and tan d curves for hemp
composites (foamed-1).

Figure 8 Flexural modulus and strength per unit density,
for hemp composites (foamed-1).

Figure 9 Thermomechanical behavior of reinforced foams
with and without added water added, tested 1 year after
preparation. (A) Pine wood flour composite; (B) Hemp
composite.
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Effect of water addition

Figure 9(A,B) show the dynamic mechanical behav-
ior (E0 and tan d vs. temperature curves) of medium
wood fiber and unidirectional hemp composites pre-
pared without and with addition of a drop of water
and tested one year after preparation. The maximum
in the tan d peak appears at lower temperature in
the samples prepared with added water, which is a
consequence of the changes in chemical composition
and consumption of extra isocyanate groups, as it
was previously discussed. The storage modulus of
the material at low temperatures depends strongly
on the density of the material, and thus, E0 is mark-
edly lower in the foamed samples.

The flexural properties, modulus (Eb), deformation
at break (eu) and ultimate stress (ru), of representa-
tive samples is presented in Table III. The flexural
modulus and ultimate stress decrease when water is
added to the formulations, as expected. When the
properties are compared per unit of density the
values become closer, but still some differences are
observed between wood fiber and hemp fiber com-
posites. The modulus of the foamed-2 wood composite
is lower than the corresponding foamed-1 composite,
even after density considerations. On the other hand,
the properties of the hemp composites foamed-1 and
foamed-2 are very similar when the effect of density
is taken into account. Probably, the continuous fibers
are long enough to ensure a good adhesion to the
polymer through the contour length even in the
microcellular composite.

Chemical aging

The effect of chemical aging on the properties of the
castor oil based-PUs and their composites was
studied by the thermomechanical and mechanical
characterization of samples recently prepared and
those stored during one year. Because the castor oil
based polyols have unreacted unsaturations, an
oxidative process occurs during time, which leads to
additional crosslinking of the polymer. This process
is the cause of solidification of drying oils and,
although the process has been recognized for long
time, the complexities of the mechanisms involved
are still under discussion.25–29

Dynamic mechanical measurements show that the
main relaxation of the pine wood composites shifts
from 72 to 828C to 97–1108C, for the samples recently
prepared and one year old, respectively. Figure 10
corresponds to medium wood fibers foams and
shows that recently prepared samples have a tan d
peak, which is asymmetric with a tail in the region
of high temperatures. After 6 months the tan d peak
not only shifts to higher temperatures but also
becomes more symmetric. Significantly, the height of
the peak is also reduced in the older samples
because of the reduced mobility of the chains
involved in the relaxation. The changes that occur in
the subsequent 6 months (finally achieving 1 year of
aging) are minor.

The flexural properties are also affected by the PU
aging in all the composites tested, as it can be noticed
from Figure 11(a-c), where the modulus, maximum
stress, and deformation to rupture of recently pre-
pared and one year old samples are compared. The
bending modulus and the maximum stress of the
materials increase with time. This was expected, as a
result of the reaction of the triglyceride unsatura-
tions, further contributing to the crosslinking of the
matrix. It is quite interesting that the maximum

Figure 10 Tan d versus temperature curves of medium
wood fibers composite (foamed-1), as a function of aging
time.

TABLE III
Flexural Properties of Representative Samples

Composite sample Eb (MPa) rmax (MPa)
Maximum strain

(mm/mm)
Eb/q

MPa/(kg/dm3)
rmax/q

MPa/(kg/dm3)

Wood fibers/foamed-1 1635 6 117 26.05 6 5.08 0.0248 6 0.0037 2085 6 149 33.23 6 6.48
Wood fibers/foamed-2 638 6 44 13.55 6 1.51 0.0317 6 0.0051 1045 6 72 22.09 6 2.47
Hemp-1 direction/foamed-1 2637 6 520 61.16 6 7.53 0.0449 6 0.0020 3454 6 681 80.11 6 9.86
Hemp-1direction/foamed-2 1913 6 290 39.02 6 3.66 0.0470 6 0.0036 3281 6 497 66.93 6 6.28

2798 ARANGUREN, RÁCZ, AND MARCOVICH
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deformation reached by the composites before break-
age was not reduced. On the contrary, it increased
in most of the composites investigated. This is a
very interesting behavior since all the mechanical
properties of the material improve through aging,
included its flexural toughness [Fig. 11(d)].

CONCLUSIONS

It was possible to prepare microcellular PU com-
posites reinforced with different wood fibers and
hemp fibers and using a polyol synthesized from on
castor oil.

In general hemp fiber composites showed better
comparative properties, which was related to the
larger aspect ratio of the hemp fibers. In this respect,
one directional hemp composites offered the best
bending behavior.

Dynamic mechanical studies of the composites
showed very wide temperature transitions, which
suggest that the materials could be used for damp-
ing applications.

Addition of just a drop of water to the formula-
tions produced large variations in the morphology
of the materials, which was directly related to their
mechanical properties. This offers a possibility of

producing materials with very different properties
by an adjusted control of the formulation.

The materials suffer important aging due to a
secondary reaction of the unsaturations present in
the vegetable oil-based polyol. As a result, the mod-
ulus and strength of the material are improved. It is
very interesting that there was no decrease of the
deformation to rupture, and for this reason aged
materials showed improved modulus and toughness
than original composites, under the test conditions
reported.
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