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ABSTRACT

Biocomposite panels consisting of biobased thermoset resins (EP, PU, UP, and tannin) and flax fibre reinforce-
ments were produced using the vacuum assisted resin transfer moulding process. Panels based on a conventional
chemical-based resin matrix were also produced, and investigated comparatively. Rheometric analyses were per-
formed to evaluate the suitability of these resins for liquid composite moulding. Tensile, shear, and impact-
bending tests have been carried out to assess the quality and mechanical performance of manufactured laminates.
The impregnation quality was assessed by means of ultrasonic-C-scanning and microscopy. It turned out that the
properties of the biobased composite panels made of biobased epoxy resin and a biobased UP-resin from the
company Nuplex in New Zealand were onlay slightly inferior to those produced with a conventional epoxy resin.
A biobased PU-resin from the company USSC in the USA developed voids during curing. A tannin-based resin
containing of formaldehyde was not processable.
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1. Introduction of research has been conducted on bio-composites with
an emphasis on thermoplastic matrices such as starch,
poly(lactic acid) (PLA), and poly(e-caprolactone) (PCL)
[4-10]. However, quite a few publications exist in the
field of biothermoset-based natural fibre composites [11-
15] which have been applied to some prototype applica-
tions in the fields of civil and transport engineering [16-
18].

Natural fibres such as flax, jute, sisal, hemp, and ramie,
are currently being used as reinforcements in composite
manufacturing. Flax fibres in particular possess a Young’s
modulus comparable to glass fibres [19,20] and have also
been investigated as reinforcement for bio-based ther-

Conventional mineral oil-based thermoset materials have
been used as matrix materials for natural fibres such as
flax and hemp for more than a decade. Since mineral oil
should not be regarded as a renewable resource, due to
the length of time required for natural creation and shrink-
ing world reserves, attempts have been made to produce
bio-based versions of unsaturated polyester (UP), epoxy,
and tannin resins [1-3]. Combining these bio-based resins
with natural fibres results in composite materials, made
only from renewable resources, which can be called bio-
composites or green composites. However, some of the
so-called bio-resins have a bio-content of just 50% or

lower, and very few have achieved 100% bio-content.
Since the turn of the millennium, an increasing amount
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moset resins [14,21-23]. The predominant methods ex-
plored in the literature to process these systems of natural
fibre and bio-based thermoset resins are compression
moulding and hot-pressing [12,14,21,22]. Only Dweib et
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al. used the Vacuum Assisted Resin Transfer Moulding
(VARTM) to impregnate flax mats in comparison to other
reinforcements with a soybean oil based resin [23].

In this study, a selection of bio-based resins was ap-
plied in a VARTM process to impregnate a unidirectional
flax fibre preform. However, less than ten different bio-
based resins are currently available worldwide.

In general, liquid composite moulding (LCM) processes
are well suited to impregnating any type of reinforcement
with thermoset resins, with VARTM being a commonly
applied variant, which requires low investment in moulds
and processing equipment. Vacuum Assisted Resin Trans-
fer Moulding simply means that vacuum pressure is ap-
plied to the exit vent of the moulding tool. Thus any form
of LCM process in which vacuum is used at the vent
would qualify as VARTM [24]. However, the acronym
VARTM is mostly applied to the process of vacuum in-
fusion. That is the process in which the composite is
formed using a single-sided rigid mould to provide part
geometry and a thin flexible membrane over the fibre
reinforcement, with external atmospheric pressure com-
pressing the reinforcement against the rigid mould sur-
face.

Figure 1 describes the consumables and components
of equipment required for the VARTM-process, and the
different stages in the process. Initially, layers of fibrous
reinforcement are laid on the mould, which has been pre-
viously coated with a release agent, to form the preform.
Peel ply is placed over the preform, allowing easy sepa-
ration of the consumables from the part and creating a
reasonable surface finish. Distribution media are usually
laid over the peel ply to enhance the speed of resin flow.
Once inlet and vent tubes are positioned, the mould is
closed using a vacuum bag sealed with sealant tape (a.k.a.
tacky tape). With the cavity sealed, the inlet is clamped
and vacuum is applied to the vents. This stage is referred
to here “pre-filling”. At the end of pre-filling, the inlet is
opened and the resin propagates through the prefom.
During the “filling stage”, pressure inside the cavity de-
pends on position and time. Within the impregnated por-
tion of the preform the resin pressure varies from vacuum
at the flow front to atmospheric pressure at the inlet.
Once the preform is completely filled, either the inlet is
clamped or inlet and vent port are directly connected to
equilibrate resin pressure within the laminate. The “post-
filling” stage involves removal of excess resin, and al-
lows resin pressure and laminate thickness to equilibrate
within the cavity. While the resin can still bleed through
the vent, the fibre volume fraction increases. In addition,
resin can impregnate unsaturated fibre tows or macro-
pores [25,26]. Since the resin has to flow through the
relatively low permeability preform, special resins for
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Figure 1. Schematic diagram of stages in the VARTM infu-
sion process.

VARTM with a viscosity in a certain range have been
developed. The permeability properties of flax fibre re-
inforcements were found to be similar to those of glass
fibre preforms [27]. Therefore, the objective of this re-
search is to evaluate the suitability of bio-based resins for
resin infusion processes.

2. Experimental
2.1. Materials

2.1.1. Resins

Four different bio-based thermoset resins were investi-
gated in this study, including one epoxy, one UP-resin,
one PU-resin, and a tannin resin. A hot curing biobased
epoxy was purchased from B.A.M Biocomposites and
More GmbH in Germany, consisting of epoxidised trig-
lycerides derived from plant oil and plant based polycar-
boxylic anhydride. Resin and hardener were mixed to a
weight ratio of 114:85, and 1.5% - 5% of catalyst was
added to the mixture. A cold curing PU-resin was deli-
vered by Urethane Soy Systems Co. (USSC) in the United
States, and a cold curing UP-resin was provided by Nup-
lex Industries in New Zealand. The USSC resin is a soy-
based two-component system (A and B) to be mixed in a
weight ratio of 88:100 and is 100% from renewable re-
sources. The origin of the Nuplex resin was kept confi-
dential by the company Nuplex and it is not known by
the authors. It is a one-component 70% biobased system,
which is catalysed with methyl ethyl ketone peroxide
(MEKP, 1 wt%) and cobalt octate (0.3 wt%). Colatan
CDM GTS5, the base for the tannin resin, was supplied by
Christian D. Markmann GmbH in Germany. It is a natu-
ral polyphenol extracted from Quebracho Colorado (Schi-
nopsis Lorentzii), a tree that grows in the northern area of
Argentina. To prepare the resin, 44 wt% of GT5 is dis-
solved in 100 wt% formaldehyde solution (38%). Tannin
is a hot curing system and is mainly used for gluing of
chipboards during a hot-press operation [1,2]. A standard
chemical based cold curing epoxy-resin (Prime 20 from
Gurit) developed for liquid composite moulding, was used
as a benchmark. This system was mixed to a weight ratio
of 100:26, resin to hardener.
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2.1.2. Flax Fibre Reinforcement

A 305 g/m® unidirectional flax reinforcement has been
used due to the good mechanical properties of the flax
fibres. The reinforcement was supplied by Libeco-Lagae,
Belgium, and was cut into samples measuring 250 x 400
mm. In order to derive a final part thickness of approx-
imately 4 mm, 8 layers were arranged in a unidirectional
lay-up. Concerns due to possible thermal degradation of
flax due to exposure to high temperatures during processing
of hot curing resins can be neglected, because flax is
thermally stable up to a temperature of 120°C. Above
120°C degradation processes will be initiated [28].

2.2. Viscometry

Viscosity measurements were made on all resins using a
AR-G2 rheometer with a Peltier plate arrangement from
TA Instruments. Each resin was subjected to a time sweep
at 25°C for 1 hour, and a temperature sweep between
20°C and 120°C with a heating rate of 5 K/min. The res-
ins were subjected to a frequency of 1 Hz and at strain of
15% without normal load.

2.3. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analyses were
performed to determine if the resins studied cured com-
pletely after being subjected to the recommended tem-
perature-time cycle. Using a DSC-Q-1000 calorimeter
from TA Instruments, the cold curing resins were proc-
essed at a 65°C post-curing temperature, and the hot cur-
ing systems at 120°C. The duration of all analyses was
three hours.

2.4. VARTM-Processing

After drying for 4 h at 120°C, the flax fibre reinforce-
ments were arranged with a [0°]g stacking sequence. The
fibre reinforcements have not been subjected to a par-
ticular surface treatment, because bonding agents have a
different impact on mechanical properties of the compos-
ite according to the resin type used. The entire lay-up
was assembled in accordance to Figure 1. Before infu-
sion, the mixed resin was degassed in a pressure pot un-
der vacuum for 10 min to reduce the air content in the
resin. The maximum vacuum level was reached after a
slow gradual decrease of pressure to avoid boiling of the
resin. After degassing, ambient pressure was applied, forc-
ing the resin to move into the still clamped inlet tube.
Upon unclamping of the inlet, the resin flowed through
the distribution media and impregnated transversely the
flax preform. The last five centimetres of the preform
were not covered with the distribution media, to prevent
resin exiting at the vent before complete saturation of the
preform, which may lead to macro void entrapment. Once
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the flow front had reached the end of preform, the post-
filling stage was initiated, pressure at the inlet and vent
being set to 500 mbar. Laminate thickness and resin pres-
sure gradients gradually dissipate, and the pressure bound-
ary conditions are maintained until the resin was cured.
Subsequently, the cold curing resins were post-cured for
seven hours at 65°C. The infusion of the hot curing resins
took place in an oven (Figure 2), at room temperature.
The hot curing cycle of one hour heating up to 120°C, a
one hour hold at 120°C, and one hour cool down was
started simultaneously with the post-filling stage. Four
samples with best achievable quality were produced with
each resin except the tannin system.

2.5. Ultrasonic Testing

Ultrasonic testing was completed with a four axes im-
mersion tank system HFUS 4200 from the Fa. Hillger in
Germany. C-scans with a testing frequency of 5 MHz
(transducer V310-SU from Panametrics) and a step width
of 0.5 mm were conducted of exemplary sections of the
panels with a size of 80 by 180 mm. The backsurface
echoes were evaluated in gate with a length of 0.5 ms set
around these echoes. All samples were scanned with the
same system amplification of 55 dB. It was not possible
to inspect the Tannin-sample due to its three-dimensional
distorted surface topography.

2.6. Mechanical Properties Measurement

2.6.1. Tensile Tests

Specimens with a length of 250 mm and a width of 25
mm were cut out of the cured panels in 0°- and 90°-di-
rection. The tensile strength, stiffness, and elongation-
properties were measured according to EN 1SO 527, us-
ing a tensile testing machine from Instron (model 5500R
1186). The cross-head-speed was 1 mm/min until an elon
gation of 0.3% and 5 mm/min until failure.

Figure 2. VARTM processing of the BAM epoxy resin within
the oven.
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2.6.2. Shear Tests

Shear tests were performed with a custom builtlateral
working shear testing device situated in a universal test-
ing machine (Zwick 1445) as shown in Figure 3. It was
constructed according to a device suggested by Lauke for
curved specimens [29]. Five specimens of each fibre di-
rection with a size of 10 x 10 mm were sheared in the
middle plane, with a cross-head-speed of 5 mm/min. The
ultimate shear strength is computed by dividing the maxi-
mum measured shear force by the sheared area of the
sample (approximately 10 x 10 mm?).

2.6.3. Impact Bending Tests

The determination of Charpy impact strength (impact
bending) was carried out according to EN 1SO 179. Spe-
cimens with a length of 80 mm and a width of 10 mm
were tested in an instrumented Hesscon impact tester
with an impact energy of 1 J for the Nuplex sample and 4
J for the B.A.M., USSC, and Prime 20 resins. The striking
area was placed perpendicular to the fibres. The tannin
sample could not be tested because the necessary impact
energy was below the minimum limit of the impact tester.

2.7. Microscopy and Image Processing

The microscopy analyses were performed with a magni-
fication of 15 times using an optical microscope. The
void contents were measured with the Vision XXL image
processing system.

3. Results and Discussion
3.1. Rheological Characterization

The measured viscosity data is summarised in Table 1. It
can be seen that all resins have an initial mix viscosity in
the range up to 1 Pa.s. Since viscosities above 1.5 Pa.s
are regarded to not be suitable for liquid composite
moulding, it is clear that all of the resins studied are ap-
plicable to LCM-processes. In addition, it turned out that
only the USSC PU-resin viscosity of 2.59 Pa.s exceeds
this threshold within the duration of infusion (max. 20
min), which led to a very slow flow front propagation
during panel manufacture.

3.2. VARTM-Processing

Careful observations were made during resin infusion
considering two main factors; does the resin boil during
degassing or curing, and will the infusion process com-
pare well to infusion using the benchmark synthetic resin?
In contrast to the other bio-based resins, the degassing of
the Nuplex UP-resin proceeded without boiling. The other
three resins boiled even under careful treatment, leading
to overflow out of the mixing cup inside the pressure pot.
Subsequently, all panel infusions proceeded without prob-
lems. Due to boiling during degassing, the tannin resin
experienced a significant increase in viscosity, which re-
sulted in a slower flow front progression than was ex-
pected. However, a complete infusion was possible. Ac-
cording to their relatively high viscosities, the infusions
with both UP-resins were significantly slower than those
with both epoxy resins (Table 2). As observed from
therheometry studies, the viscosities of the PU- and the
UP-resin increased very soon after mixing due to a rapid
start to the curing process. This slowed down the flow
front speed even more. The propagation of the USSC
PU-resin was almost brought to a complete stop. Due to
their low viscosities, the infusion with the epoxy resins
took place within three and four minutes (Table 2). Since
the hot curing B.A.M. epoxy does not cure at ambient
temperature, the handling of this resin was very conven-
ient and not time critical.

The post-filling and post-curing of the Nuplex UP-
resin and the hot curing B.A.M. epoxy resin proceeded

1 applied force

|l ————upper cutting edge

sample

T lower cutting edge

Figure 3. Experimental setup of shear testing device.

Table 1. Measured viscosities of the studied resin systems.

Resins Viscosity h at 20°C after 0 s in [Pa.s] Viscosity h at 25°C after 0 s in [Pa.s] Viscosity h at 25°C after 1200 s in [Pa.s]
B.A.M. epoxy 0.43 0.41 0.57
USSC resin 1.00 0.70 2.59
Nuplex UP-resin 0.91 0.65 1.06
Tannin 0.056 0.047 0.030
Prime 20 0.50 0.39 0.60
Table 2. Measured filling times during manufacture by VARTM.
Resins B.A.M epoxy USSC PU-resin Nuplex UP-resin Tannin Prime 20
Filling time [min] 4 21 10 12 3
OPEN ACCESS 0JCM
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without problems. The USSC-PU-resin started boiling
during the post-filling phase under a pressure of 500
mbar. Exploratory experiments showed that this resin also
boils at ambient pressure, which leads to the conclusion
that the gas bubbles are produced as a side product of the
curing process. The tannin resin infused preform dis-
torted during curing at 120°C in the oven and cracked the
vacuum bag. During resin cure, a harmful gas, causing
immediate eye burn, was created. Keeping in mind that
the intention of a green composite should not be harmful
in any regard, further tannin infusions were not under-
taken. Fortunately, it was possible to cut samples for me-
chanical testing from relatively flat sections of the dis-
torted panel.

3.3. Ultrasonic Testing

In general, a good impregnation results in a low sound
attenuation and thus higher backsurface amplitudes. In
Figure 4, high amplitudes are represented by a white or
light grey colour, whereas low amplitudes are shown as
dark colours. The ultrasonic-C-scans showed almost equal
amplitudes for the Nuplex resin, indicating good and
homogeneous fibre impregnation. The C-scans of the
B.A.M. resin and Prime 20 resin possess zones with a
lower sound attenuation compared with the Nuplex resin,
indicating an inferior impregnation quality. It was not

possible to monitor the backsurface echo of the USSC-
sample due to a very high sound absorption caused by
high void content.

3.4. Mechanical Properties Measurements

3.4.1. Tensile Tests

The measurement of the Young’s moduli in fibre direc-
tion (0°) revealed an equal stiffness of the hot curing
B.A.M. epoxy and the benchmark epoxy system as shown
in Figure 5(a). Furthermore, the Young’s modulus of the
Nuplex UP-resin appeared to be higher than the value of
the USSC PU-resin. As expected from the very flexible
appearance of the tannin samples, the stiffness was sig-
nificantly lower than for the other resins. Very similar
trends were derived transverse to the fibre direction (Fig-
ure 5(b)) with slightly higher values of the conventional
Prime 20 resin. It is clear that the stiffness properties of
the epoxy resins are superior to those of the PU- and the
UP-resins.

The 0°-tensile strength data showed no significant dif-
resins, with the lowest values for the hot curing system
(Figure 6(a)), which is due to its more brittle behaviour
(Figure 7(a)). According to the stiffness measurements,
the tannin had very low tensile modulus along with a
high elongation. In addition, the failure mode of tannin
was quite different to those of the other systems. The

OPEN ACCESS
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(d)
Figure 4. C-scans of panels manufactured with (a) B.A.M bio epoxy; (b) Nuplex bio UP; (c) USSC bio PU; (d) Prime 20.
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Figure 5. Measured Young’s modulus, (a) In fibre direction; (b) Perpendicular to fibre direction.

epoxy and UP-resins failed due to initial longitudinal cracks
in the fibre direction, leading to transverse cracks. The
tannin sample delaminated between the single plies prov-
ing a weak interfacial bonding. This is also confirmed by
the transverse tensile tests depicted in Figure 6(b) and
the transverse ultimate elongation results in Figure 7(b).
The Prime 20 epoxy possesses superior interfacial prop-
erties in comparison to the other resins. As demonstrated
by the data on elongation (Figure 7), the B.A.M. epoxy
is more brittle than the other epoxy and the UP-resins.

3.4.2. Shear Tests

The measured shear strength, as an indicator for the in-
terfacial shear strength, is twice as high for the Nuplex
UP resin than for the other resins. It was not possible to
measure values for the Tannin samples (Figure 8).

OPEN ACCESS

3.4.3. Impact Bending Tests

The impact bending tests show a high impact strength for
the Nuplex resin, and lower impact resistance for the other
three tested resins, as depicted in Figure 9.

3.5. Microscopy

Evaluations of cross-sections lead to void contents of ma-
terial under inspection (Table 3). It can be seen in ac-
cordance with Figure 10, that the Nuplex resin and the
B.A.M. epoxy resin have the lowest void contents in
comparison to other resins. The standard epoxy resin Prime
20 contained more voids than expected.

3.6. Discussion
The hot curing B.A.M. bio-epoxy resin and the cold
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Figure 6. Measured tensile strength, (a) In fibre direction; (b) Perpendicular to fibre direction.

curing bio-resins are processable using the VARTM-proc-
ess due to their viscosities being in an appropriate range.
The tannin resin cannot be used for VARTM because it
needs a solid die to avoid distortion of the infused part
during curing. Therefore, it will not be regarded further.
The USSC PU-resin is not suitable for the infusion of lar-
ger parts because the viscosity increases from an already
high level of 1 Pa.s (at 25°C) within 20 min to 2.59 Pa.s.
In addition, the boiling of the resin during the post-filling
phase resulted in an estimated void content of more than
16%. Even with tensile and impact properties in the range
of the other resins, the shear strength and the Young’s
Modulus are lower due to void induced softening.

The composite panels produced with the B.A.M. resin
and the Nuplex UP resin contained only a few voids (2%
- 3.5%), and had good mechanical properties in the range
of those produced with mineral oil based benchmark resin

OPEN ACCESS

Prime 20. The epoxy resins are stiffer than the UP resin,
while the UP resin proved superior in terms of shear
strength and impact properties.

4. Conclusions and Perspectives
4.1. Conclusions

The processability and mechanical property comparison
of four bio-based thermoset resins with a conventional
mineral oil based resin has led to the conclusion that two
bio-based resins (the B.A.M. epoxy and Nuplex UP res-
ins) can potentially be used as a substitute for the bench-
mark resin. These bio-based resins have been used suc-
cessfully to impregnate natural fibres using the VARTM
process, without the need for further chemically based
improvements such as dilutants to reduce the viscosity.
Such dilutants would have had negative impact on the
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Figure 8. Measured shear strength.

biocontent. Application of the USSC PU-resin to VARTM
does not seem to be reasonable, due to a high void con-
tent caused by resin boiling during the post-filling phase,
and a relatively high viscosity. This boiling could not be
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Figure 9. Measured charpy impact strength.

avoided by any means. Tannin cannot be used with a
VARTM process because the infused preform distorts
during curing. In addition, the high content of formalde-
hyde of tannin resin makes the material hazardous to
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Table 3. Measured fibre volume fraction and void content.

Resins B.A.M epoxy USSC PU-resin Nuplex UP-resin Tannin Prime 20
Fibre volume fraction [%] 38.9 321 411 56.3 40.8
Void Content [%] 1.8 16.3 34 10.0 4.1

Figure 10. Microscopy images from the flax fibre panels produced from (a) B.A.M. bio epoxy; (b) Nuplex bio UP; (c) USSC
bio PU; (d) Tannin; and (e) Prime 20.

OPEN ACCESS OJCM



10 Processability of Biobased Thermoset Resins
and Flax Fibres Reinforcements Using Vacuum Assisted Resin Transfer Moulding

work with, and challenges the concept of an ecologically
beneficial bio-based material. Finally, it can be concluded
that the B.A.M. epoxy and Nuplex UP, two currently
existing biobased thermoset resins, are ready to be used
for industrial applications.

4.2. Perspectives

During this research, the interface between fibre and ma-
trix was not under investigation and was thus not altered.
However, it is well known that the use of compatibilising
agents increases the mechanical properties such materials
[30,31]. As described in these references, the fibre treat
ment procedures are not easy to perform, and are quite
time consuming. Improvements of the interface between
flax fibres and bio-based thermoset resins will be a topic
for further work. In addition, the infusion of bidirectional
reinforcements with biobased resin will be investigated.
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