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Liquid composite molding (LCM) processes are widely used to manufacture composite parts for the automotive industry. An
appropriate selection of the materials and proper optimization of the manufacturing parameters are keys to produce parts with
improved mechanical properties. This paper reports on a study of biobased composites reinforced with nanoclay particles. A
soy-based unsaturated polyester resin was used as synthetic matrix, and glass and flax fiber fabrics were used as reinforcement.
This paper aims to improve mechanical and flammability properties of reinforced composites by introducing nanoclay particles
in the unsaturated polyester resin. Four different mixing techniques were investigated to improve the dispersion of nanoclay
particles in the bioresin in order to obtain intercalated or exfoliated structures. An experimental study was carried out to define
the adequate parameter combinations between vacuum pressure, filling time, and resin viscosity. Two manufacturing methods
were investigated and compared: RTM and SCRIMP. Mechanical properties, such as flexural modulus and ultimate strength, were
evaluated and compared for conventional glass fiber composites (GFC) and flax fiber biocomposites (GFBiores-C). Finally, smoke
density analysis was performed to demonstrate the effects and advantages of using an environment-friendly resin combined with
nanoclay particles.

1. Introduction

Recent advances in the composites field are related to the
addition of nanoparticles such as carbon nanotubes, nano-
clays, or silicates nanoparticles to improve the thermal, me-
chanical, and electrical properties. Nanoparticle additives,
like nanoclay, are widely used in various industries such as
cable coatings, adhesives, inks, pharmaceutical and automo-
tive [1, 2]. One of the most common nanoclay forms is mont-
morillonite (MMT) with a particle thickness of 1 nm and 70
to 100 nm crosswise silica platelets [3, 4]. The choice and
extensive use of montmorillonite nanoparticles in previous
research is mainly due to the fact that they are commonly
available and inexpensive [5]. Minimal content (1–5% wt) of
such additives can improve the reinforcement of the polymer
matrix by increasing flexural modulus by up to 31% and

lowering the coefficient of linear thermal expansion [6–8].

However, the incorporation of nanoparticles into the liquid

matrix is still a challenge, because it requires proper dis-

persion and exfoliation of the nanoclay. Since they are hy-

drophilic in their natural state and unevenly distributed, they

must be organically modified to avoid agglomeration be-

tween the platelets in the dispersion media [9, 10]. This

modification will increase the degree of exfoliation and thus,

increase the level of surface interaction. This can be done

through common dispersion techniques such as exfoliation-

absorption, in situ polymerization, melt-intercalation, or

sonication [9, 11–13]. Usually, in order to easily incorporate

nanoparticles within the matrix, polymer dispersion media

are used. The idea is that particle motion would be easier in

a less viscous media than the polymer itself. Burgentzle et al.
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[14] studied the behaviour of nanoclays in various solvents
to evaluate the interaction between the particles and the dis-
persion media at different scales. They demonstrated that the
surface energy of the dispersion media is superior to clay,
which leads to an enhancement of the d-spacing, and there-
fore a balance between hydrophilic and hydrophobic natures
which is the key to good dispersion. The choice of solvent will
mainly depend on the matrix. If a media is used to disperse
nanoparticles, and is then added to the resin, the quantity
control will be crucial, otherwise an overall decrease of me-
chanical performances may result [12, 15]. This issue can be
overcome for unsaturated polyester (UP) resins since they are
composed of 35 to 38% wt of styrene monomer, which can be
easily used as dispersion media without resorting to the use
of another solvent.

Liquid composite molding (LCM) is widely used for
manufacturing composite parts particularly because it is less
expensive compared to autoclave process. LCM processes,
such as resin transfer molding (RTM) and vacuum-assisted
resin transfer molding (VARTM), are commonly used to
manufacture glass fiber composites as well as nanoreinforced
composites. Hussain et al. [16], using a resin infusion pro-
cess, showed a significant improvement in mechanical prop-
erties of laminates made of glass fibers using 1% wt nanoclay.
However, the infusion processes listed above are limited by
the low viscosity required to impregnate the fibrous rein-
forcement [7, 12, 17] and knowing that the viscosity could
significantly increase with the addition of nanoclays. Due to
their exfoliation, the nanoclay content is often limited to a
maximum of 5% wt. Thus, good knowledge of the matrix
rheological behavior is mandatory and the viscosity should
be controlled in order to properly impregnate the fibers and
produce parts with variability in mechanical performances.

Green technologies are increasingly important on the
world stage, and have been implemented in several indus-
tries. Bio-based materials appear to have a promising future,
and could play an important role in solving current environ-
mental issues. Using these materials could reduce the impact
of petroleum based products, and generate lightweight and
inexpensive composites. Most often, a bio component is in-
troduced into the conventional resin, offering the significant
advantage of reducing fossil fuel dependence for composite
manufacturing and contributing to the reduction of green-
house gas emissions. However, the addition of bio-based
content slightly decreases the storage modulus and glass tra-
nsition temperature (Tg), but increases the toughness [18,
19]. Given that stiffness and toughness are opposed per-
formance parameters, a proper balance is then required to
obtain an efficient composite by optimizing the percentages
of bioproducts and nanoadditives. This can be done by the
addition of layered silicates as shown in previous studies
[20–22]. The simple replacement of a portion of the resin
by a biocomponent reduces the overall mechanical prop-
erties, but if used in conjunction with the nanoclay, it
counterbalances the properties, because the nanoparticles
have greater affinity with bio-based resins [11, 16, 17].

Nowadays, natural fibers are well known, some proving
to be as strong as standard glass fiber. Their use does not
require any change in the current methods for composites

manufacture [23]. Moreover, natural fibers can also be recy-
cled, which is an added value [24–29]. In terms of mechanical
performance, the use of flax fibers shows higher elongation
at break than glass fibers, and thermal barrier properties are
also improved. Table 1 illustrates the comparative properties
of flax and glass fibers [30].

Safety regulations are becoming more restrictive as
regards the response of polymers and polymer composites
when exposed to fire. The main challenge remains that com-
posite matrices have poor resistance to fire and generate large
quantities of smoke, and industry needs to develop cost-
effective and environmentally friendly flame-retardant sys-
tems [9]. Conventional flame retardants, such as ammonium
polyphosphate (APP), are well known to be effective in
thermoset resins by reducing the peak heat release (PHRR)
and the total heat release (THR). However, to improve fire
resistance to an acceptable level, very high amounts of APP,
close to 30% wt, are required [31, 32]. In addition, conven-
tional flame retardants are suspected to be harmful to the
environment. This justifies their replacement by nanoclays
particles, which have the advantage of acting as an effective
flame retardant when mixed at low concentrations in a poly-
meric matrix [3, 9, 33]. Nazare et al. [9] as well as Gilman
et al. [34–36] have shown that incorporating a small amount
of nanoparticles (1–5% wt) can reduce the PHRR, THR, and
fire growth index by 25%. Wilkie [37] also observed that
flammability diminution is directly related to the surface
treatment used to functionalize the nanoclay and its pro-
portion in the matrix. Thus, it is necessary to optimize the
combination between the resin and the type of nanoclay par-
ticles. Besides acting like a flame retardant, nanoclays also
influence the UP resin cure by reducing cross-linking, which
also lowers char formation, thus reducing flammability.

This study will focus on the manufacture of composites
by LCM processes using nanocharged resins. Key parameters
such as dispersion of nanoparticles will be analyzed thor-
oughly, as well as the mechanical properties and flammability
performance. Two different resins and reinforcements will
be considered, where one will lead to the manufacturing of
a greener material. Three types of nanoclay particles will be
investigated at weight fraction varying from 1 to 5%. The
structure of the nanoreinforced thermoset matrices will be
studied using rheology, in order to select the best dispersion
while keeping in mind the processability of the resin for man-
ufacturing. Glass and flax fiber reinforced composites will
be fabricated and mechanically tested to obtain the elastic
modulus (E) and the ultimate stress (σ). These composites
will also be evaluated in terms of their flammability. Me-
chanical and flammability properties will be explored in
this research project to determine and confirm the positive
impact of the addition of nanofillers to the manufactured
composites.

2. Experimental

2.1. Material. In this work, two resins were used to disperse
the nanoclays particle and manufacture the composite
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Table 1: Comparative mechanical properties of glass and flax fibers [23].

Fiber type Density (g/cm3)
Young’s modulus

(GPa)
Specific modulus

(106 m2/s2)
Elongation at break

(%)
Moisture absorption

(%)

Glass 2.55 73 29 3 —

Flax 1.4 60–80 26–46 1.2–1.6 7

Table 2: Properties of nanoclay particles.

Cloisite 11B Cloisite 15A Cloisite 30B

D-spacing 18.4 Å 31.5 Å 18.5 Å

Density 1.9–2.1 g/cc 1.66 g/cc 1.98 g/cc

Surface
treatment

Benzy
(hydrogenated
tallow alkyl)

dimethyl, salts
with bentonite

Bis
(hydrogenated
tallow alkyl)

dimethyl, salt
with bentonite

Alkyl quaternary
ammonium

bentonite

laminates. Petroleum-based unsaturated polyester (R937-
DPE24) from AOC was initially used to prepare nanorein-
forced composites. Then, petroleum-based unsaturated pol-
yester diluted with 8% of soy oil, Envirez Q11500 INF from
Ashland, was used. Both resins were pre-promoted with
cobalt ethylhexanoate (0.05%) and initiated using methyl
ethyl ketone peroxide (MEKP925) from Norox at 1.5 parts
per 100 parts of resin. Three different kinds of nanoclay par-
ticles were investigated in this work. Table 2 summarizes their
properties. They are all montmorillonite-type nanoclays,
which is an organically modified layered magnesium alu-
minum silicate, and are all provided by Southern Clay Pro-
ducts. Two types of fibrous reinforcement were also used in
this study, a bidirectional 0◦/90◦ glass fabric from JB Martin
and 0◦/90◦ flax fibers fabric.

2.2. Nanoclay Dispersion. Dispersion of nanoclay particles
into the matrix is key to obtain the desired properties of
the composite. In this work, three techniques were used to
disperse the nanoparticles in the unsaturated polyester resin:
hand mixing, three-roll-mill, and sonication. This paper
reports the results obtained with the sonication technique,
which proved to lead to the best mixing quality. In this
study, a high-frequency ultrasonication bath from Elmasonic
was used for nanoparticles dispersion at 35 kHz and 100 W
during an hour. Four different procedures were studied to
optimize the ultrasonication parameters and the mixing
strategy. Figure 1 shows a flow diagram of the A0 to A4
techniques studied in this work. The dispersion media was
either styrene, resin, or a mixture of both. Pure samples were
sonicated using technique A0 in order to study the impact of
ultrasonication on resin properties and to establish a com-
parative basis. After sonication, styrene is either removed or
added to ensure the same percentage in all samples. Styrene
quantity was measured by mass control and incorporated
using a high-speed mechanical stirrer.

2.3. Fiber Reinforced Nanocomposite Manufacturing. Two
liquid composite molding (LCM) processes were investigated

in this research: the Seeman composite resin infusion mold-
ing process (SCRIMP), and resin transfer molding process
(RTM). The SCRIMP process (see Figure 2) was modified
using an aluminum plate on top of the laminate in order to
better control the overall thickness of the manufactured com-
posite, and create good surface finish on both sides. Usually,
SCRIMP method requires the use of a distribution media,
sitting on top of a layer of peel ply, on top of the laminate. In
this work, these layers were removed, because of major nano-
clays filtration problems. Laminates are composed of either
six layers of 0◦/90◦ woven glass fibers or eight layers of 0◦/90◦

woven flax and glass fiber fabrics. The infusion pressure was
chosen by taking into account the initial viscosity of the
nanoreinforced resin and the minimum allowable pressure
to prevent boiling and evaporation of styrene. The viscosity
of the mixture is critical, because it will influence the filling
time of the part and the impregnation of the fiber tows. Man-
ufacture was followed by a 2-hour postcure at a 100◦C.
This step was preceded by a 3-hour post-cure at room tem-
perature for SCRIMP composite plates only.

During the SCRIMP infusion process, the thickness of
the part varies from the resin inlet to the vent location. This
is due to the pressure gradient during resin flow and the de-
compaction of the fibers. After filling, the pressure in the
cavity becomes uniform and the thickness equilibrates. How-
ever, this step, called postfilling, is very slow and often the
resin cures before reaching the thickness equilibrium. To
avoid this phenomenon, the filling time has to be relatively
short compared to the post-filling stage [38]. Furthermore, if
the resin flow is too fast, voids can be entrapped within the
laminate reducing its mechanical performance. It has been
demonstrated in previous work [39] that macro and micro
voids are formed at, respectively, low and high capillary
number. Since in this study resin viscosity will be affected by
the presence of nanoparticles, then the pressure gradient in
the mold has to be adjusted to ensure the same flow velocity

(i.e., capillary number) for manufacture of all composite
samples. To improve the robustness of the process, several
composites plates were manufactured by SCRIMP using a
polyester resin with different viscosities. The viscosity of the
resin was modified by styrene dilution. At the same time,
the vacuum pressure was varied for each laminate according
to the viscosity of the applied resin. Figure 3(a) shows the
resulting infusion times as a function of vacuum pressure.
This evolution is found to be linear and can be illustrated by
the model of the following (1) in terms of vacuum pressure,
resin viscosity and infusion time:

t

µ
= −

a

P
+ b or P =

a

b − t
µ, (1)
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Figure 1: Nanoclay dispersion methods.

Lower mold
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PlatePeel ply

Glass fibers

Figure 2: SCRIMP composite manufacturing setup. The liquid resin infusion was performed throug a classical VARTM process. The
aluminum plate on top reduce thickness variation of the part. The reinforcement is a combination of oriented fibers and mat.

where t is the infusion time in minutes, P the vacuum pres-
sure in kPa, µ the viscosity of the resin in Pa·s, and a and
b are experimental parameters (resp., 928.7 and 3.18). In
this work, the viscosity of the nanocharged resin will vary
according to the nanoclay content. It is desirable to keep a
constant capillary number for all samples. To do so, the
infusion time has to be similar for all manufactured plates.
Since the composite plates have a fixed length of 65 cm and
the same reinforcement, by fixing a desired filling time, the
vacuum pressure can be adjusted according to the viscosity
of the resin. Figure 3(b) shows the experimental results for an
infusion time of 6 min 20 sec with different resin viscosities.
For this mold configuration and a fixed filling time, the
previous model is used to adjust the vacuum pressure P as
a function of nanocharged resin viscosity.

In addition to the SCRIMP process, an RTM manufac-
turing process was also implemented in this research. As
shown in Figure 4, the fibers were placed between the two
rigid aluminum mold parts and were clamped with a hyd-
raulic press. The advantage of this process is that the thick-
ness of the laminates is controlled by the mold cavity. A
plate, used as a spacer, was added to adjust the depth of this
cavity in order to obtain the same dimensions for both pro-
cesses. Afterwards, the RTM setup was heated up to reduce
the viscosity of the resin and improve impregnation of the
fibers. Table 3 summarizes the manufacturing parameters
used during SCRIMP and RTM experiments.

2.4. Material Characterization. Simple shear rheology tests
were performed on the nanodispersed resins using a con-

trolled stress rheometer MRC501 from Anton Paar with con-
centric cylinders and parallel plate geometries. Tensile and
flexural mechanical tests were performed using a mechanical
testing and simulation (MTS) machine from Lab Integration.
A crosshead speed of 1.15 mm/min and a span length of
60 mm were used according to ASTM D790 standard. For
all tests, a minimum of four samples were tested to ensure
reproducibility. The flammability of the samples was studied
by testing smoke density according to ASTM D2843. For this
test, the flame strikes the sample at an angle of 45 degrees for
a period of 4 minutes. Above the sample holder, a lamp and
a light detector are located on each side of the chamber to
measure the light transmission. The light intensity decreases
with the smoke density generated by the burning sample. In
other to obtain reproducible results, six samples of the same
size were tested.

3. Nanoclay Dispersion and
Processability Analyses

3.1. Nanoclay Dispersion Analysis. In this work, rheology was
used to study the dispersion of the nanoclays in the liquid
resin. The objective was to link the shear viscosity behavior
to the level of dispersion and exfoliation of the nanoclay
platelets in the mixture. Higher shear viscosity is associated
with a better exfoliation of the structure [40, 41]. The shear
viscosity can also be related to the ability of the polymer to
bond to the nanoclays and will depend on the type of clay
and its surface treatment.
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Figure 4: RTM composite manufacturing setup.

Shear experiments were carried out on resin-nanoclay
mixtures dispersed by methods A1 to A4 in order to verify the
impact of clay addition on viscosity. As illustrated in Figure 5,
the viscosity increases by up to four-times if compared to
the neat resin A0, with 3% wt of nanoclay content. How-
ever, the A1 blend shows a non-Newtonian shear-thinning
behaviour while blends A2 to A4 exhibit a nearly Newtonian
behaviour similar to the neat resin A0. The non-Newtonian
behaviour of mix A1 may be a direct consequence of the
creation of links between the nanoparticles and the resin. It
can be concluded from these results that only the dispersion
technique A1 would be able to produce a well-dispersed
and probably intercalated/exfoliated structure. An exfoliated
structure would result in higher surface interaction due to
the physical properties of the montmorillonite clay itself and
intercalation due to the polymer diffusion into the galleries
of the nanoclays [42–44]. Durán et al. [45] observed a sim-
ilar behavior for montmorillonite suspensions under shear
experiments, and Sinha [3] showed that the linear viscoelas-
tic performance of the polymer chains are indeed altered by
the addition of the nanoparticles in the composition. The
dispersion method chosen requires the use of styrene as the
dispersion media. Due to its low viscosity (0.762 m Pa·s)
the styrene allows better movement of the particles. Adding

the resin afterwards seals the internal structure and main-
tains the intercalated-exfoliated structure.

Figure 6 shows the results of shear viscosity tests carried
out on the Envirez Q11500 UP bioresin charged with 3% wt
of Cloisite 30B nanoclays dispersed with the A1 technique.
In this analysis, successive shear tests were conducted to
study the reorientation of the nanoclays platelets along the
rotation axis. During the first rotation, the viscosity of the
blends at a shear rate of 0.1 sec−1 is 0.8 Pa·s, reducing to
0.3 Pa·s for a shear rate of 100 sec−1. This shear thinning
behaviour is related to the reorientation of the nanoclays
platelets around the rotational axis. When the test is held for
one minute before starting the second rotation, the nanoclays
tend to reorganize in their original random position. As
a consequence, the viscosity at low shear rates during the
second sweep is lower than for the first. This phenomena is
also reproduced for the third shear rate sweep. However, for
all three cases, the viscosity of the blends is the same for high
shear rate of 100 sec−1, showing that the same reorientation
of nanoparticles appears after all three sweeps.

Figure 7 shows the initial viscosity at a constant shear rate
of 0.1 s−1, for various types and percentage of Cloisite nan-
oclay dispersed in the bioresin Q11500. Generally, the vis-
cosity increases with the nanoparticles content. It is notable
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Table 3: SCRIMP and RTM process parameters.

Part size (mm)
Fiber volume

content V f (%)
Resin injection
pressure (kPa)

Mold and preform
temperature (◦C)

Vacuum pressure
(kPa)

Closing mold
pressure (tons)

RTM 300× 100× 2.19 40 138 80 70 10

SCRIMP 650× 300× 2.12 41 —
Room

Temperature
30–70 —

1001010.1

Shear rate (1/s)

0
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Figure 5: Shear viscosity sweep at 23◦C for 3% wt C30B nanoclay
dispersed in petroleum-based resin R937 by different methods.
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Figure 6: Successive shear viscosity sweeps at 23◦C for 3% wt C30B
nanoclay dispersed in petroleum-based resin R937 using the A1
mixing method.

that for the same amount of nanoclay, the viscosity is higher
for C15A than for C11B and C30B. This phenomenon can
be related to the higher surface interaction between the
nanoclays and the UP resin which leads to a possible better
dispersion for C15A. This difference can be explained by
the chemical treatment and d-spacing between nanoclay
platelets. The latter can also have an impact on the capacity of
the particle to exfoliate with sonication energy. As described
in Table 1, even if particles C15A and C11B have almost

Processability limit

C30B

C11B

C15A

543210

Nanoclay content (%wt)

0.1

1

10

100

1000

η
(P

a·
s)

Neat bioresin

Figure 7: Viscosity at 23◦C for various types of nanoclays and
percentage. The dotted line indicates the maximum viscosity
allowed for liquid composite molding.
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543210

Nanoclay content (%wt)

1.5
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2.5
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3.5

E
(G
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Neat bioresin

Figure 8: Flexural modulus of nanoclays reinforced polyester
bioresin (matrix only).

the same chemical treatment, C15A has a higher d-spacing.
This higher d-spacing will facilitate the diffusion of the
polymer macromolecules between the platelets resulting in
higher surface interaction and higher viscosity. For C30B and
C11B, the d-spacing is similar, but their chemical treatment
was different. This will affect the initial viscosity value,
respectively, 0.28 Pa·s and 0.8 Pa·s.

3.2. Processability Analysis. In LCM processes, the impreg-
nation of the fibrous preform and time required to fill up
the mold are intimately related to the viscosity of the resin.
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Figure 9: Ultimate strength of nanoclays reinforced polyester
bioresin (matrix only).

These manufacturing processes are limited to low viscosities
due to the very dense nature of typical porous media to be
infiltrated (i.e., compacted fibers) and relatively low infusion
pressures compared to injection molding of pure plastics.
In practice, resin viscosity is limited to 1 Pa·s for SCRIMP
process and 10 Pa·s for RTM. This processability limit of
the nanocharged resin is illustrated in Figure 7 by the dotted
line at 10 Pa·s. These manufacturing requirements limit the
application of nanoclays to 1% for C15A, 2% for C11B, and
5% for C30B. These nanoclay concentrations are applied in
this study for the manufacture of composite laminates with
the nanocharged bioresin.

3.3. Mechanical Properties of Nanoclay Composites. In this
work, different types and percentages of nanoclays were
used to study their impact on mechanical properties of the
composite laminate. The resulting flexural properties for
C11B, C15A, and C30B nanocharges are shown in Figures
8 and 9. As illustrated in Figure 8, the addition of 1% wt
of nanoclays does not have an impact on flexural modulus.
This is most probably due to the low interaction between
nanoparticles dispersed in the matrix. However, significant
increases are observed for contents above 2% wt.

The flexural modulus of the nanofilled resin samples
decreases to 1.6 GPa with the addition of 2% wt of Cloisite
15 A. This decrease in elastic properties is related to the very
high viscosity of the mix (see Figure 7) and the limitations
of the processability by the SCRIMP technique. For samples
manufactured with Cloisite 11B and 30B, an increase in
elastic modulus is observed for 2 to 4% wt of nanoclays con-
tent. Dispersion of nanoparticles in the resin is limited to
2% for C11B and 5% for C30B. In these cases, significant
agglomerates were observed after dispersion, which have
decreased the elastic response of the composite laminates. It
can be concluded from Figure 8 that the elastic modulus of
the nanocharged bioresin can be improved with the addition
of 2% of Cloisite 11B and 3 to 4% of C30B.

Figure 9 shows the resulting ultimate strengths of the na-
nocharged bioresin manufactured at different proportions of
nanoclays. It was observed that for all samples, the ultimate
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Figure 10: Mechanical properties of composite laminates made by
RTM and SCRIMP processes: (a) flexural modulus, (b) utimate
strength.

strength is lower than the neat resin, and the worst case is
for 2% wt of C15A. This decrease in the ultimate strength
is probably due to the fact that the nanoclays platelets
are probably well dispersed but not exfoliated. Due to the
relatively large amount of resin required to manufacture the
composite plates, the ultrasonication technique used in this
work may not guarantee full dispersion and exfoliation of the
nanoclays. If agglomerates are present in the nanocharged
resins, polymer chains will not diffuse between the clay pla-
telets creating voids inside the agglomerate. This material
discontinuity will initiate microcracking that decreases the
ultimate strength of the composite laminate, which may ex-
plain the variability in the data for Cloisite 30B. It can
also be concluded from Figures 8 and 9, that Cloisite 15 A
is not appropriate to be used as reinforcement for the
Q11500 bioresin. Moreover, both C11B and C30B, at 2 and
3% wt, respectively, are suitable as nanoreinforcements for
composite laminates manufactured by SCRIMP and RTM
processes. For the remainder of this study, which will focus
on the manufacturing, the Cloisite 11B was chosen at a con-
centration of 2% wt.

In order to study the feasibility of nanoreinforced com-
posites, rectangular plates were injected using the processes



8 International Journal of Polymer Science

3.37
4.08

10.12

12.57

F
la

x/
b

io
re

si
n

F
la

x/
b

io
re

si
n

2
%

w
t

C
1

1
B

G
la

ss
/b

io
re

si
n

G
la

ss
/b

io
re

si
n

2
%

w
t

C
1

1
B

0

5

10

15

E
/ρ

(1
06

m
2
/s

2
)

(a)

83
73

206
194

F
la

x/
b

io
re

si
n

F
la

x/
b

io
re

si
n

2
%

w
t

C
1

1
B

G
la

ss
/b

io
re

si
n

G
la

ss
/b

io
re

si
n

2
%

w
t

C
1

1
B

0

50

100

150

200

250

σ
/ρ

(1
0

6
m

2
/s

2
)

(b)

Figure 11: Mechanical properties of glass and flax reinforced
nanoclays composite made by SCRIMP process: (a) specific flexural
modulus (b) specific ultimate strength.

described above. These composite plates were manufactured
using bidirectional glass fibers as described in Table 1. The
Q11500 UP bioresin containing 8% of soy oil was mixed
with 2% of C11B nanoclays. Prior to RTM injection, the
mold was heated to 80◦C to reduce cycle time and improve
impregnation of the fibers. Table 2 summarizes the param-
eters used for RTM processing. Figure 10 illustrates the re-
sulting mechanical properties of the composite plates with
pure resin, and with resin nanoreinforced with 2% wt of
C11B. These experimental data show that the RTM process
results in improved mechanical properties as compared to
the SCRIMP process. This was due to the higher molding
temperature which improves fibers impregnation, higher
injection pressure, and rigid mold that ensure a constant
thickness and thus, a constant fiber volume fraction.

The addition of 2% of nanoclay C11B provided an imp-
rovement of both the flexural modulus and ultimate strength
for both processes. An improvement of 11% in flexural mod-
ulus results of RTM laminates whereas it was 6% for the
SCRIMP laminates. No significant changes were observed
in ultimate strength for both processes, taking into consid-
eration the standard deviation. Even if this improvement
of mechanical properties appears promising, it may be
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Figure 12: Results of the flammability tests carried out on various
composite laminates made by SCRIMP process.

considered to be irrelevant due to the complexity of mixing
the nanoparticles with the resin.

One of the purposes of this research was the manufac-
turing of green composite nanoreinforced with mineral par-
ticles. To do so, glass fibers were replaced by natural fibers
and a green composite was made with soy-based resin in-
jected with the SCRIMP process. The manufacturing condi-
tions were the same as of the previous case, except that there
were eight layers of 0◦/90◦ flax or glass fibers instead of six.
Figure 11 shows the results of the mechanical tests carried
out on the green composites. Using the law of mixtures, it
was found that the specific properties E/ρ and σ/ρ of natural
composites are much lower than those of the glass fiber
composites at an equivalent fiber volume fraction of 50%.
This was identified as a limitation for the practical use of
these green composites. The addition of 2% wt of nanoclays
C11B improved the flexural modulus of flax laminates by
18%, which is in the same order of magnitude as for the
glass laminates of Figure 10. However, the ultimate stress
carried by the natural fiber composites was slightly reduced
by the addition of nanoclays. These latter results would
require further study to develop a better understanding of
the underlying reasons.

4. Flammability Results

Flammability of composite parts is a major concern since the
considerable amount of smoke and toxic fumes released dur-
ing burning restrict their use in the transport and building
applications. Additives such as ammonium polyphosphate
(APP) are often used as flame retardants in replacement of
more toxic additives used in the past. However, the addition
of a significant amount of these particles decreases the me-
chanical properties of the resin. Thus, one of the aims of the
present research was to study the use of nanoclays as a
potential flame retardant.

To analyze the flame retardancy of nanoclay reinforced
composites, glass fiber plates were produced by the SCRIMP
process using the bioresin with different amounts of nan-
oclay. Figure 12 shows the resulting smoke density and mass
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loss of the six tested laminates. These measurements were
carried out with a smoke density test facility modified to
fit the ASTM D2843 standard. Six samples were tested in
order to get a good reproductability within the results. The
first part of the study was conducted using a petroleum-
based UP resin, resulting in a smoke density of 71% and
a loss of one-third of the mass after burning. Then the glass
fibers/petroleum-based UP resin laminates were manufac-
tured adding 30% of APP flame retardant or 3% wt C30B
nanoclay particle. The smoke density of these samples was
reduced to 60 and 66%, respectively. The addition of 30% of
APP resulted then in a diminution of 15% in the smoke den-
sity and 26% in the mass loss. The addition of 3% of nano-
clays equals the improvement of the flame retardancy for
these laminates.

In the second part of this study, the petroleum-based
UP resin was replaced by the soy oil diluted resin Q11500.
For the neat bioresin/glass fibers laminate, the smoke density
was reduced to 36% and the mass loss to 23%. This is an
improvement of more than 50% of the results obtained with
the petroleum-based resin. The addition of 2% of C11B
nanoclays to this soy-based resin reduced the smoke density
to 23% and the mass loss to 17% while the addition of 3% wt
C30B resulted in only 12% of smoke density and 11% of
mass loss. These results clearly indicate the potential use of
nanoclays as an effective, more environment friendly flame
retardant for bio-composites. This difference between C11B
and C30B can be explained by their chemical affinity to the
soybean oil contained in the Q11500 resin.

5. Concluding Remarks

In this paper, rheology analyses were completed on different
nanoclay mixtures dispersed in a styrene media. Experimen-
tal rheological and mechanical analyses have shown that the
properties of the charged resin are directly dependent on the
nanoclay content as well as on the chemical treatment used
to functionalize the nanoclays. Two bidirectional reinforce-
ments: glass and flax fibers, were used to manufacture parts
using RTM and SCRIMP processes. Two types of resin: pe-
troleum-based unsaturated polyester and soy oil-based resin
were also investigated, with three types of nanoclays: Cloisite
11B, 30B, and 15A. The choice of nanoparticles for manufac-
turing was restricted to the processability limit of the nano-
charged resin of 10 Pa·s. First, mechanical property evalua-
tion showed that the elastic modulus of the nanofilled resin
with only 2% of Cloisite 11B increased by 14%: however, the
ultimate stress decreases by 16%. This type of nanoreinforce-
ment was chosen for further manufacturing of laminates.

Composite plates manufactured with glass and flax fibers
were mechanically tested showing an improvement of 6%
with the SCRIMP process and 11% for RTM when adding
2 wt% of nanoclays. The laminates made with natural fibers
showed an increase of 18% of the elastic modulus. Finally, fire
resistance of nanocomposites was evaluated with the smoke
density tests. The addition of 3 wt% of nanoclays improved
the flammability by up to 30% compared to the conventional
composite, and the combination of nanoclay and bioresins

doubled this value. Moreover, replacing current flame retar-
dant, such as APP, by nanoclay particles is ecological and also
reduces the impact of petroleum and chemical-based pro-
ducts. This study illustrates that the use of well-dispersed
nanoclays in polyester resin brings a global improvement and
is suitable for resin infusion process.

Abbreviations

GFC: Glass fibers composite
GF-NC: Glass fibers nanocomposite
GFBiores-C: Glass fibers bioresin composite
GFBiores-NC: Glass fibers bioresin nanocomposite
FFBiores-C: Flax fibers bioresin composite
FFBiores-NC: Flax fibers bioresin nanocomposite
UP resin: Unsaturated polyester resin
Phr: Parts per hundred
Wt: Weight percentage.
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