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Preface

The present book is based on the collection of selected high-quality research papers
submitted to ICNF 2017—3rd International Conference on Natural Fibers. The
book discusses the latest research and developments in the field of natural fibre
composites and will cover a wide range of topics related to various aspects of
natural fibre composites such as production and processing of raw materials, surface
modification and functionalization, advanced fibrous structures for composites,
nano fibres and nanocomposites, multiscale composites, experimental characteri-
zation, modelling and analysis, design and product development, applications,
environmental impacts, etc. The book presents the latest research works addressing
different approaches and techniques to improve processing, performance, func-
tionalities and cost-effectiveness of natural fibre composites, aiming to increase
their applications in different industrial sectors such as automobiles, transportation,
construction, and so on.

The papers covered in this book are written by the leading researches from
different areas dealing with natural fibre composites including textile technology,
polymers, mechanics, mechanical engineering, nanotechnology, biomaterials, etc.
and therefore, provide a multi-disciplinary perspective on the critical issues in the
area of natural fibre composites. Therefore, this book would be a valuable reference
for the advanced researchers, postgraduate and Ph.D. students as well as R&D staff
from different disciplines and industrial sectors working with natural fibre
composites.

Guimarães, Portugal Raul Fangueiro
Sohel Rana
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Potential of Hemp in Thermoplastic
Biocomposites—The Effect of Fibre
Structure

Kirsi Immonen, Panu Lahtinen, Panu Isokangas
and Katariina Torvinen

Abstract Hemp is one of the annual crops whose use has increased in recent years
through different applications. This work compares the properties of PLA-based
biocomposites, where different hemp structures resulting from a side stream from
hemp production were used, such as hemp fibre, hemp pulp, shives and hemp dust.
We have also produced hemp-based nanofibrils and compared their effect on the
viscosity with the aim of finding novel applications for hemp. A wood-based cel-
lulose was used as reference materials in both the biocomposite and nanofibril
studies.

Introduction

Hemp has been traditionally used in textiles and pulp and paper products, but its use
in novel composites, non-wovens, and even medical applications has been
increasing. The hemp fibre is located in the stem of the plant and its mechanical
performance is comparable to glass fibre properties, making it a good choice for
reinforcement in biocomposites [1]. It has especially been useful in thermosetting
composites in woven mat form. The hemp in mat form can also be applied to
thermoplastic PP-based composites and in making products that use compression
moulding. Typical applications include automotive parts, furniture, and consumer
products. There are already companies making non-woven type mats made with
hemp blended with polypropylene or polyethylene fibre [2, 3]. Companies are also
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making thermoplastic hemp compounds for injection moulding, using a polymer
matrix of PLA, PP, ABS or starch-based polymers, depending on the end product
[4, 5]. Research of totally bio-based hemp fibre polylactide (PLA) composites [6]
has also been done with the aim, for example, of finding a proper surface treatment
using alkali treatment to enable better compatibility of hemp with PLA [7].
Modifications to hemp shives has been made using NaOH, Ca(OH)2 and EDTA,
with the aim of producing lightweight composites [8]. The traditional use of hemp
shives has been in chipboard, particle boards, and hempcrete (hemp shives in
combination with lime) type applications [9]. The use of hemp shives with PLA in
thermoplastic composites could open new possibilities for their use, as well as for
using hemp dust or fines in combination with PLA [10].

In recent years, increasing interest has been shown in utilizing hemp fibre as a
raw material for nanocellulose production [11–13]. Although a wide variety of
studies exist, only a few include benchmarking with wood-based nanocellulose
[14]. Yet, the fast rate of growth, chemical composition, and mechanical properties
make it an attractive alternative to refining.

In this study, we used all hemp fractions (fibres, shives and dust) with and
without modification in injection moulded PLA composites. Softwood cellulose
pulp was selected as a reference material. Further, hemp pulp was prepared to
observe the effect of the pulping process. Shives were also oxidized with the aim of
improving the fibre polymer connection. Further, nanofibrillated hemp fibres were
developed to explore the potential for hemp nanocellulose as alternative for wood
nanocellulose.

Materials and Methods

Fibres and Polymer

In this study we prepared thermoplastic hemp-biopolymer composites using hemp
bast fibres, hemp shives, and hemp dust as a side stream from fibre production
(HempRefine). The hemp pulp was prepared at VTT using soda cooking. Cooking
time was 90 min at 165 °C. Total alkali (NaOH) was 4.5 mol/kg. The liquid to
solid ratio was 7.5.

The fibrillated hemp fibres were produced using a high-shear grinder Masuko
Supermasscolloider MKZA10-15J. The samples were made of bleached hemp bast
pulp, unbleached shives pulp, and TEMPO-oxidized hemp bast fibres.

The oxidized shives were prepared using ozonation. Medium consistency (12%)
ozonation was carried out in a flow-through reactor at room temperature with ozone
charge of 2%. After the ozone stage, the pulp was diluted to a 5% consistency with
deionized water. After dewatering, the pulp was washed twice with cold deionized
water with an amount equivalent to ten times the absolute dry pulp amount.

2 K. Immonen et al.



TEMPO mediated oxidation was carried out according to the method applied by
Saito and colleagues [15]. The sample amount was 50 g and the pulp was sus-
pended in 3 l of purified water. TEMPO (1 g) and NaBr (24 g) were used to
catalyse the oxidation reaction with 10% NaClO (744 ml). The pH was kept at 10.3
by adding 1 M NaOH during the reaction. After pH level stabilized, the reaction
was stopped by adding ethanol into the oxidized pulp suspension. Finally, the pH
was adjusted to 7 by adding 1 M HCl. The oxidized hemp pulp was washed with
deionized water and stored in a fridge at +6 °C before fibrillation.

PLA 3052D (NatureWorks) was used as a polymer matrix.

Hemp Nanomaterial Characterization

The fibrillated samples were characterized using the rheological and microscopic
methods. The results were compared to the fibrillated hardwood-based cellulose
nanofibrils.

The samples were dyed with 1% Congo red solution before imaging. The sample
materials were mixed with dye in a ratio of 1:1, with further dilution of the dyed
mixture on the microscope slide (ratio 2:1).

Apparent viscosity measurements were performed according to the method
described by Kangas and colleagues [16]. The shear viscosities were measured by
Brookfield rheometer model RVDV-III Ultra, using vane-type spindles. The sam-
ples were diluted to 1.5% fixed consistency with Milli-Q water and dispersed with
an Ultra-Turrax disperser at 14,000 rpm for approximately 2 min. Viscosity mea-
surements were performed in a 250 ml Pyrex beaker, and the temperature of the
samples was adjusted to 20 ± 1 °C. The shear viscosity was measured at 300
measuring points at 0.5 rpm and 180 measuring points at 10 rpm.

Plastic Processing

Before compounding, the hemp fibres and pulp were compacted to a form that
enables easy feeding of the material to the compounder. This compacting was made
with modified pelletizer equipment developed at VTT for fibrous material treatment
[17].

The materials were compounded with a Berstorff ZE25x33D twin screw extruder
and injection moulded to a dog-bone-shaped test piece according to ISO 527, using
the Engel ES 200/50HL.

Potential of Hemp in Thermoplastic Biocomposites … 3



3D Paste Printing

The TEMPO-oxidised hemp nanocellulose was used for 3D printing pastes. Pastes
were formed with different proportions of talc, alginate and nanocellulose.
Moreover, green leaf dye was used in the demonstration sample, which was
designed by Susanna Kettunen (Lahti University of Applied Sciences). The total
dry matter content of the pastes was 40–45%. The printing device was VTT’s
micro-dispensing environment that is based on nScrypt technology. The printer was
equipped with a 0.5 mm diameter nozzle attached to a 10 ml syringe.

Composite Characterization

Composites were characterized visually and their mechanical properties, tensile and
Charpy impact strengths were also tested. Tensile tests were performed according to
ISO 527 using an Instron 4505 Universal Tensile Tester (Instron Corp., Canton,
MA, USA) with a 10 kN load cell and a 5 mm/min cross-head speed. Charpy
impact strength for unnotched specimens was tested according to ISO 179 using a
Charpy Ceast Resil 5.5 Impact Strength Machine (CEAST S.p.a., Torino, Italy).
The test specimens were kept in standard conditions (23 °C, 50% relative humidity)
for at least five days before testing.

In order to see the fibre-polymer morphology in the composite, a SEM-analysis
was made for the cross-cut surface using JEOL JSM T100.

Fibre length was analysed from injection moulded pieces by dissolving the PLA
with Soxhlet-extraction. A small number of composite samples were placed into the
Soxhlet thimble and fluxed with a hot solution of chloroform for 48 h. After PLA
was removed from the fibrous material’s surface, the particle size of fibres was
analysed microscopically and using a Malvern Particle size analyser after dispersing
the fibrous material in water.

Results

Visual and Morphological Results of Composite Materials

Pictures of injection moulded composite samples are presented in Fig. 1 and
SEM-pictures and Fig. 2. The average fibre dimensions after thermoplastic pro-
cessing are presented in Table 1 and Figs. 3 and 4.

Figure 1 presents the visual difference in PLA-hemp composites, where in
mostly fibrous containing composites, the fibres come to the surface repeating the
flow patterns of the material. The coarser material, shives, exhibits husks on the
surface, giving a distinctive ‘natural’ effect to the product. A closer inspection of the
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SEM-pictures in Fig. 2 shows how the fibrous materials are connected to the PLA
matrix. The hemp dust in SEM-picture A shows fractures in between the fibrous

Fig. 1 Injection moulded PLA-fibre composites with hemp dust (left), shives (middle) and hemp
fibre (right)

(b)(a)

(e)

(c)

(f)(d)

Fig. 2 SEM-pictures of injection moulded PLA-composites. a PLA-hemp dust. b PLA-hemp
fibre. c PLA-shives. d PLA-oxidized shives. e PLA-hemp pulp. f PLA-cellulose pulp

Table 1 Average dimensions of the reinforcement material after injection moulding and PLA
removal

Mass median diameter (µm) 90% of the particles below (µm)

Hemp dust 40 143

Hemp fibre 404 1420

Shives 400 1290

Oxidized shives 253 917

Hemp pulp 113 605

Wood pulp 58 176

Potential of Hemp in Thermoplastic Biocomposites … 5



material and the polymer matrix, but also some porosity in the polymer, which may
be due to a smaller fibre fraction. Hemp fibres in SEM-picture B also some show
porosity or unevenness in the polymer matrix. However, the fibres are quite closely
bounded to the polymer. With pulp fibres (SEM-pictures E and F) there can be seen
some small fractures between the fibres and polymer. Hemp pulp (SEM-picture E)
is even more tightly bounded to the polymer than wood pulp (SEM-picture F). With
shives, a larger coarse material can be seen inside the polymer matrix
(SEM-pictures C and D) and oxidised shives are more closely bound to the polymer

Fig. 3 Particle size distributions of reinforcement material after injection moulding and PLA
removal

(f)(e)(d)

(c)(b)(a)

Fig. 4 Optical microscope pictures of reinforcements dissolved from injection moulded test bars.
a Hemp dust, b hemp fibre, c shives, d wood pulp, e hemp pulp and f oxidized shives

6 K. Immonen et al.



matrix (SEM-picture D) than the neat shives, which indicates better interaction of
oxidized shives with PLA.

During compounding and injection moulding and due to high temperature and
shear forces inside the process, the lingo-cellulosic fibre material breaks down [18].
For this reason, we removed the PLA matrix from the injection moulded samples
and analysed the fibrous material or particles size distribution in addition to see the
real reinforcing effect of fibres.

Figure 4 shows how the fibre material looks after dissolving PLA out. Even
though Table 1 reveals the fibrous material size after injection moulding, Figs. 3
and 4 also show quite a lot of fine material. The particle size analyser used here
better reveals the size distribution of the fine fraction, but due to the high aspect
ratio in larger fibres, there is some uncertainty in the proportions of the larger size
fraction, since the shape of the particle is not as well analysed using this method as
with the FibreMaster. However it can be seen that the hemp pulp has the widest
particle size distribution of all the samples and that it has longer fibres compared to
wood pulp. After injection moulding, the longest fibres are the hemp fibres, fol-
lowed by the shives. The oxidized shives are more broken than the neat shives,
while the hemp dust shows the smallest fibre particles.

Results of Mechanical Tests

The tensile strength and Charpy impact strength (unnotched) results for
hemp-biopolymer composites are shown in Table 2 and Fig. 5.

The results reveal the effects of fibre length on strength properties, as well as the
comparison of hemp pulp vs. hemp fibre in regards to the effects of lignin, hemi-
cellulose and other ingredients. Following the pulping process, it is mainly cellulose
fibre left in the hemp, which seems to be stronger than lignin and hemicellulose
containing fibre. When comparing the hemp pulp results with wood-based pine

Table 2 Tensile strength and Charpy impact strength (unnotched) results of hemp-PLA
composites

Tensile
strength

Modulus
(AutoYoung)

Strain at
break

Impact
strength

MPa s.d. MPa s.d. % s.d. kJ/m2 s.d.

PLA ref. 63.0 0.6 3653 222 3.9 0.1 17.0 2.8

Pine pulp 40% 59.5 1.9 6950 356 2.4 0.1 9.9 2.2

Hemp pulp 40% 86.6 0.8 7440 596 1.9 0.1 19.9 3.2

Hemp fibre 40% 67.8 3.0 6607 184 1.2 0.1 9.8 2.5

Hemp shives 40% 51.1 1.4 6869 113 0.8 0.0 7.5 1.5

Oxidized shives 40% 59.9 0.3 6736 491 1.2 0.1 7.1 1.2

Hemp fibre 30% 67.4 1.5 5667 128 2.0 0.2 12.1 1.9

Hemp dust 30% 48.0 0.3 4486 93 1.6 0.1 9.8 1.1

Potential of Hemp in Thermoplastic Biocomposites … 7



pulp, we see up to a 45% improvement in tensile strength, a 7% improvement in
modulus and a 100% increase in impact strength. These strength increases likely
arise from the longer fibre length in the hemp pulp. Comparing the hemp fibres to
hemp pulp the hemp fibres are longer than the hemp pulp, the higher lignin content
and other ingredients of the hemp fibre appear to make the fibre weaker compared
to hemp pulp. The tensile strength results for hemp fibre are 22% and impact
strength results 50% lower compared to hemp pulp.

Even though the hemp shives have a fibre distribution close to that of hemp
fibre, the shape and composition is different. Shives contain higher amounts of
lignin (19–28% vs. 2–5%) and hemicellulose (31–39% vs. 7–19%) than hemp
fibres [19], and these can have an effect on composite strength properties. Hemp
shives had 24% lower tensile strength and 38% lower impact strength properties,
but the tensile modulus was slightly improved (4%). The oxidation of shives
improves the tensile strength by 16% still keeping other properties at the level of
neat shives.

The hemp dust has the smallest particle sizes after injection moulding.
Compared to other reinforcement materials, the mechanical strength values were
clearly at a lower level, even with a 10% smaller addition level. Compared to neat
PLA, only the tensile modulus was increased by 23%, but tensile strength (24%)
and impact strength (42%) were lower in hemp dust at an addition level of 30%.

Results for Hemp Nanomaterials

Fibrillated samples made of TEMPO-oxidised (TCNF) native hemp pulp
(CNF) and unbleached shives pulp (LCNF) are shown in Fig. 6. The hemp nano-
fibers formed viscous hydrogels, which are attractive as a reinforcing component, a
rheology modifier, and a film forming material. One possibility is to use the hemp
hydrogels as a component in 3D-printed objects, as we have demonstrated in this
work in Fig. 8.

Optical imaging of the fibrillated materials in Fig. 6 showed that the TCNF
sample contained more thin and long fibrils and fibril bundles, whereas the native

Fig. 5 Tensile strength (left) and Charpy impact strength (unnotched) results for PLA composites
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grade (CNF) and lignocellulose CNF contained shorter fibre fragments and residual
fibres. The presence of long thin fibrils usually leads to higher gel strength and
increased viscosity, as presented in Fig. 7. The TCNF sample had clearly a higher
viscosity level compared to the unmodified samples. Samples made of hemp bast
fibres and shives had comparable apparent viscosity to hardwood (HW)-based
CNF.

The printing paste was formulated utilizing the cross-linking ability of alginate
and the rheological as well as strength-enhancing properties of the TCNF. Dry
matter content was further increased with talc filler. The successful combination of
these materials is shown in Fig. 8. TCNF was used to improve the shape fidelity of
the printing paste, which was enabled by the high viscosity. The visible lines on

Fig. 6 Hemp nanofibers in water. a TEMPO-CNF, b native CNF and c unbleached shives CNF
(LCNF)

Fig. 7 Apparent viscosities
of hemp and hardwood-based
CNF samples

Potential of Hemp in Thermoplastic Biocomposites … 9



printed leaves could be printed accurately and their dimensional stability was also
good after drying at room temperature.

Conclusions

The best biocomposite results were obtained for PLA-hemp pulp (40% fibre) with a
tensile strength of 87 MPa, a Young’s modulus of 7440 MPa, and an impact
strength of 20 kJ/m2. The results exceeded the values of PLA-pine pulp (40% fibre)
due to the longer fibres. According to this study, the hemp-biopolymer composites
have potential in injection moulded products due to the strength of the hemp bast
fibres, the hemp pulp, and the easy processing of hemp shives in the composites.
The materials also showed great potential in their visual aspect, in for example,
furniture, decoration and construction applications. Hemp nanofibers formed vis-
cous hydrogels, which has benefits as a reinforcing component, a rheology modi-
fier, and a film forming material.
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Industrial Hemp Transformation
for Composite Applications: Influence
of Processing Parameters on the Fibre
Properties

Vincent Placet, Camille François, Arnaud Day, Johnny Beaugrand
and Pierre Ouagne

Abstract The main objective of this collaborative work is to characterize the
influence of the processing stages of industrial hemp on the fibre properties.
Transformation processes well suited for composite reinforcing textiles are con-
sidered. The work focuses on the different stages along the transformation chain of
hemp, from the straw retting to the preform manufacturing. The main highlight is
the predominant influence of retting on the tensile properties of individual fibres
after their mechanical extraction from the stalks. Regarding the secondary pro-
cessing, different technologies such as spinning, and use of natural binder systems
are also proposed to produce yarns and woven fabrics. The effect on these sec-
ondary processing technologies and their parameters on the fibre properties are also
characterised. The results show that the first steps of processing (retting and
decortication) have the greatest impact on the tensile strength of hemp fibres.
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Introduction

Today, in Europe, the well developed and marketed plant fibre continuous rein-
forcements (tapes, roving, fabrics and so on) for composites applications (PFCs) are
mainly based on flax fibres. Alternatives to current commercial flax-based solutions
are now considered and mobilize additional resources, like hemp. Considering their
intrinsic properties, hemp fibres have a great opportunities for market capture in
composite for secondary structural applications. So far, the main applications for
hemp fibres are in the fields of pulp and paper (55%), insulation (26%), thermo-
plastic polymer composites (14%) and mulch (2.7%) [2]. The absence of hemp
continuous reinforcement that would be available at an industrial scale could be
connected to the lack of knowledge and engineering, in particular when compared
to flax. This deficit for hemp is assigned to less intensive research activity, to a less
important industrial production (in term of volume) and to technological barriers,
such as fibre separation and the alignment of fibres throughout the transformation
process. However, the knowledge on hemp and the readiness of the related trans-
formation technologies have been progressing fast for these last few years thanks to
the development of major research projects at national and European scales.

Currently, the processes used to separate the different vegetal fractions of hemp
are mainly derivatives from the paper and technical textile industries. Technical
fibres are generally extracted from the stalks using mechanical processes and lines
made up of milling and cleaning systems. Among the different milling tools that are
classically used, hammer mills are the most common [12]. They are efficient and
they lead to clean technical fibres with a low content of shives. However, they are
also very aggressive for the fibres themselves. They can lead to damages within the
fibre wall, which is detrimental for the mechanical properties of individual fibres.
Hernandez-Estrada et al. [6] showed recently that these first stages of processing (in
particular decortication) have a great impact on the formation of dislocations in the
fibres. Meanwhile, the preservation of the integrity of the fibres through the
transformation stages and up to the composite scale is a real challenge and requires
an optimization of both the primary and secondary processing. Scutching and
hackling processes, which are commonly used for flax are less aggressive and also
allows long and aligned technical fibres (line hemp) to be obtained [1]. This is, for
sure, a processing route that has to be more used for hemp in view of their inte-
gration in composite materials. However, it is still required to adapt the harvesting
and scutching procedures and machines to deal with the height and diameter of the
stalks that are significantly greater than those of flax [1, 4]. In this work, we propose
to characterize the influence of lab/pilot transformation processes that are currently
developed for composite hemp-based reinforcements. Separation processes limiting
the amount of damage caused to the fibres and secondary processes minimizing the
twisting level at the scale of yarns while maximizing their tensile strength are
targeted.

Over the last two decades, and since the renewal of interest in plant fibres, only
few researchers have investigated the impact of processing on the mechanical
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properties of plant fibres. It still remains an open question, in particular when
considering innovative transformation technologies. For flax, Van de Weyenberg
et al. [13] showed that consecutive decortication stages of fibres (scutching,
hackling…) change tremendously the mechanical properties of composites per-
formance. They attributed this change to a modification of the mechanical and
biochemical properties of the fibres. Thygesen et al. [15] studied the relationship
between processing of cellulosic fibres (both hemp and flax) and fibre bundle
strength. They studied processing methods that are traditionally applied for yarn
production and also included retting, scutching, carding, and cottonization. They
highlighted a monotonically decreasing relationship between the strength of fibre
bundles and the number of processing steps, with an average reduction by 27% per
processing step at the applied conditions. No large change in cellulose content and
crystallinity were observed. So authors concluded that the reduction in strength
must be explained by other changes in the fibres bundle ultrastructure. Indeed, in a
bundle of fibre, the mechanical behaviour is controlled both by the performance of
single fibres but also by the shear deformation at the interface between the fibres.

So, the overall objective of this work is to assess the influence of processing
stages on the mechanical performance of single hemp fibres. The influence of
processing parameters, including the retting level (an optional pre-processing
parameter of the primary processing of stalks), extraction, combing, drawing and
spinning on the mechanical properties of single hemp fibres are characterized. The
gathering of results is the fruit of collaborative projects between several French
labs.

Materials and Methods

Plant Material

Within this work, two types of materials were used to characterize the influence of
processing on the mechanical properties of fibres, i.e. hemp stalks and combed
fibres.

Hemp Stalks

The hemp stalks were supplied by La Chanvrière, a company in Bar sur Aube,
France. Plants (Cannabis sativa L., cultivars ‘Fedora 17’) were cultivated in
Laubressel in 2014 (GPS coordinates: 48° 18′ 00.1″N and 4° 14′ 12.0″E) on a
chalky clay soil. Once mown, the straw was windrowed, turned over once, and laid
in swatches on the ground for retting. Stalks were harvested after three different
field retting times, 10, 39 and 75 days leading to three retting levels, noted R1, R2
and R3 respectively. For R3, stalks were turned over a second time, 60 days after
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moving, to homogenize retting. After reaching the targeted retting level, straws
were balled and then stored under cover to prevent wetting. Hemp stalks used for
experiments were collected at the same time, 136 days after mowing.

Hemp Sliver Laps

Long hemp fibres in the form of combed sliver laps were provided by an Italian
company. Before being combed, the hemp fibres were carded and drawn. The
slivers were then grouped together by a lap former to increase their size before
being combed. The linear mass of the sliver laps was about 15,000 tex
(14759 ± 613 tex). The length and diameter of single and technical fibres were
measured on 30 samples randomly selected. The mean lengths of the single and
technical fibres are 25 ± 14 and 83 ± 50 mm respectively. The mean diameters of
the single and technical fibres are 20 ± 4 and 111 ± 33 µm.

Primary Processing of Hemp Stalks

Hemp technical fibres were extracted from the stalks by mechanical processing.
This step was carried out by FRD® (www.f-r-d.fr) on a line made up of both milling
and cleaning systems. This technology, developed at a pilot scale, is closed to flax
industrial process. The same fibre extraction parameters were used for each sample.
The setting of these parameters has been achieved through experiments done for
several years and is considered as the best compromise between the fibre quality
and the production yield. Fibre quality was evaluated with industrial standards
developed by FRD, and by determining the residual content of shives in technical
fibres and by measuring the fibre fineness.

The fibres extracted using this mechanical process are respectively named
R1-MP, R2-MP and R3-MP depending on the initial retting level of the straws. The
different stages and ways used to process the straws are schematically described on
Fig. 1.

Secondary Processing of Hemp Fibres

An industrial drawing machine, adapted to long fibres, was used to reduce the linear
mass of the sliver laps. Three drawing steps were used to obtain slivers with a linear
mass of about 500 tex. After the first, second and third drawing steps, slivers with
the following linear masses were respectively obtained: 3540 ± 139, 2204 ± 96
and 519 ± 49 tex. The slivers, which are assemblies of aligned fibres of finite
length, do not possess generally enough cohesion to sustain further processing steps
such as the textile architecturation (weaving, braiding…). So, they are generally
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transformed into yarns. In this work, slivers were first transformed into non-twisted
yarns (Y-NT, see Fig. 2). The fibres are slightly entangled during the drawing
process. The failure load of the non-twisted yarns was 7.4 ± 1.9 N. This value is
not high enough to manufacture a woven fabric or a braid. Thus, to increase the
cohesion and the tensile performance of the non-twisted yarn, three other types of
yarns were manufactured. Non-twisted yarns were bound with a natural adhesive
constituent (Y-NTB). Low twisted unbound and bound with a natural adhesive
constituent yarns were also manufactured (named respectively Y-LT and Y-LTB).
Their load to failure were respectively: 19.2 ± 4.4, 19.7 ± 2.7 and 68.6 ± 18.6 N.
A minimum of 15 N is generally required to manufacture woven fabrics, and the
three types of yarns were therefore used for further processing steps.
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Fig. 1 Schematic representation of the main and different process stages used in this study for the
fibre extraction
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Tensile Characterisation of Fibres

For each batch of fibres, thirty to fifty single fibres were manually extracted from
the technical fibres using tweezers. They were glued onto thin paper support using
adhesive (Loctite super glue) to facilitate their handling and examination prior to
tensile testing. An electrodynamic machine (DMA Bose Electroforce 3230) was
used to perform the monotonic tensile tests on fibres up to failure. The average
width of each fibre was computed by obtaining ten measurements along its length
using polarised light microscopy (Nikon Eclipse LV 150). The average width of
each fibre batch was in the range of 20–25 lm. The paper frame supporting each
fibre was clamped onto the testing machine and cut prior to the beginning of the
tensile test. The clamping length was 10 mm. Fibres were tested at a constant
crosshead displacement rate of 5 µm s−1. The tensile tests were carried out at a
temperature of 21 ± 2 °C and a relative humidity of 50% ± 5%. The applied force
was measured using a 20 N load sensor, with a resolution of approximately 1 mN,
and the displacement was measured using a LVDT with a resolution ranging from
0.1 µm. The sample elongation and the load were recorded continuously and the
longitudinal mechanical properties (Young’s modulus, ultimate strength and failure
strain) of isolated hemp fibres determined. The strain was determined using the
displacement measurements and the initial length of the fibre. The tensile stress was
determined using the cross-section of each fibre and the apparent tangent modulus
(E) was computed from the linear section of the first part of the stress–strain curve.
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Fig. 2 Schematic representation of the secondary processing of hemp fibres, with the different
drawing steps and spinning and/or binding solutions proposed in this study

18 V. Placet et al.



The effective cross-section area of the fibre was determined using the mean external
diameter, assuming that the fibre is perfectly cylindrical and the lumen neglected.
The mean values and standard deviation of these tensile properties were computed
for each batch of fibres. Considering the highly skewed distribution that is generally
observed for the tensile properties of plant fibres, a statistical analysis was also
performed. The best distribution function for each property was identified.

Results and Discussion

Influence of Retting on the Tensile Properties of Fibres After
Their Mechanical Extraction

Table 1 presents the values of bast fibre content and residual content of shives
obtained after fibre extraction using the proposed mechanical process. The overall
total bast fibre content in the straw is respectively 40.5, 50.7 and 42.5% for R1, R2
and R3. These high fibre contents contrast with data of literature that report a mean
bast fibre content in hemp straw of approximately 30% (w/w) [7]. The field retting
of straws could explain these high values. Indeed, ground retting lead to decohesion
of stem tissues and decomposition of shives. The residue of shives can remain on
the land after turning over and balling straw, inducing an increase of the relative
content of bast fibres in straws.

The percentage of residual shives in bast fibres after mechanical extraction
decreases slightly (from 7.75 to 5.35%) with the increasing level of retting. This
result underlines once more the influence of retting on decohesion of tissues within
the straw.

The results from the tensile tests on single fibres after their extraction from the
straws (at the three different retting times) are shown in Fig. 3. The same settings of
the mechanical processing were used after the retting step for each of the three
batches. No significant difference can be noticed on the apparent elastic modulus
(Table 2). The mean value is comprised for each retting level between 15.5 and
17.5 GPa, with a similar and high standard-deviation of approximately 11 GPa.
A significant decrease of the strain at failure can be observed with the increasing
level of retting, from 3.5% for R1-MP to 2.2% for R3-MP. This result was already
observed by Placet et al. [10] in a previous study. As far as the tensile strength is

Table 1 Bast fibre content and residual content of shives after fibre extraction for each batch of
straws

Bast fibre
content (%)

Shive content
(%)

Residual content of shives in bast fibres after
extraction (%)

R1 40.5 59.5 7.75

R2 50.8 49.2 5.45

R3 42.5 57.5 5.35
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concerned, results show that the intermediate retting level (R2) leads to the highest
value. Indeed, using these retting and primary processing settings (R2-MP), a
tensile strength of 660 ± 265 MPa is measured at the scale of single fibres. This
value is significantly higher to those measured when the stalks were lower or higher
retted. Tensile strengths of 480 ± 245 and 340 ± 335 MPa were measured
respectively for R1-MP and R3-MP. For R1-MP, the short time of exposure of the
straws to the ground and thus to the microorganisms certainly does not permit the
pectic content to be significantly attacked and removed by bacterial and fungal
effectors. As a consequence, the bonding between the bast fibres both to each other
and to the other constituents of the stalk remains strong. The further mechanical
processing stage, aiming at separating the bast fibres from the ligneous shives, is
aggressive and presumably highly damaging for the fibres. The damage formation
can be directly related to the decrease in strength. Hernandez-Estrada et al. [6]
showed recently that the first stage of processing (in particular decortication) has a
greatest impact on the formation of damage. Hänninen et al. [5] also pointed out for
flax that industrially processed flax fibres contain significantly more defects than
green or retted ones.

Conversely, for R3-MP, it could be hypothesised that the fibre could have been
processed from straws that had been over-retted. In addition to the removal of the
pectic substances, the prolonged exposure time to the bacterial and fungal effectors
could have presumably led to a degradation of the other constitutive polymers. This
could induce a decrease in the mechanical performance of the fibres even before the
mechanical processing. Placet et al. [10] showed that for over-retted straws, the
decrease in the tensile performance of fibres can be attributed to a decrease in the
crystalline cellulose index and to the degradation of hemicelluloses (a decrease in
the relative content of xylose), which are thought to play an important role in the 3D
organisation of wall macromolecules and the resulting mechanical properties. Liu
et al. [8] also showed that a negative effect of field retting occurred after extended
field retting (70 days in their retting conditions). This was attributed to the accel-
eration in the degradation of cellulose by the action of microorganisms.

The scattering in the tensile properties of R2-MP is high but expected and
well-documented for plant fibres. The coefficients of variation (CoV) are on the
same order of magnitude as generally measured for hemp fibres and other plant
fibres such as jute, with a value of approximately 40–45% for the tensile rigidity
and strength and 30–40% for the strain at failure [14]. This difference between the
CoV in strain at failure on the one hand and rigidity and strength on the other hand
is generally explained by the error when determining the effective cross-section of
the fibres. Regarding R1-MP and R3-MP, the scattering in the strength values are
very high with a respective CoV of 0.51 and 0.98. These values and the features of
the distribution laws confirm that the mechanical processing on low-retted straws
on the one hand, and over-retting on the other hand induce an increase in the
number of flaws and flaw populations inside the fibres.

These results clearly indicate that field retting has to be perfectly tailored and
controlled. If not, retting can be clearly detrimental for the quality of industrial
hemp bast fibres and particularly for their mechanical properties. It is suggested that
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an optimized period and level of field retting may be adopted to extract the fibres as
gently and efficiently as possible.

Influence of Secondary Processing
on the Tensile Properties of Fibres

Figure 4 and Table 3 synthesise the tensile properties measured on different batches
of single fibres taken in yarns after their processing using the different technologies.

Fibres which were taken from the combed sliver lap (S-15000) have a mean
rigidity of 18.2 ± 7.2 GPa, a strain at failure of 2.05 ± 0.8% and a strength of
325 ± 170 MPa. It can be observed that the three drawing steps applied to obtain
slivers with a linear mass of about 500 tex induce a decrease of about 25% on the
mean tensile rigidity and an increase in the average strain at failure of about 35%,
without any significant change in strength. So, drawing appears to induce a soft-
ening of the longitudinal elastic properties of the single fibres. More surprisingly,
twisting (at this level of approximately 50 turn/m) induces a slight increase in the
tensile strength of single fibres, whether the yarn was treated with a natural adhesive
or not, reaching an average value of 380 ± 180 and 395 ± 195 MPa for Y-LT and
Y-LTB respectively. The origin of these phenomena (rigidity softening or hard-
ening, increase or decrease on strength) observed under mechanical processing was
not identified during this study and will be investigated in a forthcoming work by
studying the microstructure of the fibres, in particular by measuring the cellulose
crystallinity index and the cellulose microfibrils angle. Effectively, it is well known
that the mechanical behaviour of wood and plant fibres are highly sensitive and
dependent on their thermo-hygro-mechanical history [3, 9, 11]. So, it is not sur-
prising that the transformation process influences their mechanical behaviour, since
it involves various loading paths. One of the main difficulty, which researchers and
industries are facing, is related both to the complexity of the transformation stages
and the complexity of the thermo-hygro-mechanical behaviour of plant fibres. They

Table 2 Tensile properties of single hemp fibres after mechanical extraction and for the three
retting levels

R1-MP R2-MP R3-MP

Apparent rigidity (GPa) 15.7 ± 11.6
0.9–41.5

17.5 ± 11.2
2.6–45.5

16.6 ± 12.7
2.9–43.3

Strain at failure (%) 3.5 ± 1.4
1.0–6.1

3.0 ± 1.1
0.8–5.3

2.2 ± 0.9
0.8–3.5

Tensile strength (MPa) 480 ± 245
115–1085

660 ± 265
135–1080

340 ± 335
70–1480

Diameter (µm) 25.4 ± 4.9
17.7–39.9

26.4 ± 5.3
17.0–36.0

28.9 ± 5.8
17.5–39.9

Mean ± SD, min…max values
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exhibit in particular couplings and stiffening phenomena under mechanical loading
and/or environmental exposure that are still not fully understood [11]. It is also
highly difficult to predict the loading paths and levels endured by the fibres during
the processing stages, even if well mastering the process settings.

It can also be noticed that the treatment with a natural adhesive lead to an
increase in the tensile rigidity. A mean value of 18.9 ± 7.6 GPa was measured for
Y-LTB. An interaction between the natural adhesive and the constitutive polymers
of the fibre wall can be assumed. Biochemical and surface analyses have to be done
to confirm this hypothesis.

In general, it can be concluded that, even if secondary process stages can
influence the tensile performance of single fibres, the chosen technologies have a
lower impact than extraction step.

Conclusion

This work focused on the impact of the hemp transformation stages, from retting to
yarn manufacturing, on the tensile behaviour of single fibres. Results emphasize the
predominant role of retting on the further aggressive mechanical fibre separation
steps and on the quality of the resulting fibres. It also points out the necessity to
tailor the field retting to ensure a good quality and properties stability at the scale of
industrially processed fibres. In light of these results, it can already be concluded
that it should be essential to dispose of a tool indicating how to manage straw
quality and retting before the mechanical processing of high-grade fibres. Further
processing steps towards hemp reinforcement (such as drawing, spinning, binding
with natural adhesive) can also influence the strength and rigidity of fibres but with
a lower impact.

Table 3 Tensile properties of single hemp fibres after secondary processing

S-15000 Y-NT Y-NTB Y-LT Y-LTB

Apparent rigidity
(GPa)

18.2 ± 7.2
2.6–34

13.5 ± 5.4
4.6–25.6

14.4 ± 4.8
6.4–25.5

14.7 ± 6.3
6.6–31.7

18.9 ± 7.6
1.6–38.7

Strain at failure
(%)

2.05 ± 0.8
0.8–3.6

2.8 ± 1
0.9–4.7

2.7 ± 1
0.9–4.9

2.9 ± 0.8
1.6–4.5

2.5 ± 0.9
1.1–4.1

Tensile strength
(MPa)

325 ± 170
90–820

320 ± 150
75–660

305 ± 105
120–495

380 ± 180
125–755

395 ± 195
150–980

Diameter (µm) 20.2 ± 4.5
13.2–35.2

21.5 ± 5
13.2–33

22.2 ± 4.5
14.6–33.2

24.7 ± 5
17.3–37.4

22.3 ± 4.4
14.8–32.9

Mean ± SD, min…max values
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Use of Sugar Cane Fibers for Composites—
A Short Review

Nívea Taís Vila, Ana Luiza Musialak and Alexandre Ferreira

Abstract Natural fibers are widely used in a wide range of applications. Each fiber
has unique characteristics and for this, studies are made to know the best application
for each fiber. In the case of sugar cane fiber, in addition of being almost unlimited,
it is commonly wasted in countries that cultivate it, which characterizes a fiber of
very low cost. This article aims to portray the main properties of sugar cane,
directing its properties to application in natural fiber composites. As part of this
purpose, researches are presented in which bagasse fibers were applied in com-
posites, with different purposes, such as thermal, physical and mechanical study, as
well as practical applications, mainly as reinforcement in cements.

Keywords Sugar cane � Composites � Natural fibers

Introduction

The large amount of waste generated from industrial processes has generated great
discussions in the social and environmental scope. Thus, development of alternative
materials aimed at better utilization of these wastes has been in focus.

Sugarcane bagasse is the remaining substrate of the Saccharum officinarum
processing in alcohol and sugar production mills. This is the largest residue of the
Brazilian agroindustry, and has been the object of studies that aim to take advantage
of the great potential of this material.

This paper aims to highlight the developments that have been achieved within
the composite with the application of bagasse from sugarcane.

The limitation of raw materials derived from non-renewable sources calls for
innovation and adaptation to the available resources and which the specific prop-
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erties are suitable for needed applications. In this context, the natural fibers,
specifically the fibers of sugarcane reported here, play an important role since they
have peculiarities and are extremely abundant in Brazil and are often wasted.

Sugar Cane Fibers for Composites

As regards to the properties of natural fibers, they vary by several factors beginning
with the origin and composition of the fiber. The main properties that stand out in
the natural fibers are the low specific weight, resistance to the abrasion and fatigue,
stiffness and the low cost related to the abundance [1]. In general, natural fibers are
composed of cellulose, hemi-cellulose, lignin, pectin, waxes and water-soluble
substances [2]. Each of these components gives distinct properties to the fiber.

Even with varying amounts in each fiber, cellulose is the largest component of
the vegetable fibers. The type of cellulose, including its geometry, molecular
structure and degree of polymerization, significantly affect the chemical, physical
and mechanical properties [2].

As a natural fiber, sugar cane waste fibers are compounds formed mainly by
cellulose. There are different fibers derivate from sugar cane and they are mostly
composed by 65% of cellulose [3].

For studying the use of different sugar cane waste fibers in composites, Stael
performed NMR and stress-strain measurements in a EVA/fiber composite. Results
showed that the mobility of the three tested fibers decreased with the addition of
EVA and that indicates that there was a good interaction with the fiber. However,
there was no significant change in mechanical analyses, which can be related to the
way that the fibers are dispersed in the polymer matrix. The study indicates that the
type of sugar cane fiber used does not affect its use in mixtures and composites [3]
(Fig. 1).

Tita used lignin extracted from sugar cane bagasse to substitute 40% in mass of
phenol in phenolic and lignophenolic pre-polymers to produce composites with
thermoset matrices. After the extraction of the bagasse and preparation of the
pre-polymers, the thermoset and composites were performed by compression of
both. The fracture surface can be seen in Fig. 2. The fibers were modified with
Succinic Anhydride and Lignin/Formaldehyde and treatment with NaOH solution.
These modification did not show any improvement in the impact resistance prop-
erties, however, MEV image reveled a greater interpenetration of the matrix in the
fibers beam [4].

It was found that lignin can substitute partially phenol in phenolic matrix,
without prejudicing the impact resistance. However, the addition of lignin increase
water uptake, which can be a negative point in this method but does not necessarily
compromise its use [4].

Studies in polyurethane-composites with bagasse of sugar cane were presented
by Mothé et al. [5], consisting of preparation by the melting mixing method. The
analyses of this composite were performed with thermogravimetric measurements
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and microscopy. It was found that the thermal stability for different percentage of
PU and BSC decreased when the percentage of BSC decreased. Therefore, the best
performance regarding thermal stability was observed at a rate of 95%PU and 5%
BSC [5].

Fig. 1 Fracture surfaces of composites (1000�) a Fibers only extracted with cyclohexane/etanol;
b fibers treated with 6% NaOH solution; c fibers only extracted with cyclohexane and
d lignofenolic compounds reinforced with bagasse fibers subjected to ionized air treatment [4]

Fig. 2 SEM analysis of fracture region from tensile tests: a PU95% + BSC5%;
b PU90% + BSC10% and c PU80% + BSC20%. Magnification 500� [5]
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Gilfillan, introduced starch and sugar cane fibre composites. Using potato and
hydroxypropylated maize starch film produced by ‘cast’ and ‘hot pressed’ methods
to evaluated physicochemical and mechanical properties for its use in composites
with sugar cane. It was found that the hot pressed process was more adequate to
prepare starch-fibre films, as this process changed the morphological aspects and
improved the distribution of the fibers in the starch matrix as well as the thermal
stability. Among the advantages in the hot pressed process, it is also stated less
moisture uptake (5.5% less), more crystallinity (around 59%) and higher glass
transition temperature and Young’s modulus. Regarding the addition of the
bagasse, enhancement in terms of lowering the moisture uptake and decreasing
tensile strain were shown. Although it was not studied, it is suggested that grinded
bagasse fibers would be a better option in terms of resistance improvement for
starch films [6].

A composite created by lignin extracted from sugarcane bagasse and poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was presented by Camargo.
The lignin was obtained by extraction of steam-exploded sugarcane bagasse with
NaOH, isolated at a low pH and separated in a press filter. The PHBV was supplied
as it is. The composites were prepared in a mixer containing different proportions of
lignin and PHBV. The results indicated that the glass transition temperature, the
crystallization temperature and the melting temperature were not affected by the
addition of lignin. The proportion of lignin over PHBV played an important role in
the thermal decomposition profile, which is affected by the composite residual
mass. Greater amounts of lignin entail an increase in residual mass. Furthermore, at
a 50:50 (w/w) lignin/PHBV composites were stated to have no physical interaction
leading to a decrease of mechanical properties. The fact that the lignin is obtained
from renewable sources and at a low cost, generates a promising use of this
composite where there is a call for biodegradability and no need of high mechanical
properties [7].

Moubarik treated sugar cane in three different stages for its use as a reinforce-
ment agent in low density polyethylene. The first stage consisted in using the
air-dried sugar cane bagasse, previously cut into small pieces and treated with hot
water for 2 h. This process was conducted aiming to extract the hemicellulose
followed by an alkaline treatment to extract lignin. The third step was a bleaching
with a sodium chlorite/glacial acetic acid mixture, removing the residual lignin and
hemicellulose. This extraction process seemed to isolate cellulose fibers from sugar
cane bagasse, with a great removal of lignin and hemicellulose indicated by FT-IR
and CNMR spectrometry [8].

The composites were formed by adding Low Density Polyethylene (LDPE) in
granules with sugarcane bagasse in an extruder screw. Different percentages of the
bagasse and LDPE were tested. At a 25 wt% there was a notable increase of
mechanical properties reaching 72% and flexural modulus increased by 85%,
compared to LDPE alone [8] (Fig. 3).

Doost-hoseini tested sugar cane bagasse physical and mechanical properties in
insulation boards. Three densities of homogeneous and multi-layered boards were
produced. For the multi-layered boards, the fibers were separated in small and
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large-sized. The boards were produced in hot press method, containing 12% of
resin. The modulus of rupture (MOR) analysis indicated a better result for
melamine-urea-formaldehyde (MUF) at a 0.5 g/cm3 density, the higher tested. The
lowest MOR was for the board with the lower density tested (0.3 g/cm3) and made
of urea-formaldehyde (UF). The sound absorption was observed to be very similar
within the same board type, not varying much in terms of resin-type used. Yet, the
resin-type influenced the acoustic of the board [9].

Several studies were performed utilizing sugar cane bagasse as cement rein-
forcement. Bilba performed a study in bagasse/cement composites targeting the
performance due to the botanical components of the fibre, the thermal and chemical
treatment applied, the fibre content and the water uptake. The composite samples
were prepared mixing cement with bagasse fibres and water in different percentages
of each material. In general, it was found that the addition of bagasse to the cement,
retards the settling being less expansive in the mass. The thermal treatment used is
expensive, therefore, making low cost material would need further investigation
[10].

Onésippe investigated the thermal properties of cement composites reinforced
with sugar cane bagasse fibres, ranging from 0.4 to 1 mm. The fibers went through
a heat-treatment and a chemical treatment with alkaline solution. The matrix used
was made of cement, sand, water and CaCO3, bentonite, silica fume, acrylic styrene
and cellulose pulp. Two composites were studied, one composed by the matrix and
the rectified bagasse fibres (CBAGP) and one containing the matrix and the alkaline
bagasse fibres (CBAGB). Results showed that CBAGP are weaker heat conductor
materials, being prefered over CBAGB. Both CBAGP and CBAGB present a
weaker specific heat than the matrix alone, exalting its application in construction
materials. Figure 1 shows packed fragments of CaCO3 onto the fibre, being the
possible explanation for the loss of specific heat [11] (Fig. 4).

Fig. 3 SEM images of the tensile fractured surface of optimal cellulose fibers (20%)/LDPE
composites [8]
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Frías correlated the activity of sugar cane bagasse ashes to pozzolans. This
research was performed using three different sugar cane bagasse ashes (FBA, BBA
and LBA) to investigate pozzolanic activity. The chemical evaluation of the three
compounds shows the same oxides composition, being mainly silica and alumina.
Per TG/DTA and FTIR analyses, quartz was the mineral most present in the ashes,
and some minerals as cristobalite, kaolinite and gibbsite were not present in the
three types of ashes. The calcining temperature evidenced that there is a difference
in the morphology of the ashes. The results obtained for the pozzolanic activity,
indicated excellent properties for the laboratory bagasse ashes, a low-medium
activity for the FBA ashes and no activity for the boiler bagasse ashes. In prior to
use the bagasse ashes, it is needed a reasonable management for the handling,
remove of the containing materials and control of the calcining temperature of this
waste [12].

De Soares studied the pozzolanic behavior of sugar cane bagasse by comparing
it to amorphous and crystalline SiO2. Grounded crystalline silica (quartz), amor-
phous silica (silica fume) and sugar cane bagasse ash (SCBA) used were consisted
of SiO2 by >94, >94 and 72.3% respectively. The reactivity of these three elements
and other mixtures of silica fume and quarts was tested by a variation of electrical
conductivity in calcium hydroxide solution. The conductivity tests indicated an
increase in the reaction rate with an increase in silica fume content. The pozzolanic
activity was investigated by immersing samples in lime solution, and the presence
of C-S-H suggests pozzolanic activity in all the samples. Furthermore, cement
pastes with partial replacement with SCBA, quarts and silica fume were tested,
being noticed that samples prepared with SCBA showed reduced calcium
hydroxide mass, close to quartz behaviour. The results suggest a better utilization of
SCBA would be for inert constituents in cement composites [13].

Lamezon also investigated the Pozzolanic activity of SCBA in cementitious
composites. This study was based on a comparison of SCBA from two different
seasons to compare it. The first analysis of the ashes was performed using chemical
composition analysis, grain size distribution, BET, FTIR, loss on ignition and X-ray

Fig. 4 SEM pictures of CBAGP a and CBAGB b with fibre content of 3% wrtc [11]
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diffraction. This analysis indicated different compositions and amorphicity on ashes
from different harvests. However, that could be related to the incineration condi-
tions. The pozzolanicity was evaluated by measuring the conductivity in a Ca(OH)2
before and after adding the ashes. Other methods to evaluate pozzolanic effects was
modified Chapelle and pozzolanic activity index (PAI). The Chapelle method
consists in measuring the amount of CaO that reacts with the material after being
boiled for 10 h. The PAI measures the pozzolanic degree in a cement a lime
method. Table 1 shows the pozzolanicity of different harvest and different
tests [14].

The author stated that this method to investigate the pozzolanic action was not
consistent [14].

Sinab studied the mechanic behavior of reinforced concrete with sugar cane
bagasse. Tests were performed in cement cylinders reinforced with sugar cane
bagasse to determine its resistance. The bagasse particles used had 35% humidity
and ranged between 15 and 25 mm. The fibers were treated with calcium
hydroxide. Some samples are presented in Fig. 5. The concrete and fiber mixture
was produced and arranged in cylindrical shape. The percentage of fiber in the
mixture that presented a better result in terms of compressive strength was 0.5%.
The addition of fibers in the cement compound has many advantages, such as
lowering its density. However, increasing the fiber percentage on the cement lowers
its resistance [15].

Table 1 Pozzolanicity tested in different methods [14]

Method First harvest Second harvest

Chemical composition and Luxan X –

Size distribution X X

DSC and modified Chapelle – X

PAI – –

Fig. 5 Adhesion of fibers retained in sieves [15]
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Conclusion

In this research, we studied the potential of fiber from sugar cane applied to
composites. This short review was focused especially on composites targeted civil
engineering. This study will serve as the basis for a research in this area of high
interest.

It was verified by analysis of the bibliography given that many groups of
researchers studied the possibility of these fibers in cement composites. Particularly
the production of composites where the fibers are subject to chemical treatments,
present promising results. Moreover composites were substantially studied
according to their mechanical properties, but also according to other properties such
as thermal properties. The use of sugarcane fibers presents itself as an excellent
solution in the optimization of the weight/performance relation in fibers composite.
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Evaluation of the Extraction Efficiency
of Enzymatically Treated Flax Fibers

Jana De Prez, Aart Willem Van Vuure, Jan Ivens, Guido Aerts
and Ilse Van de Voorde

Abstract This study evaluates the efficiency of the extraction of enzymatically
treated flax fibers for application in composite materials. Three extraction param-
eters were introduced. Fiber Efficiency (FE) represents the yield of long fibers
extracted after enzymatic treatment. Time Efficiency (TE) is introduced in order to
evaluate the ease of extraction. Taking into account both Fiber Efficiency and Time
Efficiency results in the introduction of the overall Extraction Efficiency (EE). The
Extraction Efficiency is determined for flax fibers treated with pectate lyase, pectin
lyase, polygalacturonase, endoxylanase and Viscozyme L as reference while
comparing with green and dew retted fibers. Moreover, fiber fineness and transverse
properties of the resultant composite materials were investigated. Polygalacturonase
treatment appears to be the most promising. Results demonstrate the potential of
enzymatic extraction of flax fibers with an increased transverse bending strength of
the composite reinforced with polygalacturonase treated fibers (26.4 ± 3.8 MPa)
compared to green flax fiber composite (12.1 ± 1.4 MPa) and dew retted fiber
composite (16.9 ± 2.2 MPa).

Keywords Flax fibers � Enzymatic extraction � Fineness � Mechanical properties
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Introduction

Flax fibers are one of the most promising fibers amongst natural fibers as rein-
forcement in composite materials, thanks to their high specific mechanical prop-
erties due to their high content of crystalline cellulose and small microfibrillar angle
[8, 11]. Natural fibers are biorenewable, biodegradable and have a lower carbon
footprint compared to synthetic fibers [12, 15]. Natural fibers show thus an inter-
esting and eco-friendly alternative for glass fibers for use in composite materials.
Natural fibers however need to be extracted from the plant. Traditionally, extraction
occurs by dew retting followed by a mechanical extraction process. With dew
retting, full-grown flax is harvested and laid down on the field during several
weeks, in order to let microorganisms and moisture from dew and rain affect the
flax stem. Through this process, fibers are loosened from the flax stem and sepa-
rated from each other. After dew retting, flax plants go through a breaking,
scutching and hackling process to completely separate fibers from shives, the
woody particles coming from the flax stem. First of all, the dew retting process is
extremely dependent on weather conditions and will result in an inconsistency in
fiber quality. The mechanical extraction process will enhance the fineness and
purity of the fibers but results however in fiber damage due to the extensive
treatment [14].

In order to overcome drawbacks from the traditional dew retting method,
enzymatic extraction has been suggested as an alternative. The use of enzymes will
make it possible to selectively interact with the components responsible for holding
the fibers together in the flax stem. A successful enzymatic treatment will separate
fibers almost completely from the flax stem, which results in a less extensive
mechanical treatment necessary and hence, less fiber damage. An enzymatic
treatment can only be called successful if certain requirements are fulfilled. First of
all, the long fiber yield resulting from the treatment and the time efficiency of the
extraction are important aspects. Evaluation of the extraction efficiency of the
enzymatic treatment is hence an important step to validate its potential. Other
parameters that should be considered are the fineness of the fibers and the
mechanical properties of the final composite material. This study evaluates the
effect of flax treatment with pure enzymes, i.e. pectate lyase, pectin lyase, poly-
galacturonase and endoxylanase, compared to treatment with the commercial
enzyme mixture Viscozyme L as reference, by determining the extraction effi-
ciency, the fiber fineness and mechanical properties of the final composite material.
The extraction efficiency is determined by introducing three new parameters. By
taking all these parameters into account, in-depth knowledge is achieved, showing
the potential of applying an enzymatic pretreatment process.
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Materials and Methods

Enzymatic Treatment

Flax samples were provided by Verhalle from Belgium. Green flax of the Amina
cultivar was harvested in Belgium in 2015. Enzymatic treatments were performed
on whole flax stems dried during 24 h at 105 °C. 50 g of dried flax stem segments
of 25–30 cm were incubated with an enzyme formulation containing 25 mM
EDTA (pH 5.0). All treatments were performed during 24 h in a shaking incubator
at 40 °C. The flax to volume ratio used during treatments was 1:20 (g:ml). Enzyme
concentrations of 0.30 v/v % were used in case of pectate lyase, pectin lyase and
endoxylanase treatment, with exception of 0.60 v/v % for Viscozyme L. Pectate
lyase (Scourzyme L), pectin lyase (NS59049) and endoxylanase (Pulpzyme HC
2500) are pure enzyme solutions provided by Novozymes. Viscozyme L is a
commercially available enzyme mixture from Novozymes containing hemicellu-
lase, xylanase, arabanase, cellulase and b-glucanase activities and is included for
comparison with the pure enzymes. Polygalacturonase is originating from
Aspergillus niger and was purchased from Sigma-Aldrich. For polygalacturonase
treatment, an enzyme solution was made according to solubility by dissolving
0.50 w/v % enzyme powder in 0.1 M acetate buffer (pH 5.0). Since most liquid
enzymes are present in enzyme formulations at an average of 1 w/v %, poly-
galacturonase concentration of 0.60 v/v % was chosen instead of 0.30 v/v %. After
enzymatic treatment, flax stems were submerged twice in cold tap water baths to
remove enzymes and solubles. Flax stems were then dried at 105 °C for 24 h.

Extraction Method

Since mechanical extraction has a big impact on the fiber quality, strength and
fineness, a careful manual extraction was applied to evaluate the effect of solely the
enzymatic treatment. This way, other effects from mechanical extraction were
eliminated. Fibers were manually extracted by pulling the fibers of the stem from
top to bottom. The collected fibers were separated into long and short fibers prior to
determining the weight of each fraction. The time needed to manually extract a
certain amount of flax fibers was registered. Based on these data, the extraction
efficiency parameters can be calculated.
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Evaluation of Extraction Efficiency

In order to evaluate the extraction, three parameters are introduced. The first
parameter, Fiber Efficiency (FE), describes the long fiber yield extracted from the
plant in accordance to Eq. (1).

FE =
Amount of long fibers extracted ðg)

Total amount of flax stems ðg) ð1Þ

The amount of long technical fiber bundles available after extraction is important
since only long fibers can be used for unidirectional composite materials. A low
Fiber Efficiency would indicate a too extensive enzymatic treatment and thus
degradation of the technical fiber and its strength.

The second parameter, Time Efficiency (TE), includes the time needed for the
extraction and thus illustrates the ease of the extraction (Eq. 2). The formulation of
this equation leads to a TE of 100% for a very easy extraction in the chosen lab
conditions.

TE =
Amount of long fibers extracted ðg)
Time needed for extraction ðmin)

� 5 ð2Þ

A lower Time Efficiency reflects a more difficult extraction of fibers being not
sufficiently separated from the flax stem. In contrast to the FE, a Time Efficiency of
100% is feasible thanks to the introduction of a factor of 5 into the equation. This
factor illustrates a reference extraction, where 10 g of flax stems are manually
extracted in 50 min.

Taking into account both Fiber Efficiency and Time Efficiency results in the
introduction of the overall Extraction Efficiency, illustrated in Eq. (3).

EE = FE * TE ð3Þ

The EE value enables us to compare different enzymatic treatments according to
long fiber yield and extraction time. With a maximal EE value, the fibers are
completely loosened from the flax stem so the woody core can easily be removed
without pulling off the fibers from the stem.

Fineness Measurement

Fineness of fibers is determined with an automated image analysis method by
measuring fiber width. Fibers (n = 35) are scanned with a resolution of 2400 dpi.
The output of this method is a distribution curve of fiber fineness. The image from
the scanner is processed using an algorithm which was developed by the
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Department of Materials Engineering (MTM), KU Leuven in cooperation with prof.
Toon Goedemé of the Department of Electrical Engineering, KU Leuven [10].

Production of Composite Materials

The unidirectional composite samples are produced with the Vacuum Assisted
Resin Infusion method (VARI). Depending on the dimensions of the composite
sample, a certain amount of dried flax fibers is weighed in order to produce a
composite material with a fiber volume fraction of 40%. Fibers are carefully
brought into the composite mold in order to produce a well aligned unidirectional
composite. Spacers of 2 mm are used to ensure the composite sample will have the
preferred thickness. Mold tools fitting in the mold cavities are laid upon the fibers.
Sealant tape is applied around the whole mold in order to be able to apply vacuum
with the vacuum bag. A resin distribution medium is placed at the resin inlet to
guide the resin into the mold cavities containing fibers. At the outlet tube, breather
fabric is added to retain the resin from going to the outlet immediately. The mold is
covered with peel ply before closing it with the vacuum bag and placed on a heating
plate.

The epoxy resin (Epikote 828LVEL) used for composite production is
Bisphenol A diglycidyl ether and is mixed with 1,2-diaminocyclohexane (Dytek
DCH-99) with a weight ratio of resin to hardener of 100:15.2. Before impregnation,
the resin is degassed during 30 min to eliminate small gas bubbles. When 95%
vacuum is reached, resin inlet is opened and the mold is filled until resin almost
reaches the outlet tube. Resin infusion occurs at a temperature of 40 °C to ensure
optimal flow. When impregnation is completed, curing is enhanced by raising the
temperature to 70 °C which is held during 1 h. A post-curing step at 150 °C during
another hour is required to complete composite production.

Determination of Transverse Bending Properties

Mechanical properties of composite samples are tested by performing three point
bending tests using an Instron 5567 with a load cell of 1 kN. The crosshead
displacement rate is 0.5 mm min−1. The loading nose has a diameter of 6 mm while
support rolls of 4 mm diameter are used. Samples have a thickness of 2 mm and
width of 13 mm and are tested with a span length of 16 mm. These dimensions are
different from the recommended span-to-thickness ratio of minimum 32 in ASTM
D7264-07 [4]. The smaller ratio was chosen to ensure a high level alignment of the
fibers in the test specimens. Tests were repeated six times for each composite type.
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Results and Discussion

Evaluation of Enzymatic Treatments

In order to determine the potential of an enzymatic extraction procedure to sub-
stitute the dew retting process, assessment of the extraction efficiency is an
important first step. For this purpose, the parameters Fiber Efficiency (FE), Time
Efficiency (TE) and Extraction Efficiency (EE) were introduced as described in
Materials and Methods. These parameters were determined for flax fibers treated
with Viscozyme L, pectate lyase, pectin lyase, polygalacturonase and endoxylanase
and are compared with the efficiency of fiber extraction for dew retted fibers as well
as green fibers. Results of the efficiencies are shown in Table 1.

The Fiber Efficiency of the enzymatic treatments amounts to 33–34%. It should
be noted that since the amount of long fibers present in flax is limited to circa 39%
for Amina flax, the FE value cannot exceed this percentage. An FE value of 39%
would mean only long fibers and no short fibers are collected after extraction.
Depending on cultivar, the FE value is limited to the fiber percentage, which
normally ranges between 20 and 35% [13]. To the best of our knowledge, no other
reference in literature was found denoting the exact amount of fibers in that type of
cultivar. Compared to the dew retted flax, which has a lower FE value of 24%, an
improvement is definitely observed. A possible explanation for the low FE of dew
retted flax could be because of a too high degradation of the long fibers during dew
retting, resulting in a higher amount of short fibers. In contrast to enzymatic
treatments, the dew retting process is uncontrollable leading to a possible degra-
dation of the fiber itself.

Not only the long fiber yield but also the ease of extraction is evaluated by
determining the time needed to extract the long fibers from the initial amount of flax
stems. Dew retted flax is extracted with a Time Efficiency of only 35%. Treatment
of flax stems with pectate lyase did not improve the Time Efficiency (35%) com-
pared to dew retted flax. Endoxylanase treatment resulted in an increase in TE
towards 44%, as well as Viscozyme L and pectin lyase treatment, which resulted
both in a TE of 53%. Green fibers on the other hand were extracted with a Time
Efficiency of 60%. It should be noted that the Time Efficiency illustrates the ease of
extraction, but does not give an indication of the fineness of the extracted fibers. In

Table 1 Extraction
parameters for enzymatically
treated flax fibers compared to
green and dew retted fibers

Treatment FE (%) TE (%) EE (%)

Green fiber 35 60 21

Dew retted 24 35 8

Viscozyme L 34 53 18

Pectate lyase 33 35 11

Pectin lyase 34 53 18

Polygalacturonase 34 81 28

Endoxylanase 33 44 15
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case of green flax fibers, extraction will result in technical fiber bundles that are not
fibrillated as much as desired which explains the high TE for green fibers. One
enzymatic treatment showed a higher TE compared to the time needed to extract the
green fibers, namely treatment with polygalacturonase. Time Efficiency amounted
to 81%, which indicates that the enzymatic treatment resulted in an almost complete
separation of the fibers from the woody core.

Comparison of the Extraction Efficiencies confirms that dew retting is the least
successful method (8%) while polygalacturonase treatment definitely resulted in a
substantial improvement with the highest EE (28%) by producing the highest
amount of long fibers in the shortest extraction timeframe.

Earlier research illustrated the importance of pectin degradation in enzymatic
retting [1–3, 7, 9, 18]. Pectin degrading enzymes consist of e.g. pectin lyase, pectate
lyase, polygalacturonase and pectinmethylesterase. Pectin lyase attacks methyl
esterified pectin and results in eliminative cleavage of an 4,5-unsaturated galac-
turonide [17]. Pectate lyase results in a similar cleavage but prefers the unesterified
pectate as substrate. Polygalacturonase is a pectinase that catalyses hydrolysis of
a-1,4-polygalacturonic acid and thus degrades the pectin polymer in smaller
compounds [6]. Endopolygalacturonase hydrolyses linkages randomly in the
homogalacturonan polymer while exopolygalacturonase separates galacturonic acid
from the non-reducing end of the polymer [16]. The enhanced TE of polygalac-
turonase treated fibers could indicate that homogalacturonan is the main component
of the pectin fraction in flax responsible for holding the flax fibers together at the
stem. However, endopolygalacturonase randomly hydrolyses the homogalacturo-
nan polymer while the lyase enzymes gradually attack pectin, so polygalacturonase
can be able to degrade the polymer more rapidly and thus have a bigger effect.
Endoxylanase on the other hand is a hemicellulose degrading enzyme and
hydrolyses b-1,4-glycosidic bonds in xylan from the interior [6]. The limiting effect
on Extraction Efficiency of endoxylanase treatment could be due to the location of
xylans. According to Bourmaud et al. [5], xylans are mostly present in the sec-
ondary cell wall, accompanied by glucomannans, while in the primary cell wall
mainly xyloglucan appears. It should be investigated if degradation of xyloglucan
by xyloglucanases has a more profound impact on extraction efficiency.

As mentioned before, enzymatic treatments cannot be evaluated based on only
the Extraction Efficiency. Fineness measurements will further elucidate the effect of
different enzymatic treatments.

Fineness of Extracted Fibers

In order to gain more insight into the effect of the different enzymatic treatments
compared to dew retting, fineness of extracted fibers is also evaluated. Results of
fiber fineness measurements with automated image analysis are shown in Table 2.

Fiber fineness measurements indicate an average fiber width of 218 μm for
green fibers, while dew retted fibers have a fineness average of 140 μm.
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Viscozyme L treatment resulted in fibers with a higher fineness of 105 μm, prob-
ably due to the multiple enzyme activities present in the enzyme mixture. Pure
enzyme treatments yielded fibers with a lower fineness than dew retted fibers, but
still higher than green fiber fineness. Pectate lyase and polygalacturonase treatment
produced the finest fibers (160 and 156 μm), while pectin lyase and endoxylanase
yielded fibers of 172 and 190 μm, respectively. Results of the fineness of extracted
fibers confirm the potential of polygalacturonase treatment, which not only loosens
the fibers from the flax stem but also separates the fibers from each other slightly
better.

The minimal fiber width measured was 42 μm for each fiber. Maximum fiber
width was lowest for dew retted fibers (762 μm), followed by green fibers and
fibers treated with polygalacturonase (both 974 μm). Other enzymatic treatments
resulted in a maximum fiber width from 1059 to 1292 μm indicating some fiber
bundles were insufficiently treated. Distribution curves are included in Fig. 1.

Distribution curves show that in case of green fibers, pectin lyase and endoxy-
lanase treated fibers the relative frequency gradually decreases with increasing fiber
width. Dew retted fibers, Viscozyme L, pectate lyase and polygalacturonase treated
fibers on the other hand show a higher amount of fine fibers measured with the
automated image analysis. Especially treatment with Viscozyme L resulted in a
high relative frequency of the finest fibers.

Transverse Bending Properties of Composites

Three point bending tests were performed on the composite materials reinforced
with the enzymatically treated fibers. Figures 2 and 3 illustrate the transversal
bending strength and bending modulus of the resultant composite materials com-
pared to composite materials reinforced with green and dew retted fibers.

Results in Fig. 2 show an increase of transverse bending strength for all com-
posites impregnated with enzymatically treated fibers compared to composites
reinforced with green fibers and dew retted fibers, with exception of the composite
based on endoxylanase treated fibers. Fibers treated with Viscozyme L resulted in a
composite material with a bending strength of 27.7 ± 2.0 MPa. Polygalacturonase

Table 2 Fiber fineness measurement with automated image analysis

Treatment Average fiber width (μm) Minimum (μm) Maximum (μm)

Green fiber 218 42 974

Dew retted 140 42 762

Viscozyme L 105 42 1143

Pectate lyase 160 42 1059

Pectin lyase 172 42 1080

Polygalacturonase 156 42 974

Endoxylanase 190 42 1292
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treatment succeeded to produce fibers resulting in a composite material with a
strength of 26.4 ± 3.8 MPa, which is an improvement of 2.2 times the strength of
the green fiber composite.

Pectate lyase and pectin lyase treatment also led to an enhancement of transverse
bending strength compared to both green and dew retted fiber composites. Future
experiments will indicate if the interfacial bonding between fiber and matrix is
improved or if the internal strength of the technical fiber is enhanced due to the

Fig. 1 Fiber width distributions of enzymatically treated flax fibers compared to green and dew
retted fibers (Color figure online)
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enzymatic treatment. Most likely the fiber-matrix interface is improved, which
should be verified by investigating the fracture surface and microscopy.
Endoxylanase treatment on the other hand resulted in a composite material with a
bending strength of 16.4 ± 4.0 MPa, which corresponds to an equivalent strength
as the dew retted composite (no significant difference with P = 0.78). The limited
effect of endoxylanase and pectin lyase treatment could be correlated to the amount
of possibilities where these specific enzymes can attack and split. The fineness of
the fibers treated with pectin lyase and endoxylanase was also lower than the other
enzymatic treatments, which corroborates the lower transverse bending strength of
the resultant composites. Increasing these enzyme concentrations probably would
not improve the effect but combining them with for example polygalacturonase
could lead to an enhancement and will be tested in further research.

Even though dew retted fibers have an average fiber width of only 140 μm,
transverse bending strength of the composite only amounts to 16.9 ± 2.2 MPa.
This could be due to impurities left on the dew retted fiber, which result in stress in
the composite leading to an negative impact on the transverse properties.

Figure 3 shows an increase in bending modulus compared to the green fiber
composite. Composites impregnated with pectate lyase treated fibers and poly-
galacturonase treated fibers show the highest bending modulus of 2.01 ± 0.22 GPa

Fig. 2 Transverse bending
strength of composites
reinforced with enzymatically
treated fibers

Fig. 3 Transverse bending
modulus of composites
reinforced with enzymatically
treated fibers
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and 2.03 ± 0.14 GPa, respectively, along with composites impregnated with fibers
after Viscozyme L and pectin lyase treatment. No significant difference was
observed for the bending modulus of these composites (P = 0.22). Endoxylanase
treatment did not result in a composite with a significant higher bending modulus
compared to the green fiber composite (P = 0.09). Transverse properties are thus
confirming the promising results for the enzymatic treatment of flax fibers with
polygalacturonase and pectate lyase.

Taking into account Extraction Efficiencies, fineness of fibers and the transverse
bending properties of the resultant composite materials, enzymatic treatment with
Viscozyme L and polygalacturonase appear to be the most promising. The variety
of enzyme activities present in the commercially available enzyme mixture
Viscozyme L does not provide the knowledge of the contribution of each separate
enzyme activity towards the separation of flax fibers from the stem or from each
other. In order to understand the role and underlying mechanisms, pure enzymes are
tested for their contribution towards the Extraction Efficiency, fineness of resulting
fibers and transverse bending properties of resultant composites. Viscozyme L
treatment resulted in the finest fibers (105 μm). However, polygalacturonase
treatment resulted in fibers of 156 μm and in a composite material with a transverse
bending strength and modulus as good as the composite material based on
Viscozyme L fibers (no significant difference with P = 0.47). With the highest
Extraction Efficiency of 28%, polygalacturonase treatment can be appointed as
adequate alternative for the Viscozyme L treatment and illustrates that degradation
of pectin by polygalacturonase is a major prerequisite for enzymatic extraction of
flax fibers. The pectate lyase enzyme treatment also resulted in a similar fineness as
polygalacturonase treatment and in no significant different composite properties
(P = 0.86), but Extraction Efficiency only amounted to 11%. Likewise, composites
reinforced with pectin lyase fibers did not significantly differ from polygalactur-
onase fiber composites (P = 0.13) but fineness was slightly lower (172 μm) with an
Extraction Efficiency of 18%. Even though polygalacturonase treatment appears to
be the most promising, pectate lyase and pectin lyase also have some potential for
enzymatic extraction of flax fibers. Finally, endoxylanase treatment did not result in
a composite performance as good as the other composites with enzymatically
treated fibers. Degradation of xylans does not seem to be essential in the extraction
of flax fibers but can play an important role when investigating moisture resistance
of the fiber or the composite. The improved transverse properties of the other
composites impregnated with enzymatically treated fibers is probably due to an
improved interface between fiber and matrix. However, combining enzymes can
result in synergy wherein endoxylanase can play an important role. Further research
should investigate well-defined enzyme mixtures. To fully understand the role of
enzymatic treatments, further determination of chemical components, morpholog-
ical characterization and determination of mechanical properties like tensile
strength is essential.

Evaluation of the Extraction Efficiency of Enzymatically … 47



Conclusions

For introducing an alternative method for the traditional dew retting method,
evaluating enzymatic extractions by determining extraction efficiency, fineness of
fibers and composite performance is essential in order to validate its potential.
Evaluation of the Extraction Efficiency showed that polygalacturonase treatment
can enhance the ease of extraction by loosening fibers from the woody core. Fibers
were obtained with an average fiber width of 156 μm. Transverse bending prop-
erties of composites were significantly improved when impregnated with pectate
lyase and polygalacturonase treated fibers. On the other hand, Extraction Efficiency
achieved with pectate lyase was markedly lower. Polygalacturonase treatment
appears to be the most promising treatment taking into account Extraction
Efficiency as well as fineness and transverse properties. Further characterisation of
chemical properties, morphological properties and other mechanical properties like
tensile strength is designated to completely understand the effect of enzymatic
treatments in each aspect.
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Influence of Coupling Agent
on the Properties of Polypropylene
Composites Reinforced with Palm Fibers

Ingriddy R. Dantas, Noelle C. Zanini, Joyce P. Cipriano,
Maria R. Capri and Daniella R. Mulinari

Abstract This chapter is focused on the development of palm fiber reinforced
polypropylene (PP) composites by using thermokinetic mixer followed by injection
molding. The effect of concentration (5 wt%) of coupling agent, Epolene
(MA-g-PP) and pre-treatment with alkaline solution (10% w/v) was studied in
details on palm fiber reinforced PP composites. Mechanical testing (tension and
flexural) was carried out to determine the effect of fiber contents, treatment and
compatibilizer. The chemical, physical and morphological properties of the fibers
were examined by SEM, chemical composition, XRD and FTIR. The results
showed that compatibilized composites have increased stiffness due to enhanced
interfacial adhesion between the fibers and the matrix, as well as better homo-
geneity (better fiber dispersion) due to chemical bonding.

Keywords Palm fibers � Polypropylene � MA-g-PP � Alkaline treatment
Mechanical properties � Microscopy analysis

Introduction

Renewable materials are very interesting in many applications since they are
environmentally friendly and naturally available [1]. Because of this, the use of
natural fibers as reinforcement in polymers has experienced a tremendous growth in
the study and development of composite materials used in structural and
semi-structural applications [2].
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Natural fibers have the advantages compared with traditional reinforcement
material such as glass fiber, such as, low cost, low density, flexibility during pro-
cessing, possibility of environmental protection and good mechanical properties [3–
6]. The substitution of glass fibers by natural fibers has a lot of advantages that can
be justified through ecological balances [7]. Besides, agro-industrial residues are
generated in large scale and the proposal of re-using them is very interesting [8].
Among various natural fibers, palm fibers present advantages owing to its abun-
dance and cost once it is a palmetto industry byproduct. Brazil is responsible for
supplying 95% of palmetto to the external market, causing an increase in palmetto
consumption which led to its disorderly extraction and to the extinction of palm
native species.

In order to reduce predatory extraction and preserve native species, the growth of
non-native species such as the Australian King Palm (Archontophoenix alexandrae)
was started [9]. The palmetto can be extracted from several palm species, but the
Archontophoenix alexandrae produces noble palmetto species [10]. For each
extracted palm, approximately 400 g of commercial palmetto is obtained and the
waste generated consists of 80–90% of the palm’s total weight. However, natural
fibers have poor compatibility with polymers, causing problems in the composite
processing [11–13]. To solve this problem, various surface treatment methods as
well as coupling agents and compatibilizers such as maleic anhydride grafted
polymers, silane, etc. have been used to increase the compatibility between natural
fibers and thermoplastic matrices, enhancing the composites performance [14–18].
These methods are usually based on the use of reagents, which contain functional
groups that are capable of reacting and forming chemical bonds with the hydroxyl
groups of the lignocellulosic material. A coupling agent acts as an interface between
the reinforcement and matrix. Polypropylene grafted with maleic anhydride
(MA-g-PP) has been used as a coupling agent in the composite preparation.
The MA segment of the copolymer can react with the hydroxyl groups (OH) on the
fiber surface. MA-g-PP has a good interfacial adhesion with PP phase, because PP
is able to diffuse into the PP phase through micelle formation.

The objective of this work was to evaluate the potential of king palm fiber as the
filler in composites using PP as matrix and also using MA-g-PP as the coupling
agent, in order to improve interfacial fibers/matrix adhesion.

Experimental

Short cut raw Palm fibers (Archontophoenix alexandrae) were kindly donated by
Biosolvit company. These fibers were dried at 80 °C for 24 h. They were then
ground in a mill and sieved to obtain samples that passed through 40 mesh screens.
Palm fibers were pre-treated with alkaline solution (10% w/v) for an hour under
constant stirring at room temperature. After this treatment, the solution was filtered
in vacuum filter and fibers were washed with distilled water. Then fibers were dried
in an oven at 50 °C for 24 h. Polypropylene (PP) was used as the thermoplastic
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matrix. The grade used was H503 from Braskem with a density of 0.905 g/cm3 and
a melting temperature of 155 °C. To improve fiber/matrix adhesion, a coupling
agent was used (maleic anhydride grafted polypropylene): Epolene C16 with an
acid number of 2 and a viscosity of 2.85 cP at 190 °C.

Fiber’s Analysis

The chemical composition of raw and pre-treated palm fibers was evaluated using
the methodology applied for the fibers from sugarcane bagasse by Gouveia et al.
[19]. The raw and pre-treated palm fibers were evaluated by scanning electron
microscopy (SEM) using a HITACHI JSM5310 scanning electron microscope with
a tungsten filament operating at 10 kV, employing the low vacuum technique and
secondary electron detector. Samples were dispersed on a brass support and fixed
with double-sided 3 m tape. Chemical structures of palm fibers were evaluated by
FTIR. Spectra were obtained on an FTIR spectrophotometer (Perkin Elmer).
Samples were prepared by mixing the materials and KBr in a proportion of 1:200
(w/w). For all spectra, 16 scans were recorded with a 4 cm−1 resolution.

Preparation of Composites

The raw and pre-treated palm fibers were mixed with the polymeric matrix (PP) at 5
and 10 wt% of the composition in a thermokinetic mixer model MH-50H, with the
speed rate of 5250 rpm. After mixing, composites were dried and ground in a mill.
Then, palm fibers/PP composites were placed in an injector chamber at 250 °C. The
melted material was injected in required dimensions to a pre-warm mold in order to
obtain the tensile specimens. The influence of the use of the coupling agent
(MA-g-PP) in the preparation of composites was evaluated. The nomenclature and
composition of samples tested are given in Table 1.

Mechanical Tests

Composites were analyzed in an “EMIC” universal-testing machine (model
DL10000) equipped with pneumatic claws. For tensile tests, five specimens of
composites were analyzed, with the dimensions in agreement with ASTM D 638
standard: 19 mm width, 165 mm length and 3 mm thickness at 2 mm min−1

cross-head speed.
In the flexural tests, the load was applied on the specimen at 1.3 mm min−1

crosshead speed. Five specimens were analyzed with dimensions in agreement with
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ASTM D 790 standard: 25 mm width, 76 mm length and 3.2 mm thickness. The
adopted flexural test was the 3-point bending method.

Results and Discussion

The raw and pre-treated palm fibers were characterized for the chemical compo-
sition, and the results are given in Table 2. It was possible to observe that pulping
process reduced the hemicellulose and cellulose contents, resulting in the increase
in strength of the composites, as cellulose has the highest mechanical properties
among all components. These differences can be due to the removal of sugars and
extractives during pulping process.

Figure 1 shows the FT-IR spectra of raw and pre-treated palm fibers. According
to Mulinari et al. [20], the characteristics shown in the spectra of the palm fibers are
due to its constituents. In the spectrum of raw palm fiber, the spectral profile is
showing the characteristic peaks of lignin, hemicellulose, cellulose (strong wide
band between 3610 and 3055 cm−1 assigned to O–H stretching vibrations of
alcoholic and phenolic hydroxyl groups involved in hydrogen bonds and 2977–
2830 cm−1 to C–H stretching vibration) and triglyceride (Ester carbonyl (C=O)

Table 1 Composition of the composites and pure PP

Samples Raw fiber content
(wt%)

Pre-treated content fiber
(wt%)

PP (wt
%)

MA-g-PP (wt
%)

PP – – 100 –

CP5% 5 – 95 –

CP10% 10 – 90 –

CPT5% – 5 95 –

CPT10% – 10 90 –

CPA5% 5 – 90 5

CPA10% 10 – 85 5

CP5% (5 wt% raw fiber reinforced with 95 wt% PP); CP10% (10 wt% raw fiber reinforced with
90 wt% PP); CPT5% (5 wt% treated fiber reinforced with 95 wt% PP); CPT10% (10 wt% treated
fiber reinforced with 90 wt% PP); CPA5% (5 wt% raw fiber reinforced with 5 wt% MA-g-MA
and 90 wt% PP); CPA10% (10 wt% raw fiber reinforced with 5 wt% MA-g-MA and 85 wt% PP)

Table 2 Chemical composition of palm fibers

Chemical component (%) Raw palm fiber Pre-treated palm fiber

Cellulose 52.3 ± 0.6 61.7 ± 0.8

Hemicellulose 24.2 ± 0.5 20.2 ± 0.6

Lignin 21.5 ± 0.4 16.8 ± 0.5

Ashes 2.1 ± 0.1 1.6 ± 0.2

Process yield 100.1 100.3
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functional group at 1730 cm−1 and stretching vibration of the C–O ester group at
1172 cm−1). However a change in the FTIR spectra was observed for pre-treated
palm fibers; the peak at 1730 cm−1 disappeared.

SEM micrographs of raw and pre-treated palm fibers are shown in Fig. 2.

Fig. 2 SEM micrographs of raw and pre-treated palm fibers
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Fig. 1 FTIR spectra of raw and pre-treated palm fibers
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The micrograph of fibers show cylindrical fragments with porous surface and
others with smooth layer due to the presence of extracts, similar to some wax,
which are present in the fibers in addition to amorphous contents such as lignin and
hemicellulose. After pre-treatment, this layer is partially removed and this caused
the reduction in the surface roughness of fibers. In addition, it was possible to
observe a number of pits along the cell wall. These pits are responsible for trans-
porting water and nutrients throughout various cells to the roots and leaves, and are
hidden on the fibre surface. Composites were obtained through mixing for different
time periods, due to the different composition of the fibers. This difference in the
mix time can also cause differences in rupture and thermal degradation of fibers, and
consequently affecting thermal and mechanical properties of composites differently
[21].

Table 3 shows the influence of the MA-g-PP and the pre-treatment on the
mechanical properties of PP matrix.

The tensile strength of PP composites was influenced both by the concentration
of MA-g-PP and the pre-treatment. The composites compatibilized with MA-g-PP
demonstrated better tensile strength as compared to the composites reinforced with
raw and pre-treated fibers with an increase of 9.6 and 31%, respectively.

As expected, the fibre content influenced the tensile strength and modulus of the
composites. This fact can be explained by the beneficial interaction between fibers
and matrix. The presence of fibers and use of MA-g-PP resulted in an increase in
Young’s modulus by 22.5 and 32% as compared to the pure PP, respectively. This
can be explained from the fact that the compatibilized composites showed better
load transfer between the matrix and the reinforcing fibres at the interface owing to
probable occurrence of mechanical anchorage or chemical interactions between
anhydride and hydroxyl groups. Kakou et al. [22] observed similar behavior to
understand the influence of coupling agent on the properties of high density
polyethylene composites reinforced with oil palm fibers.

The interaction between fiber and matrix in the composites was analyzed by
SEM after fracture. The study of the fracture surface through SEM revealed the
areas in which possible failures have occurred. Figure 3 presents SEM images of

Table 3 Mechanical properties of the materials

Samples Elongation
at break
(%)

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Flexural
strength
(MPa)

Flexural
modulus
(MPa)

PP 12.8 ± 1.6 25.1 ± 1.4 1021.3 ± 75.9 51.0 ± 0.4 1069 ± 35.1

CP5% 11.2 ± 1.0 28.8 ± 2.7 1181.5 ± 95.8 53.9 ± 0.6 1160 ± 56.8

CP10% 12.5 ± 0.4 27.5 ± 1.3 1254.4 ± 51.2 53.4 ± 0.8 1251 ± 48.5

CPT5% 10.9 ± 1.3 27.2 ± 1.1 1231.2 ± 81.2 55.1 ± 1.1 1115 ± 72.4

CPT10% 9.8 ± 1.1 33.1 ± 1.9 1299.1 ± 76.2 55.2 ± 1.6 1711 ± 86.3

CPA5% 10.6 ± 1.8 28.3 ± 1.6 1281.1 ± 78.1 55.8 ± 1.2 1199 ± 100.2

CPA10% 9.2 ± 1.6 37.2 ± 1.3 1348.2 ± 89.0 58.7 ± 1.2 1898 ± 147.2
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composites. It is clear that the addition of MA-g-PP enhances the fiber/matrix
adhesion, and limits fiber pull-out.

Flexural properties of the composites were also enhanced by fiber reinforcement,
fibre treatment and MA-g-PP. This increase may be explained by a better
fibers-matrix interaction under the compressive stresses during bending, developed
in the transverse section of the flexural specimens. In this work, 10 wt% palm fibers
and MA-g-PP compatibilized PP matrix was the optimum combination to achieve
the best flexural modulus.

Conclusion

Palm fiber reinforced polypropylene (PP) composites were manufactured by a
thermokinetic mixer followed by injection molding. This study showed that the in
natura palm fibers are promising reinforcements for the fabrication of composite
materials. Alkaline treatment and use of MA-g-PP can be effectively used to
enhance the surface and mechanical properties of palm fibers for composites. The
addition of raw fibers on the PP matrix presented a material with until 10% less
polymer and with viable mechanic properties for determined applications of PP,
where cost and tensile modulus are more important than ductility. The fibers treated
and compatibilized with MA-g-PP influenced on the mechanic properties of the
composites when compared composites reinforced with raw fibers.
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Effect of Time-Dependent Process
Temperature Variation During
Manufacture of Natural-Fibre Composites

Hossein Mohammad Khanlou, Peter Woodfield, Wayne Hall
and John Summerscales

Abstract One of the key issues in compression molding of natural fibre reinforced
polymer (NFRP) bio-composites is the thermochemical degradation of the fibre and
matrix during manufacture. In our previous work, models of thermal penetration,
melt infusion, thermal degradation and chemical degradation of flax/PLA
bio-composite were used to propose the degradation boundaries for
bio-composite manufacturing. This study proposes a thermal degradation model
which accounts for effect of time-dependent process temperature variation during
manufacture of green composites. Kinetic data are used to calculate degradation
progress parameters, defining experiment process maps for identifying the effect of
the temperature history on the degradation progress and effects on the tensile
strength. The model also can express the tensile strength changes in comparison
with other degradation parameters.

Keywords NFRP composites � Natural fibres � Thermal degradation
Thermo-chemical degradation � Heating and cooling rate
Mechanical properties

Introduction and Theoretical Background

Thermal and chemical degradation occur during thermal processing of natural fibre
reinforced polymer (NFRP) bio-composites and are key processes influencing
mechanical properties of the composite. To quantify the extent of degradation, in
our previous study [1, 2], we defined degradation progress parameters (a) and
consolidation progress parameters (j) where j = 1 − ai = 0 for the completely
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degraded state and j = 1 − ai = 1 for the initial or desired state. To estimate the
progress of PLA melting, heat up and PLA impregnation process, Eqs. (1–5) were
proposed [1]:

jheatup � h Tcenð Þ � hs T0ð Þ
hf Tplaten
� �� hs T0ð Þ ð1Þ

jheatup � jsensible � Tcen � T0
Tplaten � T0

¼ 1� 4
p

X1

n¼0

�1ð Þn
2nþ 1

e� 2nþ 1ð Þ2p2at=L2 ð2Þ

jlatent �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kcond Tplaten � Tm

� �
t

1� Vf
� �

qhfsL2

s

ð3Þ

theatup � tsensible þ tlatent ð4Þ

jimpreg ¼ Aimpreg

Ayarn
ð5Þ

where Tcen is the temperature in the centre of the composite (i.e. half way between
the two heated platens), T0 is the initial temperature of the composite and Tplaten is
the temperature of the platen, hf(T) is the specific enthalpy of the liquid while
hs(T) is the specific enthalpy of the solid, a is the effective thermal diffusivity of the
composite, L is the distance between the platens (i.e. the thickness of the composite)
and t is time, Tm is the melting point, kcond is the effective thermal conductivity of
the composite, q is the density of the matrix material, Vf is the volume fraction of
fibre and hfs the latent heat of fusion (melting), Ayarn is the cross-sectional area of a
single yarn (i.e. fibre and inter-fibre porosity), Aimpreg is the instantaneous area
within the yarn wetted by the melt; and where jlatent = 0 indicates all of the material
is in the solid phase and jlatent = 1 indicates that all of the matrix material is liquid.

The thermochemical degradation progress of the fibre and matrix are defined as
Eq. (6–8) [1, 2]:

jpyrol ¼ 1� m0 � mt

m0 � mf
ð6Þ

jchem�fibre ¼ 1� DPjt¼0 � DP
DPjt¼0 � 1

ð7Þ

jchem�matrix ¼ 1�Mn�avgjt¼0 �Mn�avg

Mn�avgjt¼0 � u0
ð8Þ

where m0, mt and mf are the initial, at time t, and final mass of the material, DP is
degree of polymerisation, Mn-avg is the number-average molar mass of polymers in
the matrix and u0 is the molar mass of a single monomer unit. DP and Mn-avg are
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calculated as a function of the temperature history of the melt using first-order
Arrhenius rate kinetics [3–5]. For the fibre, the degradation rate is expressed as:

dN
dt

¼ K � N ð9Þ

where

N ¼ 1� 1
DPfibre

ð10Þ

and K is defined using the Arrhenius equation:

K ¼ A expð�Ea

RT
Þ ð11Þ

For the thermo-chemical degradation of the PLA matrix,

dk0
dt

¼ kdð qm0
� k0Þ � kck

2
0

2
ð12Þ

where

k0 ¼ q=Mn ¼ q
m0DPmatrix

ð13Þ

and kd and kc are degradation and recombination Arrhenius rate coefficients,
respectively as given by

kd ¼ Ad expð�Ead

RT
Þ ð14Þ

kc ¼ Ac expð�Eac

RT
Þ ð15Þ

The activation energies and pre-exponentials for Eqs. (11), (14) and (15) are
available [1, 2, 4].

Experiment

An experimental program was carried out using unidirectional flax fibre and PLA to
fabricate 1 mm thick bio-composite plates in a compression moulding machine.
The details of the experiment are described elsewhere [1]. The volume fraction of
fibre was 50% and the plates were cut into tensile test specimens using a laser
cutter. Tensile properties were measured for high temperature (set temperature:
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170 °C) consolidation times of 15, 30, 45, 60 and 120 min. K-type sheathed
thermocouples and a data logger were used to record the temperature history during
compression moulding.

Results

Figure 1a shows measured temperatures of the upper and lower plates of the
compression moulding machine, which are recorded during the manufacturing
process for 120 min. The bottom moulding plate and the composite layup were not
introduced to the moulding machine until the top mould surface temperature
reached the set point value. It is clear that the temperature history deviates some-
what from the ideal model of instantly rising to the set temperature, staying at a
constant temperature for 120 min and then instantly cooling to room temperature.
The largest deviation from the ideal model occurs during the first 20 min of con-
solidation where the temperature overshoots to about 185 °C. There are also dif-
ferences between the temperature of the upper and lower plate. This is particularly
apparent during heat up where the temperature of the upper plate rises slowly before
pressure is applied. During this stage (−27 min to 0 min on Fig. 1a) the composite
is not in contact with the upper plate.

Figure 1b shows the findings from the models for degradation progress resulting
from various factors and experimental data for the tensile strength of the flax/PLA
bio-composite with different processing times. Comparing the dotted lines with the
solid lines shows the effect of including the actual temperature history on the
predicted degradation of flax and PLA. The thermochemical degradation for
the dotted lines was found by numerically integrating Eqs. (9) and (12) using
the measured temperature history in Eqs. (11), (14) and (15). It can be seen that the
differences between constant temperature and non-ideal temperature history are
within 10% error.

By non-dimensionalizing the tensile strength against the maximum measured
strength we are able to obtain an additional experimental measure of degradation of
the composite during processing. The scale of the experimental data shown in
Fig. 1b for tensile strength has been selected so that vertical scale on the left hand
side (j) shows the degradation of the tensile strength (Eq. (16)). The trend line of
experimental results also shows a similar trend to the changes of j associated with
thermal-chemical degradation of the fibre. The model shows that a processing time
of less than about 20 min is desired to limit thermal degradation of the fibre and
greater than about 10 min to allow for penetration of the matrix into the fibre.

jr ¼ rexp eriment
rmax

ð16Þ
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Simulation and Conclusion

To realize the effect of heating and cooling rate on the degradation of NFRP
bio-composites, three various rates (at 1.5, 5, 20 K/min as slow, average and fast,
respectively,) were selected (see Fig. 2a). In addition, the j changes of PLA and
flax fibre, which are resulted from the simulated heating and cooling rate to a
processing temperature of 170°C, are shown in Fig. 2b. PLA shows insignificant
reactions to the rate changes while flax fibre shows notable additional degradation
during the heat up period for slow heating. In case of PLA, two processes
(degradation and recombination) are responsible for the degradation progress at
high temperature during the thermal processing [1, 2]. For PLA the final state of
degradation (>150 min) is almost identical even though the slower heating/cooling
case shows slightly lower values for j during consolidation. The slight recovery
(increase of j for the slower cooling case) after 120 min for PLA can be due to
monomer recombination factor (Eq. (12), 2nd term on the right) which is consid-
ered in the calculation of the degradation progress of PLA. However, there is not
such a factor in the degradation progress model of the flax fibre (Eq. (9)), resulting

Fig. 1 a Measured processing temperature history for 120 min consolidation times,
b Consolidation j/time maps and experimental data for flax/PLA bio-composite. A value of
j = 1 or a = 0 corresponds to the desired state of complete consolidation and no thermochemical
degradation. The solid lines show ideal processing (isothermal) while dashed lines show
calculations based on the actual temperature history of the melt for PLA and flax fibre
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in continuous degradation of the flax fibre. Moreover, the slow rate of heating and
cooling represents a negative effect on the mechanical properties of flax fibre and
consequently on the bio-composite; as fibre is mostly responsible for the
mechanical properties of composites, according to the rule of mixtures [6]. Thus we
have demonstrated that the present model is a useful tool for predicting the
degradation effect of any temperature history to which the composite is subjected
during manufacture.

References

1. Khanlou, H. M., Woodfield, P., Summerscales, J., & Hall, W. Consolidation process
boundaries of the degradation of mechanical properties in compression moulding of
natural-fibre bio-polymer composites. Polymer Degradation Stability. 10.1016/
jpolymdegradstab201703004.

Fig. 2 a Three various rates of heating and cooling as slow, average and fast, b j/time maps for
PLA and flax at the various rates

66 H. Mohammad Khanlou et al.

http://dx.doi.org/10.1016/jpolymdegradstab201703004
http://dx.doi.org/10.1016/jpolymdegradstab201703004


2. Khanlou, H. M., Hall, W., Heitzman, M. T., Summerscales, J., & Woodfield, P. (2016).
Technical Note: On modelling thermo-chemical degradation of poly(lactic acid). Polymer
Degradation and Stability, 134, 19–21.

3. Yu, H., Huang, N., Wang, C., & Tang, Z. (2003). Modeling of poly (L-lactide) thermal
degradation: theoretical prediction of molecular weight and polydispersity index. Journal of
applied polymer science, 88(11), 2557–2562.

4. Le Marec, P. E., Ferry, L., Quantin, J.-C., Bénézet, J.-C., Bonfils, F., Guilbert, S., et al. (2014).
Influence of melt processing conditions on poly (lactic acid) degradation: Molar mass
distribution and crystallization. Polymer Degradation and Stability, 110, 353–363.

5. Gassan, J., & Bledzki, A. K. (2001). Thermal degradation of flax and jute fibers. Journal of
Applied Polymer Science, 82(6), 1417–1422.

6. Virk, A. S., Hall, W., & Summerscales, J. (2012). Modulus and strength prediction for natural
fibre composites. Materials Science and Technology, 28(7), 864–871.

Effect of Time-Dependent Process Temperature Variation … 67



About Nonlinear Behavior
of Unidirectional Plant Fibre Composite

Christophe Poilâne, Florian Gehring, Haomiao Yang
and Fabrice Richard

Abstract At room condition and standard strain rate, unidirectional glass fiber
reinforced organic polymers show linear behavior under longitudinal loading (the
same with carbon fiber). Oppositely, plant-based reinforced organic polymers show
often nonlinear behavior. We describe a viscoelastoplastic model based on eight
independent parameters dedicated to simulation of plant fiber composite mechanical
behavior. This model has been previously validated with flax twisted yarn/epoxy
composite at room condition. We analyse now an unidirectional flax/epoxy com-
posite at different strain rates to promote a mechanical behaviour with ‘three
apparent regions’ visible in case of longitudinal loading. We show that adding of a
strengthening phenomenon is a good solution to improve phenomenological model
of plant fibre composite.

Keywords Plant fiber composite � Viscoelastoplasticity � Phenomenological
modelling

Introduction

Imagine a baseball bat mainly made of long plant fibre composite. Imagine this
baseball bat—initially straight—which become more and more curved as we use it,
even in normal use. Because it will be more and more difficult to play with, we can
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say that this baseball bat has been badly designed! It could be the case when
designers ignore the fact that the constitutive composite material is not only elastic.

Indeed, plant-based reinforced polymer presents often nonlinear mechanical
behaviour at normal condition. This becomes particularly evident for tensile loading
in fibre direction with the presence of a yield point which separates tensile curve in
two regions. For convenience, we name the first region ‘elastic’, the second region
being none-elastic [1]. This is the case for flax fibre reinforcement [1–4]. This is
visible on experimental curves in articles that do not deal only with unidirectional
reinforcement [2], but also with reinforcement by random mat of flax [5–7]. This is
finally the case for other (than flax) plant fibre composite [5, 8]. The yield point
occurs at a very low level of strain, between 0.1–0.3% according to experimental
conditions and measurement methods [3, 9]. Some authors develop models to
simulate this particular mechanical behaviour [8, 10–12]; this will give the possi-
bility to engineers to improve the design of plant fibre composite parts.

In a previous work [1], we proposed a viscoelastoplastic model to study the
nonlinear effects of plant fibre composite. The used material was made by epoxy
resin and twisted yarn of flax, as reinforcement. We assume that this reinforcement
is quasi-unidirectional (quasi-UD). We identified eight parameters to properly
simulate the mechanical behaviour of flax/epoxy quasi-UD. The parameters were
computed using inverse identification based on repetitive progressive loading
(RPL) and creep test in the elastic region, at normal condition (room temperature,
usual strain rate, normal humidity). The validation was done by creep test and
relaxation test in the non elastic region. The 8-parameter model take into account
viscoelastic and viscoplastic contributions. The model do not required of reorien-
tation phenomenon, but we observed a contraction of the elastic region during
loading. The first region of tensile curves is quasi-elastic and the second region is
viscoelastoplastic.

Phenomenological Model

The aim of constitutive phenomenological model is to provide an accurate pre-
diction of uniaxial mechanical response of flax fibre reinforced polymer (FFRP).
We particularly aim at simulating the two-region mechanical behaviour of FFRP
described in introduction. A viscoelastoplastic model about FFRP behaviour has
been previously developed. The parameters of this model have been identified on
‘UD’ and ‘quasi-UD’ reinforcements based on twisted yarn [1]. UD are constituted
by ‘large’ (more than 100 tex) non-woven yarns aligned in one direction only.
Quasi-UD are constituted by ‘small’ (minor to 50 tex) yarns woven in two per-
pendicular directions: warp and weft. The weft yarns—which are ten times fewer in
number than warp yarns—are needed for the ply handiness.

The total strain is partitioned in an elastic part (instantaneous reversible strain)
and an inelastic part which is the sum of viscoelastic contribution (time-dependent
reversible strain) and viscoplastic contribution (time-dependent irreversible strain):
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e ¼ ee þ ein ¼ ee þ eve þ evp: ð1Þ

In the context of thermodynamics, physical phenomena can be described with a
precision which depends on the choice of the nature and the number of state
variables. The state variables are the observable variables and the internal variables.
The standardized framework [13] assumes that mechanical behaviour is obtained
when two potentials are defined: a free energy density w to define state laws and a
dissipation potential X to determine the evolution of internal variables. Based on
experimental results two potentials are proposed. The state laws can then be written
as:

r ¼ q
@w
@ee

ð2Þ

Xi ¼ q
@w
@ai

ð3Þ

where ai and Xi variables represent inelastic phenomena, q is the mass density, and
r is the Cauchy’s stress.

The evolution of internal variables is expressed as:

_ein ¼ @X
@r

¼ _eve þ _evp ð4Þ

_ai ¼ � @X
@Xi

: ð5Þ

The system of ordinary differential equations has been solved with an
home-made simulation software, MIC2M [14, 15], using an algorithm based on the
Runge-Kutta method. An inverse approach is used to extract the parameters from
the experimental strain measurements. This approach consists of an optimization
problem where the objective is to minimize the gap between the experimental strain
and the numerical results. The minimization problem was solved using an algorithm
based on the Levenberg-Marquardt method coupled with genetic approach imple-
mented in MIC2M software [15]. To determine if the information is suitable for
reliable parameter estimation, a practical identifiability analysis was performed on
results [1]. This identifiability analysis is based on local sensitivity functions. Such
functions quantify the relationship between the outputs and the parameters of the
model. This approach led our team to model the mechanical behaviour of the FFRP
by a phenomenological model with kinematic hardening taking viscosity into
account. The viscoelastoplastic model was identified in the case of uniaxial test of
unidirectional twisted yarn/epoxy composite [1]. The particularity of the rein-
forcement is the misorientation of constitutive fibres due to the use of twisted yarns.
Based on experimental results, the free energy and dissipation potential are pro-
posed in following equations:
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w ¼ 1
2q

EðeeÞ2 þ 1
2q

X3

i¼1

Cia
2
i ð6Þ

X ¼ Xve þXvp ¼ 1
2g

ðr� X1Þ2 þ 1
2K

hf i2 ð7Þ

with

f ¼ jr� X2 � X3j � rY þ c3
2C3

X2
3 ð8Þ

where q is the mass density, E and rY are the Young’s modulus and the initial yield
stress respectively, g and K are viscosity coefficients corresponding to elastic and
plastic phenomena, respectively. C1 is the viscoelastic stiffness. C2, C3 and c3 are
hardening coefficients. C2 characterizes linear kinematic hardening. C3 and c3 refer
to nonlinear kinematic hardening coupled to a contraction of elastic region to
improve the unloading modelling in RPL tests. The state laws for mechanical
behaviour becomes:

r ¼ Eee ð9Þ

Xi ¼ Ciai: ð10Þ

and the evolution of internal variables defined becomes:

_eve þ _evp ¼ 1
g
ðr� X1Þþ hf i

K
signðr� X2 � X3Þ ð11Þ

_a1 ¼ 1
g
ðr� X1Þ ð12Þ

_a2 ¼ hf i
K

signðr� X2 � X3Þ ð13Þ

_a3 ¼ hf i
K

signðr� X2 � X3Þ � c3
C3

X3

� �
: ð14Þ

From a rheological point of view the model proposed in [1] is, for elastic
contribution, a linear spring E, and for viscoelastic contribution, a classical
Kelvin-Voigt model which comprises a linear viscous damper g and a linear spring
C1 connected in parallel. For viscoplastic contribution, a more complex model is
required; it consists in adding two kinematic hardenings: a linear kinematic hard-
ening and a nonlinear kinematic hardening. In addition, a coupling between
translation and contraction of the elastic region during loading is added. Finally,
seven inelastic parameters have to be identified: viscosity coefficient in elastic
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region g, viscoelastic stiffness C1, initial yield stress rY , viscosity coefficient in
plastic region K, kinematic hardening coefficient C2, nonlinear hardening C3, and
nonlinear hardening recall c3. The eighth parameter, namely the Young’s modulus,
was chosen from experimental measurement. The inverse method approach was
used to extract constitutive inelastic parameters from the strain measurements from
two tests: test A = repetitive progressive loading in tension, test B = creep in
tension in ‘elastic’ region. The RPL is chosen to activate mainly viscoplastic
phenomena and the creep test in ‘elastic’ region is chosen to activate mainly vis-
coelastic phenomena. Figure 1a coming from [1] shows RPL simulation (left) and
creep simulation (right). The used parameters have been identified from unidirec-
tional twisted yarn/epoxy composite tests at room temperature and standard strain
rate (10�6s�1). The total strain (in red) is partitioned by three contributions (elastic
in black, viscoelastic in dotted line, viscoplastic in blue). Elastic contribution is
naturally activated all over the test. Viscoelastic contribution is very low at room
condition and standard strain rate; creep test mainly shows elastic contributions, as
expected.

At room temperature, the proposed model allows us to correctly simulate the
behaviour of flax yarn reinforced epoxy composite in repetitive progressive loading,
creep test (Fig. 2a) and relaxation test (Fig. 2b). The value of the eight identified
parameters is given in Table 1.

In conclusion, for unidirectional twisted flax yarn/epoxy composite at room
condition and standard strain rate, the first region of monotonic tensile curves is
quasi-elastic and the second region is viscoelastoplastic.
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Fig. 1 Simulation response according to elastic contribution, viscoelastic contribution and
viscoplastic contribution for a RPL test, and b creep test at 29; the tests were conducted on
unidirectional twisted yarn/epoxy composite at room condition and standard strain rate

About Nonlinear Behavior of Unidirectional Plant Fibre Composite 73



Discussion

The phenomenological model presented in previous section did not need
‘strengthening parameter’ to correctly simulate standard flax fibre composite in
normal condition. The idea of a strengthening phenomenon is due to one of the
stronger assumption researchers make in case of bast fibre reinforced polymer: the
possibility for microfibrils to reorientate themselves during longitudinal loading
(microfibril of cellulose being the main component of bast fibres), even when fibres
are trapped inside the matrix. The re-orientation of microfibrils has been demon-
strated experimentally on elementary fibre and bundle of fibres under tensile test
[16]. It has been correlated to experimental tensile curve by an inverse approach
using finite element model [17]. Then the question of this reorientation when bast
fibres are used as reinforcement in composite is very logical. Whatever the scale of
the reinforcement—untwist at the scale of microfibril, untwist at the scale of yarn,
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Fig. 2 Experimental data and simulation for a creep test at 126, and b relaxation test at 0.33; the
tests were conducted on unidirectional twisted yarn/epoxy composite at room condition and
standard strain rate

Table 1 Elastic and inelastic material parameters for UD twisted flax yarn/epoxy composite

Parameter Definition Identified value

E (MPa) Young’s modulus 2.69 � 104

g (MPa s) viscosity coefficient in elastic region 1.78 � 108

C1 (MPa) viscoelastic stiffness 6.30 � 104

rY (MPa) initial yield stress 3.32 � 101

K (MPa s) viscosity coefficient in plastic region 2.24 � 105

C2 (MPa) kinematic hardening coefficient 3.39 � 104

C3 (MPa) nonlinear hardening 6.85 � 104

c3 nonlinear hardening (recall) 9.64 � 102
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in-plane reorientation at the scale of ply, unshrink for textile composite—if some
reorientation of the reinforcement occurs with longitudinal loading we assume that
the Young’s modulus of the material has to be increase. But such Young’s modulus
increase was not required for simulating mechanic of viscoelastoplastic yarn rein-
forced epoxy composite [1].

To test our model for more complex cases than the previous one [1], the first
need is to improve the direction of the fibres inside composite. Indeed, it is clear
that twisted flax yarn as reinforcement is not the best candidate to activate reori-
entation of microfibrils inside a composite. It is known that in case of twisted yarn
some of the fibres are oriented in the main direction [18]; but fibre orientation
globally follows a statistical distribution with major part of the fibres aligned not in
the longitudinal direction. A totally unidirectional flax reinforced polymer is now
possible to make with industrial product. Figure 3 shows one industrial flax ply
used to make such long fibre composite [19]. It is clearly visible that the fibres are
mainly oriented in the longitudinal direction (the vertical one). In this product, there
are no any weft yarn and no any sewing to link the fibres together. The process we
use to make composite plates with flax and epoxy matrix is the hot platen press, as
in [1]. The dry flax reinforcement was not treated before use, the objective of the
analysis being not to obtain the highest properties but to analyse the mechanical
behaviour of unidirectional flax composite. The reinforcement inside the final
composite plate is constituted by a mix of elementary fibres and bundles of fibres
(bundles as they are in flax stems). Consequently, this reinforcement is mainly
oriented in the longitudinal direction of composite, which is the optimal organi-
sation to analyse the mechanical behaviour.

Once the orientation of the reinforcement optimal, the increase of the specimen
temperature is one possibility to make easiest the activation of viscous effects of flax
composite (Fig. 4c) [1]. Firstly, the rigidity of epoxy matrix decreases with
increasing temperature. Particularly, the mechanical properties of thermosetting

Fig. 3 Example of
unidirectional ply of flax [19]
(without matrix). Some of the
fibres (elementary fibre or
bundle of fibres) are not
aligned in the longitudinal
direction, but such
misalignment is minor
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media drastically decrease when temperature nears to the glass transition temper-
ature Tg of the material. Secondly, high temperature activates viscoelastic properties
of bast fibres [20]. One macroscopic consequence of the temperature increase is to
make possible a description of tensile curve by three apparent regions (see dotted
line in Fig. 4c). Consequently, one simple idea for testing phenomenological model
efficiency with unidirectional reinforcement is to increase the testing temperature.
Note that when we do not set the relative humidity in oven during tensile test, the
increase of temperature is correlated to a decrease of humidity, as shows in Fig. 4c.
Note also that the increase of specimen moisture itself promotes viscous effects of
flax composite—as shown in Fig. 4b—and makes also visible a tensile curve with
three apparent regions [4]. This is a second way, but not simple, to test the effi-
ciency of phenomenological model in one non trivial case. Another way, more
simple, is to decrease the strain rate of the tensile test. Indeed when the strain rate is
low, viscous effects exposed in [1] are more visible (see Fig. 4a). In other terms, the
mechanisms which are responsible of viscous effects are more easy to activate with
‘low strain rate’, ‘high testing temperature’ or ‘high specimen moisture’.

Eventually, to test our model with unidirectional flax composite, we chose
repetitive progressive loading at four different stress rates (0.01 MPa s−1to
10 MPa s−1). For the lowest stress rate (Fig. 5b), experimental tensile curve seems
to be constituted by three apparent regions instead of two, the first region being
quasi-elastic, the third region showing increase of apparent tangent modulus. Let us
add that the increase of apparent tangent modulus can be a priori described by the
viscous parameters of previous constitutive model.

The previous phenomenological model was possible to fit on experimental data
with the same set of inelastic parameters (but different values). Figure 5 shows the
best fits we obtained for both extremal strain rates. The eight identified parameters
are given in Table 2. It is clearly visible that the simulation of the test at the lowest
stress rate do not correlate very well with the experimental data (Fig. 5b). In that
case, the increase of apparent tangent modulus—visible on fourth and fifth load—
was not possible to simulate. Moreover, indepth look on Fig. 5a shows that this
behavior was neither possible to simulate on seventh load of the test at 10.
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Fig. 4 Effect of a tensile speed b moisture only and c temperature/moisture, on RPL curves in
longitudinal tensile of unidirectional flax composite
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Something like a strengthening effect has not been taken into account with our
model for a strain above 1 (depending on stress rate). Consequently to this
underestimation of apparent rigidity, the permanent strains predicted by our model
of are lower than the experimental ones, loop after loop.

Conclusion

We showed an apparent cyclic strengthening in tensile which is not possible to
simulate with our previous viscoelastoplastic model. For an adapted material and
specific tests, the difference between experimental data and simulation—once the
viscoelastoplastic parameters identified—is noticeable. Low stress rates in tensile
load were used here, but we make the assumption that high temperature tests or
tensile tests on moisturized specimens should offer good possibilities also. Finally,
we propose as strong assumption that the add of a strengthening phenomenon to the
initial model [1] offers a good solution to improve simulation. By way of illus-
tration, Fig. 6 shows the first result we obtain with the same data as used for Fig. 5
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Fig. 5 RPL experiment and simulation with the phenomenological model presented in Sect. 2.
The value of the eight parameters are given in Table 2

Table 2 Elastic and inelastic material parameters for unidirectional flax/epoxy composite

Parameter Definition Identified value

E (MPa) Young’s modulus 3.15 � 104

g (MPa s) viscosity coefficient in elastic region 1.98 � 106

C1 (MPa) viscoelastic stiffness 7.72 � 104

rY (MPa) initial yield stress 2.38 � 101

K (MPa s) viscosity coefficient in plastic region 1.92 � 107

C2 (MPa) kinematic hardening coefficient 3.92 � 104

C3 (MPa) nonlinear hardening 4.26 � 104

c3 nonlinear hardening (recall) 1.62 � 103

About Nonlinear Behavior of Unidirectional Plant Fibre Composite 77



when we replace the nonlinear hardening phenomenon by one strengthening phe-
nomenon. The fitting of experimental data by simulation is clearly improved at the
lowest stress rate (Fig. 6b). Although this new approach is not totally validated at
this day, it offers an elegant solution because it seems easy to correlate the cyclic
strengthening to one reorientation of the reinforcement by longitudinal loading for
unidirectional flax composites. In a near future, analysis of such model will help at
exploring the origin of the mechanical behavior of plant-based reinforced organic
polymers.
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Investigating the Transient Response
of Hybrid Composite Materials Reinforced
with Flax and Glass Fibres

Mehmet Cihan, James I.R. Blake and Adam Sobey

Abstract Considerable attention has been devoted to the integration of
natural-derived composites into the composite market. In this regard flax fibre can
be considered as the most promising natural reinforcement among other natural
fibres due to its high specific mechanical properties although these properties fall
behind the mechanical properties of conventional fibres. Notwithstanding the
downside of flax fibres against conventional fibres in terms of mechanical prop-
erties, their inherent viscoelastic characteristics bring an advantage of high vibration
damping property. Evaluating the behaviour of flax fibre composites, it is also
required to have an understanding of such composite material’s response to
dynamic loads as structures are exposed not only to static loads but also short
duration loads. This paper presents an experimental methodology for investigating
the transient response of flax and glass fibre reinforced composites, as well as
hybrid of the two, to impulsive loads.

Keywords Flax composites � Hybrid composites � Transient response

Introduction

The commercial success of synthetic polymers reflects their demand such that the
total production of synthetic polymers exceeds the sum of the production of all
metals over the last few decades [1]. On the other hand, the increasing global
environmental consciousness and social awareness, new environmental regulations
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and high rate of depletion of petroleum have together provoked the composite
industries to find greener solutions [2].

In parallel with these developments, natural fibre reinforced composites have
received substantial attention due to their advantages over conventional materials,
with perceived but not proven advantages in carbon footprint. Today, natural fibre
reinforced composites have widely been used in many applications including
structural, construction and automotive. The substitution of synthetic fibre com-
posites with flax reinforced composites has already commenced with some interior
items of cars including door panels and parcel shelves [3, 4].

The mechanical properties of flax fibres and their composites have already been
studied by [5–9] while there is a less of an understanding of the materials response
subjected to dynamic loads.

Designing a safe composite structure requires an understanding of material
behaviour not only under static loads but also subjected to dynamic loads.
Predicting the dynamic responses of composite materials is not straightforward as
there are many concerns regarding the characterization of such materials. More
issues arise when hybridizing conventional composites with flax fibres when there
is such disparity in mechanical properties. The lack of literature on the effect of
stacking sequences of flax/glass fibres on the response of such composite materials
constitutes a challenge to characterize these materials.

Unlike the number of shock tube experimental studies on conventional materials
there is only one shock tube experiment on flax fibre composites and no shock tube
experiment on the hybrid of flax and glass fibres. The only shock tube experiment
on flax composites was carried out by Huang et al. [10] who investigated the
damage mechanism of both unidirectional and cross-ply flax fibres reinforced
epoxy and polypropylene composite samples employing a helium gas driven shock
tube. It was reported that the dynamic load resistance of cross-ply flax/epoxy
samples is markedly superior to that of unidirectional flax/epoxy samples.

This paper presents preliminary results in the authors investigation into the
transient response of flax and glass composite materials as well as their hybrid
composites employing a vertical water shock tube.

Experimental

Presentation of the Materials Involved

In this study flax fibre and E-glass fibre were chosen as the reinforcements and
epoxy resin as the matrix. Flax fibre (Flaxply BL200, woven cross-ply [0°/90°],
222.1 g/m2) was purchased from Lineo, Belgium. Glass fibre (woven cross-ply
[0°/90°], 590 g/m2) was purchased from Gurit. The matrix system was Gurit Prime
20 LV Epoxy resin and Prime hardener.
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Fabrication Process and the Volume Fraction Determination

Three different types of laminates were fabricated using a vacuum assisted resin
infusion method, namely: ½F6�, ½G6� and ½G2=F�s. Once the resin infusion process
was completed the laminate was left to cure at ambient temperature (8–15 °C) for
24 h. This curing process was followed by the recommended post curing schedule
at which the laminates were placed into an oven at 65 °C for 7 h. The stacking
sequences and the physical properties of the composite specimens were given in
Table 1.

Due to the strong correlation between the fibre volume fraction and the
mechanical properties, it is important to quantify the constituents of the composites.
The flax fibre content in the composite samples was theoretically determined whilst
the glass content was experimentally obtained as per ASTM 3171-15. The volume
fractions of such composite samples can be seen in Table 2.

Shock Tube Setup

A shock tube experiment reproduces fluid structure interactions (FSI) that might be
experienced in numerous applications from high speed craft planing to offshore
structures. One of the advantages of using a shock tube is that shock tubes generate
planar wavefronts regardless of the cross section of the tube [11].

In this study a vertical shock tube seen in Fig. 1 consists of a stainless steel tube
with an outer diameter of 88.9 mm and a wall thickness of 5.49 mm. A piston is
positioned at the top of the water column whilst the specimens were clamped at the
bottom end of the tube, thus sealing the arrangement.

A free falling projectile mass is dropped at a desired height which impacts the
piston. The impacted piston pressurises the water and generates an exponentially
decaying pressure history in the tube at whose bottom end the sample is fastened.
When the impulsive load is imparted to the specimen, the specimen undergoes a
rapid escalation in pressure. The shock tube has been equipped with pressure

Table 1 Stacking sequences and the physical properties of the composites samples

Laminates Stacking sequence Laminate Thickness (mm) Weight (g)

½F6� FFFFFF 3.40 46.1

½G6� GGGGGG 3.03 62.8

½G2=F�s GGFFGG 3.35 58.5

Table 2 Fibre volume
fractions of the composite
samples

Vf (%) ½F6� ½G6� ½G2=F�s
Vfflax 36.46 – 14.09

Vfglass – 47.42 26.07
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measurements to be able to measure the pressure near the specimen. It should be
noted that the pressure mentioned here is the pressure read by the pressure trans-
ducer which is placed 30 mm above the specimen. The dynamic response of the
samples was measured by means of a strain gauge bonded on the outer face of every
sample.

The repeatability of the shock tube was assessed through some additional
experiments prior to the actual experiments using a rigid stainless steel plate.
A projectile mass was dropped from the same height several times. The pressure
measurements were recorded and showed that the repeatability of the shock tube
was good and the pressure measurement was reliable.

Once the generated impulse arrives, the pressure increases instantaneously to the
peak value. Immediately afterwards, the pressure decreases at a nearly exponential

(a) Shock tube rig (b) Position of the
pressure transducer

Fig. 1 The shock tube setup with the measurement transducers
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rate [12]. Consequently, the expected pressure profile was an exponentially
decaying pressure with time which can be expressed as follows:

p ¼ p0e
�t=t0 ð1Þ

where, p0 is the initial peak and the t0 is the decay time. The pressure history
obtained using a rigid plate in this experiment is in Fig. 2.

The dynamic load impinged onto the clamped samples was generated through a
water filled shock tube apparatus. A 3 kg of projectile was dropped free falling at a
height of 30 mm for each sample for 6 times. The in-plane strain measurements
experienced by the specimens were measured via the strain gauge bonded at the
centre of the rear side of each sample. The strain measurement was acquired by
National Instruments NI cDAQ-9135 data acquisition system and the sampling rate
was 10 kHz.

Results and Discussion

The peak pressures for each run and the dynamic strain values at the centre of each
composite specimen are given in Table 3. As can be seen, the pressure values
measured for each composite material specimen was different.

Due to hydroelastic effects, it is clear that there is some coupled interaction
between the fluid and the structure which is affecting for each specimen, under
notionally the same imparted force on the piston, the perceived pressure. To be able
to compare the dynamic responses of the composite specimens at the same pressure
load the 3 kg projectile was dropped at different heights for each sample. The peak
pressure was intended to be kept at around 270 kPa for each sample (therefore
within the pressure transducer limit) as shown in Fig. 3.

Fig. 2 The pressure profile generated by the shock tube
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The in-plane strain that the flax sample experienced was more than twice that of
glass sample as presented in Fig. 4.

It can be observed that hybridizing glass fibre with flax fibre in the configuration
of GGFFGG did not actually show much difference in terms of in-plane strain in
comparison to that of the glass sample. A similar transient response of flax/glass
composite sample was observed by Morye et al. [13] where the behaviour GFG
composite sample was attributed to the energy absorption characteristics of flax
fibre when employed as a core in a composite.

Although the pressure history of the tube shows a similar trend which is an
instant pressure increase followed by an exponential decay of the pressure, the
pressure decayed much quicker in the flax sample, shown in Fig. 5.

Table 3 Peak in-plane strain values of the samples at the centre of the samples as well as the
statistical values are reported

6 Runs GGGGGG FFFFFF GGFFGG

Pressure (kPa) Strain Pressure (kPa) Strain Pressure (kPa) Strain

1 330.99 1.57 227.08 2.64 292.35 1.34

2 342.74 1.64 223.60 2.63 300.54 1.39

3 324.61 1.53 216.90 2.57 309.94 1.42

4 315.78 1.49 229.59 2.71 310.24 1.43

5 330.09 1.56 226.28 3.19 305.64 1.41

6 344.25 1.62 230.07 3.24 297.29 1.36

Mean 331.41 1.57 225.59 2.83 302.67 1.39

S.D. 9.88 0.00006 4.44 0.00028 6.57 0.00003

CoV (%) 2.98 3.82 1.968 9.89 2.171 2.16

(Strain values multiplied by 103)

Fig. 3 The peak pressure was intended to be kept at 270 kPa to observe the response of the
composite specimens at the same pressure load, red: glass, green: flax and blue: hybrid (Color
figure online)
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Fig. 4 Dynamic peak strain values of the composite specimens measured by the strain gauges
bonded at the centre of the specimens, red: glass, green: flax and blue: hybrid (Color figure online)

Fig. 5 Pressure profiles of the composite specimens over time, red: glass, green: flax and blue:
hybrid (Color figure online)
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Conclusion

An experimental study which includes the effect of fluid structure interaction was
conducted to evaluate the dynamic response of three different laminate configura-
tions under impulsive loading conditions. A shock tube was used to produce a
dynamic pressure similar in profile to those encountered at sea. As expected, fluid
structure interaction was observed as a difference between the measured pressures
from material type to material type for the same drop height.

The results of this study show that GGFFGG composite specimens experienced
slightly less in-plane strain than the GGGGGG composite sample while the
FFFFFF composite sample’s response was notably different. Consequently, sand-
wiching two plies of flax fibres between four plies of glass fibres enhanced the
performance of the sample against the imparted impulsive load.
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The Response of Manicaria saccifera
Natural Fabric Reinforced PLA
Composites to Impact by Fragment
Simulating Projectiles

Sebastian Quintero, Alicia Porras, Camilo Hernandez
and Alejandro Maranon

Abstract This chapter presents the impact behavior of a recently developed green
composite material made of Manicaria saccifera natural fabric reinforced
Poly-Lactic Acid (PLA). Composite coupons made of PLA and Manicaria sac-
cifera fabric were produced by compression molding using the film stacking
method. The composite ballistic limit (V50) was determined by subjecting
PLA/Manicaria coupons, of varying lay-ups and thicknesses, to ballistic impact
loading using fragment simulating projectiles (FSPs) according to the
MIL-STD-662F standard. It was found that coupons with areal densities between
0.2 and 0.3 g/cm2 displayed a V50 between 50 and 70 m/s. Also, it was found that
the V50 increased nonlinearly as a function of coupon thickness, but it does not
depend on the composite stacking sequence. Finally, the energy absorbed by the
material at impact on complete penetrations is uniform and independent of the
striking velocity, whereas for partial penetrations increases exponentially.
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Introduction

Environmental issues and regulations have promoted the use of natural fiber
composites in diverse applications over many industries. This is the case for the
construction industry where current demand of both energy-saving, and environ-
mentally friendly buildings has encouraged the use of novel composite materials
[1, 2]. Therefore, natural fiber composites have found an important space due to
their environmental benefits combined with competitive structural and
non-structural properties [3].

Most common natural fibers used as a reinforcement in composites for con-
struction applications are flax, hemp, and jute. For example, composite panels made
of plant oil-based resin and natural fiber mats made of flax, cellulose, pulp and
hemp were found to have mechanical properties suitable for applications in housing
construction materials [4]. Likewise, cellular beams and plates made from industrial
hemp and flax fibers with unsaturated polyester resin showed potential to serve as
primary load bearing components with competitive mechanical performance against
conventional materials [5]. Also, jute/polypropylene laminate composites were
studied for their potential application in structural insulated panels in construction
as replacement of traditional Oriented Strand Board (OSB) laminates. This study
showed a significant improvement in the energy absorption and the mechanical
properties of the natural fiber composite laminates compared to traditional OSB
laminates [6]. In overall, natural fibers have gained interest as reinforcing material
in composites to produce new building materials for the construction industry. Main
applications currently used for natural fiber composites include: building panels,
roofing sheets, boards partitions, doors and windows, tiles, etc. [7].

Although the use of natural composite materials for construction applications has
expanded and its main properties have been studied, there is a quest to develop even
lighter materials with additional damage tolerance [8]. For instance, there is an
interest to investigate the impact response of natural fiber composites. In particular,
the response of architectonical panel against impacts in the ballistic range that
would represent the effect of secondary blast, hurricane, tornado and foreign object
debris from roads and runways [9].

The response of synthetic composite materials to ballistic impact has been
investigated by many researchers. Studies have identified that fiber properties,
fabric structure, number of fabric layers, areal density, projectile parameters and
impact parameters are the major factors in energy absorption capability and ballistic
impact resistance of composite systems [10, 11]. Most of the high performance
synthetic fibers and their composites studied are Kevlar [12, 13], Ultra-High
Molecular Weight Polyethylene [14, 15], and glass fiber composite panels [16, 17].
However, studies examining ballistic impact responses of natural fiber composites
are limited. Wambua et al. [18] studied the ballistic properties of flax, hemp and jute
fabric reinforced polypropylene composites processed using hot compression
molding. Cassiano et al. studied the ballistic impact performance of Epoxy
Composite Reinforced with Malva natural fibers [19].
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In this direction, the research presented in this chapter investigates the ballistic
impact behavior and tensile properties of a novel composite material made of
Polylactic Acid (PLA) matrix reinforced with a natural fabric extracted from the
Manicaria saccifera Palm using standard fragment-simulating projectiles (FSPs).
The influence of composite lay-up configuration and thickness were evaluated.

Materials and Methods

Composite coupons used to characterize the impact behavior by fragment simu-
lating projectiles were manufactured from Manicaria saccifera natural fabric, as
reinforcement, and polylactic acid (PLA) as matrix. Manicaria saccifera is a palm
that grows in lowland forests of the tropical and subtropical regions of South
America. Portions of the palm are used by local population as sources for house
thatches and sails (leaves), food (fruits and seedlings), hats (spathes), sago (trunk),
and medicines (fruits and leaves). Among these, pouch-like spathes, with a typical
length between 0.8 and 1.2 m, consist of a brown fibrous material constituted of
numerous inter-crosslinked fibers with a closely woven texture, resembling a nat-
ural fabric. A previous study [20], found that Manicaria’s specific fracture stress
and specific modulus are 72.09 ± 15.73 MPa/g cm−3 and 2.20 ± 0.44
GPa/g cm−3, respectively. Also, the Manicaria fabric displays a strength between
254.88 and 391.08 cN/m, which is equal or better than some synthetic fabrics, such
as fiberglass fabrics, which is used in a wide range of industrial applications as
reinforcement for polymers. Typically, to preprocess the natural fabric, both ends of
the spathe are removed, and a longitudinal cut is made to open it in half.

PLA is a versatile thermoplastic produced from lactic acid monomers sourced
mainly from the fermentation of corn, potatoes, sugar beets, and sugar cane [21]. Its
main advantages are its fast bio-degradability, its mechanical properties, and its
processing methods. In contrast to conventional polymers, PLA degrades under
natural conditions in a short period of time after disposal [22]. PLA’s mechanical
properties, in terms of its tensile strength and elastic modulus, are superior to those
of similar bio-degradable materials; and comparable to those of polystyrene.
Finally, PLA is easily processed using conventional manufacturing methods as its
melting temperature, of around 150 °C, facilitates the manufacturing of composites
using standard processing equipment at temperatures below natural fiber degrada-
tion [23]. In this work, PLA was provided by Nature Works LLC, under the trade
name PLA2003D. Granulates of PLA were converted into a thin sheet using a
Brabender Plasticorder 331 extruder at a processing temperature between 180 and
210 °C.

Prior to composite manufacturing, Manicaria saccifera fabrics and PLA were
dried in oven at 110 °C for 1 h. Composite coupons of approximately 12 cm by
12 cm were produced by the compression molding process using the film stacking
method with the following stacking sequences [0P/0M]s, [0

P/90M/0M/0P], [0P/02
M/

0P]s, and [0P/90M/0M/0P]s, where superscripts P and M denote PLA and Manicaria
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saccifera, respectively. PLA and Manicaria saccifera fabrics were heat compressed
in a LabTech Molding Press using the processing parameters described in [24].
Quasi-static tensile properties of composites for every stacking sequence were
obtained using the ASTM D3039-08 standard using rectangular samples 15 mm
wide and 250 mm long. Tests were carried out using a universal Instron 3367
testing machine, with a crosshead speed of 5 mm/min and a gauge length of
50 mm, using an extensometer device. Four specimens were tested for every
stacking sequence.

Impact testing on PLA/Manicaria coupons were performed in a purposely built
gas gun capable of delivering fragment simulating projectiles (FSPs) at speeds up to
250 m/s [25]. Fragment simulating projectiles (FSPs) with a straight tail, 0.22 cal
(5.46 mm in diameter, 1.1 ± 0.1 g in weight), were manufactured according to the
MIL-DTL-46593B standard [26] from a 4340H steel bar. Black nylon sabots,
10 mm in diameter, were used to both center fragments, and reduce the friction
between fragments and the gas gun muzzle [27]. Composite coupons were clamped
in place using a metallic frame resulting in an unclamped area of 10 cm by 10 cm.
Figure 1 shows the experimental setup used in this study.

To characterize the V50 ballistic limit for the different PLA/Manicaria composite
stacking sequences, the MIL-STD-662F standard procedures were applied.
Specifically, the velocities of five partial and complete FSP penetrations were
averaged, within a velocity spread between 36 and 48 m/s. A witness plate was not
employed during experimentation, and as such, the types of penetrations are defined
as follows: complete penetration (CP), when the projectile fully penetrates the
material, and goes through it completely; and partial penetration (PP), when the
projectile either partially penetrates the material (does not go through it completely)

Fig. 1 Experimental setup for impact loading by FSPs
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or bounces back without noticeably indenting the composite coupon. Also, the
Up-and-Down method [28] was used during the V50 characterization: if a CP was
achieved, the FSP striking velocity was reduced by approximately 15 m/s to yield a
PP. If a PP was achieved, then the FSP striking velocity was increased by approx-
imately 15 m/s to yield a CP. This process was repeated until a spread velocity
between 36 and 48 m/s was achieved. In these conditions, the final striking velocity
is the estimation of the V50 for the composite material. This method is valid if the
impact tests can be represented as a cumulative normal (Gaussian) distribution.

To calculate the energy absorbed by the composite material during a FSP impact
test (EA), a simple energy balance approach [29–31], was employed, as shown in
Eq. 1.

EA ¼ ES � ER ¼ 1
2
mFSP V2

S � V2
R

� �
; ð1Þ

where ES is the kinetic striking energy of the FSP, ER is the FSP residual kinetic
energy, mFSP is the mass of the FSP, VS is the FSP striking velocity, and VR is the
residual velocity (FSP velocity after impact, for a CP or PP alike). Since the
distance from the metallic frame, where the material was clamped, to the cannon
muzzle was very small, the effect of wind drag was not considered. Finally, it was
assumed that a composite coupon absorbed as much energy, through damage
mechanisms and elastic deformation, as the difference between the initial and the
residual FSP kinetic energy. No other forms of energy dissipation were considered,
although some energy was lost in the forms of heat and most noticeably, sound.

Results and Discussion

Figure 2 and Table 1 shows the physical and tensile properties of PLA/Manicaria
coupons for the different stacking sequences studied. Given the orthotropy of the
Manicaria saccifera fabric, unidirectional coupons [0P/0M]s and [0P/0M2 /0

P]s display
better mechanical properties compared to the cross-ply laminates. Compared with
previous studies, unidirectional coupons have comparable tensile strength and
Young’s modulus. For example, Porras et al. [32], found tensile strengths of about
68.5 ± 5.8 MPa, and Young’s modulus of 4.9 ± 0.3 GPa. Also, in Porras et al.
[24], authors reported tensile strengths of 123.36 ± 6.42 MPa, and Young’s
modulus of 7.61 ± 0.48 GPa.

Figures 3 and 4 show examples of high speed recordings for partial and com-
plete penetrations of FSP into PLA/Manicaria coupons captured at 33,000 fps.
Postmortem inspection of composite coupons revealed that most of them experi-
enced delamination and fracture along the principal direction in the outer layers of
the laminate. Internally, it was observed that the main energy absorption damage
mechanisms were interlaminar delamination and fiber rupture.
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Fig. 2 Tensile stress-strain curves for PLA/Manicaria coupons

Table 1 Mechanical properties of PLA/Manicaria coupons

Stacking
sequence

Mass (g) Thickness
(mm)

Tensile
strength (MPa)

Tensile
elongation (%)

Young’s
modulus (GPa)

[0P/0M]s 27.3 ± 2.5 1.75 ± 0.3 67.14 ± 7.4 1.87 ± 0.1 5.66 ± 0.4

[0P/90M/0M/
0P]

30.2 ± 2.3 1.80 ± 0.1 31.85 ± 6.0 0.69 ± 0.1 5.02 ± 0.3

[0P/02
M/0P]s 43.8 ± 3.1 2.47 ± 0.1 114.83 ± 3.2 2.5 ± 0.3 7.57 ± 0.4

[0P/90M/0M/
0P]s

41.5 ± 3.9 2.65 ± 0.2 43.83 ± 5.9 1.26 ± 0.3 5.46 ± 0.2

Fig. 3 Sequence of a partial penetration of a FSP at 48.1 m/s into a [0P/0M]s coupon
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Using the Tracker Video Analysis software, the FSP striking and residual
velocities were measured for each impact, PP and CP alike. The software locates the
position of the FSP on each individual frame and, using a reference distance,
calculates the velocity per frame. Since various data points were recorded per flight,
it was observed that the velocity of such points was distributed around a mean.
Hence these velocities were averaged to obtain a single measurement of velocity
(striking or residual) and the respective measure of error.

Figure 5 shows the ballistic limit curves for PLA/Manicaria composite coupons.
Since V50 is a probabilistic property, for each stacking sequence the velocities are
plotted against a standard cumulative normal distribution. From this plot is possible

Fig. 4 Sequence of a complete penetration of a FSP at 69.9 m/s into a [0P/90M/0M/0P] coupon

Fig. 5 Ballistic limit curves for of PLA/Manicaria coupons for 0.22 caliber FSP

The Response of Manicaria saccifera Natural Fabric … 95



to determine the probability that, at a given velocity and for a given panel con-
figuration, a complete penetration will take place. For this study, V50 ballistic limits
for PLA/Manicaria laminates, as a function of the stacking sequence, are as follows:
49.71 ± 10.67 m/s for [0P/0M]s, 58.59 ± 6.47 m/s for [0P/90M/0M/0P],
70.33 ± 5.42 m/s for [0P/0M2 /0

P]s, and 68.57 ± 7.43 m/s for [0P/90M/0M/0P]s.
These results showed that there is no statistical difference of the V50 ballistic

limit between coupons with similar thickness and different stacking sequence.
Therefore, the ballistic behavior of the PLA/Manicaria composite is independent
from configuration. However, the V50 ballistic limit showed a non-linear behavior
with thickness. Similar results were previously found by Wambua et al. for other
natural fiber composites [18].

Regarding the ballistic energy absorbed by the PLA/Manicaria coupons, it was
calculated from the residual velocities. It was assumed that the projectile’s mass
remains constant and is homogeneous between specimens. Ballistic energy resulted
uniform through the spectra of striking velocity and for all coupons configuration to
an average of 2.0 J. This result implies that the energy dissipated by the composite
material is independent from the striking velocity, and coupon configuration for the
case of complete penetrations.

Conclusions

This study shows that the Manicaria saccifera natural fabric reinforced PLA
composite could potentially be used for shielding against secondary debris from
secondary blasts or debris from diverse sources.

The mechanical tensile properties and low range ballistic properties of the
PLA/Manicaria were analyzed varying the thickness and stacking sequence.
Different behavior was found for tensile quasi-static properties and ballistic prop-
erties. While for tensile mechanical properties, significant differences in the tensile
strength were found when stacking configuration was varied, ballistic properties
remained statistically constant for different configurations.

Ballistic limit for the PLA/Manicaria composite showed a nonlinear relation as a
function of coupon thickness similarly to other tested natural fiber composites.
However, the stacking configuration showed insignificance improvement on the
V50 ballistic limit. Finally, the energy absorbed by the material at impact on
complete penetrations is uniform and independent of the striking velocity and
configuration. For the analyzed material thickness range, configurations and strik-
ing velocities of the present study, the material configuration does not affect the
amount of energy that the panel is able to absorb for complete penetration impacts.
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Advances in Natural Fibre Reinforced
Thermoplastic Composite Manufacturing:
Effect of Interface and Hybrid Yarn
Structure on Composite Properties

Mahadev Bar, R. Alagirusamy and Apurba Das

Abstract Natural fibre reinforced thermoplastic composite materials are becoming
very popular in the material community due to several advantages of natural fibre
and thermoplastic polymer. The demand of stronger and better composite than the
existing ones is also increasing simultaneously with their growing popularity.
However, natural fibre reinforced thermoplastics have some disadvantages associate
with the poor fibre-matrix interaction, short length of the natural fibres and high
melt viscosity of thermoplastic resins. All these factors decrease the ultimate
mechanical properties of the natural fibre composites. However, the surface treat-
ment of natural fibres, use of low twisted yarn and hybrid yarn during composite
manufacturing significantly improve the mechanical properties of the natural fibre
composites. The scope of all three approaches in determining composites
mechanical properties have been reviewed here. Finally, the combined effects of
interface and DREF spun hybrid yarn structure on the tensile and flexural properties
of flax-PP based unidirectional composite specimen have been discussed in this
chapter.

Keywords Natural fibre � Interface � Biocomposite � Hybrid yarn

Introduction

Reduction of carbon footprint, global warming and climate changing are the major
concern of the present world. Governments are encouraging the researchers as well
as industries to invent and implement the environment friendly, ecologically sus-
tainable development mechanisms to overcome these major climate related issues.
Use of natural resources and recyclable thermoplastic matrices for composite
manufacturing, fit well into this picture [1–9]. Beside this, use of natural fibre as
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composite reinforcing material has few more advantages over the glass and other
synthetic fibres. For instance, natural fibres are abundantly available in every corner
of the world at reasonable price. They have low density, high specific strength and
stiffness with compare to glass and other synthetic fibres. Natural fibres also exhibit
unique acoustic and thermal insulating property due to their hollow cellulosic
structure. The production of natural fibre requires very less energy and it involves
CO2 absorption whilst returning oxygen to the environment. In other words, natural
fibres are CO2 neutral i.e. the combustion of natural fibre does not return excess
CO2 to the atmosphere. The production of natural fibre does not depend on the
fossil resources and it does not promote the activities like sand mining (sand is the
major raw material for glass fibre) which is one of the main reason of soil erosions.
Moreover, the use of natural fibre develops a non-food agricultural based economy
and creates job opportunities in the rural areas [4–10].

Like natural fibres, recyclable thermoplastic polymers are also getting more
attention of the composite researchers as well as composite manufacturing indus-
tries. This is mainly due to several advantages of thermoplastic polymers over the
thermoset polymers. For instance, thermoplastic polymers are non-corrosive in
nature, have long self-life and shorter curing cycle. They are ductile in nature and
can be repaired, recycled and reused as per requirement. In room temperature,
thermoplastic polymers remain in solid form. Hence, during processing it does not
contaminate the machine parts [6–10]. The pre-mentioned advantages of natural
fibre and thermoplastic resin find several uses of natural fibre reinforced thermo-
plastic composite in different areas such as automobiles, constructions, households,
sporting goods, packaging etc. [8–15].

Since, last few decades lot of research have been conducted on natural fibre
composite and many research articles have been published addressing various
challenges. Besides research institutions, many industries such as Libeco Lagae
(Belgium), Lineo (Belgium) and NPSP (Netherlands) have shown their interest over
natural fibre reinforced thermoplastic composites. In a recent survey, it is predicted
that the market size for natural fibre composites will reach to $5.83 billion by 2019
and it will continue with a compounded annual growth rate of 12.3% [16]. Along
with this increasing market growth the demand of natural fibre based strong
composites are also increasing exponentially [1–6].

However, natural fibre reinforced thermoplastics have some drawbacks. For
instance, the poor fibre-matrix interaction which restricts the full strength utilization
of natural fibre to the final composites. Secondly, natural fibres have short fibre
length which make it difficult to control the fibre alignment into the composite
structure. Unlike thermoset resins, thermoplastic resins have very high melt vis-
cosity which restricts the even resin distribution into the composite structure and
ultimately resulted in a composite with lot of void. The high viscous thermoplastic
resin also promotes the fibre misalignment into the composite structure. All these
factors diminish the mechanical performance of natural fibre composite [17–21].
Surface modification of natural fibre, use of low twist yarn and hybrid yarn during
thermoplastic composite manufacturing can overcome these pre-mentioned
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shortcomings. Different shortcomings of natural fibre composites and their remedies
are discussed in this chapter.

Interface Modification and Its Effect on Composite
Properties

Natural fibres are hydrophilic in nature while thermoplastic matrices are
hydrophobic in nature. Hence, the fibre and matrices are not compatible to each
other. On the other hand, fibre-matrix interface plays an important role in deter-
mining the mechanical properties of the fibre reinforced composites. Because, the
stress transfer from matrix to fibre is taking place across the interface. The poor or
imperfect interface acts as a stress concentrator during mechanical testing [19–22].
Interfacial bonding between fibre and matrix can occur by means of four mecha-
nism which are (i) mechanical bonding, (ii) electrostatic bonding, (iii) chemical
bonding and (iv) reaction or inter-diffusion. In a good fibre-polymer interface, more
than one force is acted at the same time and same interface [23].

Extensive research has been carried out, nevertheless research is still going on to
improve the fibre-matrix bonding behavior of the natural fibre reinforced composite
system [24–27]. The interfacial strength of a natural fibre composite system can be
improved either by modifying the fibre surface or by modifying the matrix or by
modifying the both. Among these methods, fibre surface modification is more
effective than the matrix modification approach. Fibre surface modification to
improve the fibre-matrix interaction can be largely divided into chemical approa-
ches, physical approaches and biological approaches or enzyme treatment [1, 6–9].
The advantages and disadvantages of all three approaches have been discussed
below.

Surface modification of natural fibre through chemical treatment is a very
effective way of improving fibre-matrix interaction. There are several chemical
treatment techniques available which can effectively modify the natural fibre sur-
faces. Among them, natural fibres surface treatment with alkali, MAgPP, saline
coupling agent, benzyl, acryl, permanganate, peroxide, isocyanate are very
well-known [1, 6–9, 19–22]. Alkali treatment removes the fat, wax, lignin and
hemicellulose from the natural fibre surfaces. This makes the fibre surface rough
and exposes the cellulose for interfacial bonding. Mild alkali treatment also
improves the crystallinity and the breaking strength of the natural fibre [28–30].
While, the other chemicals except alkali are behaved as coupling agent. The one
end of such chemicals is polar in nature while the other end is non-polar in nature.
The polar end of the coupling agent reacts with the polar functional groups of the
natural fibre while the non-polar end is entangled with the thermoplastic polymer
chains. This phenomenon enhances the fibre-matrix interaction of the natural fibre
composite system [25–28]. For example, MAgPP which can react with the
hydroxyl groups present on the natural fibre surface through covalent bond
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formation and forms a continuous layer of MAgPP around the natural fibre.
Figure 1 shows the SEM images of untreated and MAgPP treated flax fibre. During
composite manufacturing, the PP chains present on the fibre surface, adhere with
the thermoplastic matrices.

It has been observed that the chemical treatment of natural fibre improves the
tensile, flexural and other properties of the natural fibre composite. It has also been
observed that among all methods of improving interfacial bond strength, the natural
fibre treatment with MAgPP could be regard as most successful. It has been shown
to give almost twice the composite strength as obtained with silane treatment [27].

Surface modification of natural fibre through chemical means successfully
improves the interfacial bonding strength of natural fibre composite system. But,
there are unresolved pollution problem related to disposal of chemicals after
treatment. The cost of these chemicals is very high and most of them are health
hazardous in nature [1, 6]. However, the physical approach of natural fibre surface
modification does not have the pre-mentioned problems. Physical approach
includes plasma treatment, corona discharge, electronic beam radiation, IR treat-
ment, fibre beating etc. [1, 6–9, 24, 31]. Plasma is known as forth state of matter. It
can be defined as partially ionized gases that have a collective ionized behavior.
The main advantage of the plasma treatment is that it confines to the fibre surface
only. It does not change the bulk properties of the material. The proper selection of
starting compounds and external plasma parameters such as pressure, power and
treatment time can create desire compound on the fibre surface [24]. Yuan et al.
[32] have subjected wood fibre to the cold-plasma and Ar-Plasma treatment and
produced wood-PP composite using the same. It is observed that the plasma
treatment enhance the hydrophobicity and roughness of the wood fibre which
significantly improves the tensile and flexural properties of the resultant composite.
Corona is defined as a luminous, audible discharge that occurs due to inhomoge-
neous electrode geometries such as point electrode and plane. Compared to plasma,
the corona discharges are relatively low power electrical discharge that takes place
at atmospheric pressure. The corona discharge brings the chemical and physical
changes of fibres including increasing surface polarity and roughness of the fibre.
However, corona discharge is not so effective on three dimensional surfaces such as

Fig. 1 SEM images of a untreated flax fibres, b MAgPP treated flax fibres
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textile fabric [31, 32]. Belgacem et al. [33] have studied the effect of corona
discharge on Cellulose-PP composite. It is observed that the composite strength
improves when either one or both components are modified by corona discharge
pretreatment. Electron beam radiation is another way of fibre surface modification.
It improves the interfacial bonding between natural fibres and thermoplastic poly-
mer by producing free radicals that encourage crosslinking [34]. The next physical
approach of natural fibre surface modification is ultrasound treatment. Ultrasound is
defined as very high frequencies of sound, above 20 kHz, generally used for
medical and diagnostic purposes. Ultrasound treatment of natural fibre clean the
fibre surface and make it rough, as a result it improves the fibre matrix interaction
[31, 35].

Surface modification of natural fibre through biological means is another way of
improving fibre-matrix interaction. Compared to chemical and physical approaches
of natural fibre surface modification, the biological approach is quite new and
advantageous [1, 6, 9]. In biological approaches natural fibres are treated with
enzymes or fungi’s. The biological treatment is environment friendly and have a
focused performance. In general, the enzyme treatment removes hemi-cellulose and
lignin from the fibre and makes the fibre surface rough. In addition, it also create
holes on the fibre surface which helps in better interlocking with the matrix. Bledzki
et al. [36] have studied mechanical properties of PP composite reinforced with
enzyme treated abaca fibre. It is observed that the enzyme treatment enhances the
fibre surface roughness as a result up to 45% improvement in composite tensile
strength is observed. But, the enzyme treatment is time consuming and very specific
to temperature and pH [1, 9].

Effect of Yarn Twist on Composite Properties

Composite materials are anisotropic in nature and exhibit maximum mechanical
properties along the fibre direction [13]. Goutianos et al. [37] have reported that a
woven fabric reinforced composite shows at least 3–4 time better mechanical
properties than a nonwoven mat reinforced composite. Hence, it can be concluded
that a composite will exhibit highest mechanical properties when the reinforcing
fibres are completely aligned to the direction of applied load [38–40]. Effect of fibre
orientation on composite properties is expressed by the rule of mixture equation:

Ec ¼ g0glVf Ef þ 1� Vf
� �

Em ð1Þ

where, Ef, Em and Ec are the mechanical properties (modulus or failure strength) of
the fibre, matrix and composite respectively, ηl is a factor related to fibre length, and
η0 is related to fibre alignment.

Unlike synthetic fibres, natural fibres have short fibre length. Hence, it is difficult
to control these fibre alignment in a composite structure [41–43]. Textile yarns or
yarn based textile structures can control the fibre orientation into the composite.
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Yarn is a structure in which short staple fibres are twisted together. Twist enhances
the cohesion between the fibres and holds the fibre together into the yarn structure.
On the other hand, twist diminishes the maximum fibre strength utilization due to
obliquity effect. At the same time, twist reduces the rate of production which
enhances the ultimate cost of the yarn [43, 44]. In a composite structure fibres are
held together by means of resin. Hence, once the composite is made, the yarn twist
has no such importance. Goutianos et al. [37] have observed that low twisted yarn
has low strength thus, it cannot be used in processes such as pultrusion or textile
manufacturing routes like knitting or weaving. Therefore, it is concluded that the
natural fibre based reinforcing yarn should have minimum level of twist which
should allow it to process on textile machines.

Ma et al. [43] have manufactured sisal yarn reinforced phenol composite using
sisal yarn of different twist level and have reported the effect of yarn twist on
different composite properties. It is observed that high twisting level of the rein-
forcing yarn diminishes the mechanical properties of the resultant composite.
A modified rule of mixture equation has been used in the same study to calculate
the ultimate stress (r1) of the composite samples which are further compared with
the experimental results. The modified rule of mixture equation is mentioned below.

r1 ¼ Vf � rf � N � Af � cos hmeanð Þ
Ay

þVmrm ð2Þ

where, rf is the axial tensile strength of the yarn Af and Ay is the cross sectional
area of sisal fibers and sisal yarns respectively. N is the no of fibre in the yarn
cross-section. hmean is a function of average twist angle at the yarn surface. Vf and
Vm are the fibre and matrix volume fraction respectively. rm is the axial tensile
strength of the matrix.

Hybrid Yarn and Its Effect on Composite Properties

In the arena of natural fibre composite, thermoplastic polymers are getting more
interest due to their several advantages which are already discussed earlier.
However, unlike thermoset resins thermoplastic polymer melts have very high
viscosity. This high melt viscosity makes the even distribution of thermoplastic
resin in the composite structure very difficult. This problem increases the void
content in the resultant composite and ultimately leading to inferior composite
properties [9, 18, 45]. Use of hybrid yarn during thermoplastic composite manu-
facturing can solve the above mentioned problems. Hybrid yarns are the yarn
having more than one fibre component in its structure. The hybrid yarn used for
thermoplastic composite manufacturing has both the reinforcing as well as matrix
forming fibre components.

Based on yarn structure, hybrid yarns are of three types namely wrapped yarn,
core spun yarn and commingled yarn [18]. In a wrapped yarn structure,
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thermoplastic filaments are wrapped around a core of reinforcing fibers while in
core spun yarn structure, thermoplastic staple fibres are wrapped around the core of
reinforcing fibre. Commingled yarns are produced via commingling process in
which the reinforcing and matrix forming filaments are passed through a com-
pressed air nozzle and mixed together. Among these hybrid yarn structures, com-
mingled yarn provides the high potential for through mixing of matrix and
reinforcing components. However, natural fibres have short fibre length thus, it is
not suitable for commingling [46]. Natural fibre based core spun or wrapped yarn
structure can be manufactured through different spinning techniques such as ring
spinning, rotor spinning, DREF spinning, wrap spinning, micro-braiding etc.
Alagirusamy et al. [18] have summarized different methods of hybrid yarn manu-
facturing and have explained their effectiveness on composite properties.

In general, hybrid yarn reduces the effective resin flow distance as a result the
thermoplastic resin distribution into the composite structure is improved. George
et al. [47] have developed a bio-commingled composite using PP filament and
twisted jute yarn. Bio-commingling improves the wetting of reinforced natural fibre
which ultimately results in superior composite property. A similar kind of result is
observed in case of micro-braided hybrid yarn reinforced composite studies where
the micro-braided yarn is prepared using twisted jute yarn as core and PP filament
as sheath [48]. Although, micro-braiding and bio-commingling enhance the natural
fibre reinforced composite properties by lowering effective resin flow distance but
these methods are not commercially viable. Because, the rate of production of
micro-braided yarn is very low and the bio-commingling method is suitable for
producing small and simple structures only.

Composites with Low Twisted Core Based Hybrid Yarn
with Modified Interface

So far, the hybrid yarns for natural fibre composite reinforcement have a twisted
core made of natural fibres. In most of these studies, the core natural fibres are not
subjected to any surface modification. In this part of the present chapter, the
combined effect of natural fibre surface modification and the hybrid yarn structure
on composites tensile and flexural properties have been discussed. Hence, Flax-PP
based core-sheath structured hybrid yarns are manufactured through DREF spin-
ning method. During DREF spinning, yarn parameters such as core yarn twist and
sheath percentage are varied at three different levels i.e. 0.72, 4.42, 8.12 TPI; and
40, 50, 60% respectively. Before hybridization, flax yarns are treated with MAgPP
and depending on the experimental design MAgPP treated or untreated flax yarns
are fed as core during DREF spinning. In this way, total 10 sets of hybrid yarn have
been manufactured. The details of the produced hybrid yarn parameters are tabu-
lated in Table 1.
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These hybrid yarns are further consolidated in a compression molding machine
to manufacture unidirectional composite samples. These composite samples are
then tested for tensile and flexural performances. The test results are analyzed
critically and are reported below accordingly.

The stress-strain curves of different untreated as well as MAgPP treated flax
reinforced composite samples are presented in Figs. 2 and 3 respectively. The
photographs of tensile failure surfaces of untreated and MAgPP treated flax core
based hybrid yarn reinforced unidirectional composite specimens are shown in
Fig. 4 and in Fig. 5 respectively. The photographs reveal the manner in which
composite specimens fail in tensile tests. In case of untreated flax yarn reinforced
composite specimens and twisted, MAgPP treated flax yarn reinforced composite
specimens, the failure is rather dominated by shear due to poor interfacial bonding
between the fibres and matrices. It can also be predicted that in the above mentioned

Table 1 The details of hybrid yarns used for composite manufacturing

Untreated flax core MAgPP treated flax core

Core twist
(twists/in.)

Natural fibre
percentage

Core twist
(twists/in.)

Natural fibre
percentage

0.72 40 0.72 40

50 50

60 60

4.42 60 4.42 60

8.12 60 8.12 60

Fig. 2 Stress-strain curves of untreated flax core based hybrid yarn reinforced composite samples
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cases, the matrix failure occurs first then fibre slippage become more dominant.
This resulted in tensile failure composite ends with lot of pulled out fibres. The
photographs of tensile failure composite samples also state that the fibre pullout
length decreased significantly with decreasing flax yarn twist and with decreasing

Fig. 3 Stress-strain curves of MAgPP treated flax core based hybrid yarn reinforced composite
samples

TPI- 0.73; C: S ratio- 40 : 60 TPI- 0.73; C: S ratio- 50 : 50 TPI- 0.73; C: S ratio- 60 : 40

TPI- 8.12; C: S ratio- 60 : 40TPI- 4.42; C: S ratio- 60 : 40

Fig. 4 Photographs of tensile failure ends of untreated flax core based hybrid yarn reinforced
unidirectional composites
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flax content into the composite. High twist reduces the resin penetration into the
structure of yarn. The molten resin penetration into the fibre bundle is less when the
composite is manufactured with low resin content. Hence, the resin distribution into
the composite structure hinders significantly with increasing flax content and flax
yarn twist.

MAgPP treatment of flax fibres improves the fibre-matrix bonding as a result the
length of pulled out fibres decreases significantly after the MAgPP treatment of flax
fibres. However, no fibre pull out at the tensile failure end is observed, in case of
low twisted, MAgPP treated flax reinforced composites. It seems that in the above
mentioned cases the fibre and matrix both behave as one unit and fail together
almost in a straight line. While in all other cases the line of failure is an inclined
curvy line.

SEM images of tensile fracture ends of untreated and MAgPP treated flax core
based hybrid yarn reinforced composites are shown in Figs. 6 and 7 respectively.
SEM images reveal that the molten PP does not penetrate into the highly twisted
flax yarn structure. In case of partially untwisted flax yarn reinforced composites,
the resin penetrates into the yarn surface layer only while the yarn core remains dry.
Complete wetting of flax yarns are observed in case of low twisted flax yarn
reinforced composite. Lot of fibre pull out is observed in the SEM images of
untreated flax yarn reinforced composites and MAgPP treated, twisted flax yarn
reinforced composites. While, in case of MAgPP treated, untwisted flax yarn
reinforced composites no fibre pullout is observed due complete wetting of ther-
moplastic fibres and improved bonding between the fibres and matrices.

TPI- 0.73; C: S ratio- 60 : 40TPI- 0.73; C: S ratio- 40 : 60

TPI- 8.12; C: S ratio- 60 : 40TPI- 4.42; C: S ratio- 60 : 40

TPI- 0.73; C: S ratio- 50 : 50

Fig. 5 Photographs of tensile failure ends of MAgPP treated flax core based hybrid yarn
reinforced unidirectional composites

108 M. Bar et al.



Maximum tensile stress and the modulus of the MAgPP treated and untreated
flax core based hybrid reinforced unidirectional composite samples are graphically
presented in Fig. 8 and in Fig. 9 respectively. Flax fibres are the prime load bearing
components of the flax-PP based hybrid yarn reinforced unidirectional composite.
The fibre-matrix interface becomes stronger after the MAgPP treatment of flax

TPI- 0.73; C: S ratio- 60 : 40  TPI- 0.73; C: S ratio- 50 : 50  TPI- 0.73; C: S ratio- 40 : 60  

TPI- 4.42; C: S ratio- 40 : 60  TPI- 8.12; C: S ratio- 40 : 60  

Fig. 6 SEM images of untreated flax core based hybrid yarn reinforced, tensile fracture composite
ends

TPI- 8.12; C: S ratio- 40 : 60  TPI- 4.42; C: S ratio- 40 : 60  

TPI- 0.73; C: S ratio- 50 : 50  TPI- 0.73; C: S ratio- 60 : 40  TPI- 0.73; C: S ratio- 40 : 60  

Fig. 7 SEM images of MAgPP treated flax core based hybrid yarn reinforced, tensile fracture
composite ends
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fibre [20, 21]. Hence, up to 25% improvement in the tensile strength and up to 33%
improvement in tensile modulus of the unidirectional composites are observed after
the MAgPP treatment of reinforcing flax yarns. Similar results are experienced in
case of increasing flax fibre content from 40 to 60% in the composite structure. Low
yarn twist enhances the fibre orientation in the composite structure. However, it
does not exhibit any significant influence on the tensile strength and modulus of the
untreated flax yarn reinforced unidirectional composites due to poor interfacial
performance. On the other hand, around 20% improvement in tensile strength and
25% improvement in tensile modulus are observed while the reinforcing untwisted
yarns are treated with MAgPP. This is mainly the result of improved fibre-matrix
interaction and improved resin distribution into the composite structure.

Flexural strength and modulus of the flax-PP based hybrid yarn reinforced
composite samples are tested according to three point bending test method. During
three point bending test, one side of the composite specimen is subjected to a
compressive force while the other side is subjected to the tensile force. The pho-
tographs of tensile and compression side of the untreated and MAgPP treated flax

Fig. 8 Maximum tensile
stress of the hybrid reinforced
unidirectional composites

Fig. 9 Tensile modulus of
the hybrid reinforced
unidirectional composites
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core based hybrid yarn reinforced unidirectional composite specimens are presented
in Figs. 10 and 11 respectively. The photographs show that, after 3-point bending
tests, PP matrix is accumulated on the compression side and no fracture is observed
on the tensile side of the high twisted, untreated flax core based hybrid yarn
reinforced unidirectional composite.

Few kinks on the compression side and some line of fracture on the tensile side
are observed in case of low twisted, untreated flax reinforced composite and highly
twisted, MAgPP treated flax reinforced composites. However, no matrix accumu-
lation or kinks on the compression side and a sharp line of fracture on the tensile
side of the MAgPP treated, low twisted flax reinforced composite are observed. The
flexural stress-deformation curves of untreated and MAgPP treated composite
samples are shown in Figs. 12 and 13 respectively. It is observed that the MAgPP
treated composite samples have reached to a maximum stress level, then it expe-
rienced a sharp fall. After that, it continues to take load for a certain deflection and
then it fails. On the other hand, untreated, twisted flax yarn reinforced composite
reaches to a maximum stress level and then gradually fails after experiencing some
deflection. However, a sharp fall after reaching the maximum stress is observed in
case of low twisted, untreated flax yarn reinforced composite. It can be concluded
that the interfacial strength is better in case of MAgPP treated flax yarn reinforced
samples than the untreated one. Hence, the MAgPP treated flax yarn reinforced
composites and low twisted, untreated flax yarn reinforced composites show a sharp
fall in the flexural stress-deformation curves due to better interphase. On the other
hand, due to poor interface no such sharp fall in the flexural stress-deformation
curve of the untreated, twisted flax yarn reinforced composite is observed.

Compression 
Side

TPI- 0.73; C: S ratio- 60 : 40  TPI- 8.12; C: S ratio- 60 : 40  

Tensile Side

TPI- 0.73; C: S ratio- 60 : 40  TPI- 8.12; C: S ratio- 60 : 40

Fig. 10 The photographs of untreated flax core based hybrid yarn reinforced, 3-point bending
tested unidirectional composite specimens
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From the previous observations, it can also be concluded that the failure of high
twisted, untreated flax core based hybrid yarn reinforced unidirectional composites
is mainly dominated by the compressive force during 3 point bending tests. The
combined action of tensile and compressive forces dominates in case of low
twisted, untreated flax core based hybrid yarn reinforced composites and high

Compression
Side

TPI- 0.73; C: S ratio- 60 : 40TPI- 8.12; C: S ratio- 60 : 40

Tensile Side

TPI- 0.73; C: S ratio- 60 : 40TPI- 8.12; C: S ratio- 60 : 40 

Fig. 11 The photographs of MAgPP treated flax core based hybrid yarn reinforced, 3-point
bending tested unidirectional composite specimens

Fig. 12 Bending stress-deflection curves of untreated flax core based hybrid yarn reinforced
composite samples
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twisted, MAgPP treated flax core based composites. Tensile forces mainly dominate
during the 3-point bending failure of low twisted, MAgPP treated flax reinforced
composite samples.

Figures 14 and 15 represent the flexural strength and modulus values of the
hybrid yarn reinforced unidirectional composite samples. It is observed that 40%
improvement in tensile strength and 70% improvement in tensile modulus is
experienced while the flax fibre content in the composite increases from 40 to 60%.
However, up to 20% improvement in flexural modulus and 7% improvement in
flexural strength are observed after the MAgPP treatment of core flax yarn. Similar

Fig. 13 Bending stress-deflection curves of MAgPP treated flax core based hybrid yarn
reinforced composite samples

Fig. 14 Flexural rigidity of the hybrid reinforced unidirectional composites
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changes are experienced while the flax yarn twist is decreased from 8.12 TPI to
0.73 TPI. In this present composite system, flax fibres are the main load bearing
components and after the MAgPP treatment of flax fibres the fibre-matrix interface
become stronger. Hence, the flexural strength and modulus of the composite
samples increase after MAgPP treatment of flax yarn and with increasing flax fibre
content into the composite structure. Yarn twist of the reinforced flax yarn
decreases the alignment of the reinforced flax fibres into the composite structure and
it also restricts the PP resin distribution into the composite. Hence, flexural strength
and modulus of the composite samples increase with decreasing reinforced flax
yarn twist.

Conclusions

In this chapter, the individual as well as the combined effect of interface, yarn twist
and hybrid yarn structure on the natural fibre reinforced thermoplastic composite
have been discussed. It is observed that low yarn twist and high matrix content
improve the resin distribution into the composite structure. Surface modification of
the natural fibre improves the fibre-matrix interaction. Hence, the tensile and
flexural properties of the unidirectional composite enhance after the surface treat-
ment of natural fibre and with decreasing yarn twist and with increasing natural
fibre content.

Fig. 15 Flexural modulus of the hybrid reinforced unidirectional composites
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Environmental Friendly Thermoplastic
Composite Laminates Reinforced
with Jute Fabric

Pietro Russo, Giorgio Simeoli, Valentina Lopresto,
Antonio Langella and Ilaria Papa

Abstract A commercial jute fabric was used as the reinforcement of two ther-
moplastic matrices: polypropylene (PP) and poly(lactic acid) (PLA) having glass
transition temperatures equal to 8 and 60 °C respectively. The latter were evaluated
by previous dynamic-mechanical tests. Plates prepared by conventional film
stacking and compression molding procedures have been systematically subjected
to low-velocity impact tests at room temperature. The comparison between the two
kind of samples, reported not only in terms of load-displacement and energy-time
curves but also in light of morphological observations, is discussed taking into
account, among others, the rubbery behavior of PP based samples and the glassy
nature shown by the fully-biodegradable system PLA/jute at the considered test
temperature.

Keywords Thermoplastic composite laminates � Jute fabric
Low velocity impact

Introduction

In the last decades, stringent environmental legislation and consumer awareness
have driven the researcher community to develop new products from renewable
feedstock, independent of fossil resources. About composite systems, although
glass and carbon fibers reinforced materials have somewhat superior mechanical
properties, their life cycle performance is very questionable. In fact, the manufac-
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turing of these products not only consume huge energy but their disposal at the end
of their useful life is also very difficult since difficulties related to their
recycling/reuse. In this frame, a lot of efforts have been already spent to highlight
valuable potentials of natural fibers as the lignocellulosic ones or, more in general,
coming from vegetative sources as flax, hemp, cotton, jute, kenaf, sisal, banana,
bamboo and so on. These fibers offer some advantages over man-made fibers being
highly available and renewable, with low density, non-abrasive to process equip-
ments and, mainly, very safe during handling, processing and use [1]. However,
some drawbacks as lack of consistency of fibre quality, high level of variability in
fibre properties depending on source and cultivars, poor compatibility between
fibres and matrix, high moisture absorption, problems of storing for extended times,
low resistance to ultraviolet exposition and fluctuation in price depending upon the
global demand and production still restrict their applications. Thus, focusing the
interest mainly on the moisture absorption and the poor wettability of natural fibres,
various strategies for surface modifications of fibers [2, 3] or matrices [4] and the
use of suitable coupling agents [5, 6] have been widely reported to improve the
interfacial adhesion in polymer matrices. Alternatively, again with the aim to
enhance the ultimate properties of products, attention has been also paid towards
hybridization approaches consisting in the simultaneous use of at least two different
natural fibers or in the combination of natural fibers with synthetic ones [7–10].

Among all the natural reinforcing materials, the jute, obtained from inner bast
tissues of the plant stem, appears to be a promising fiber due to its high toughness
and aspect ratio with respect to other reinforcements and commercially available in
the required form, including bi-directional fabrics. Jute fibers are characterized by a
high cellulose content and a low microfibril angle ensuring moderate tensile and
flexural properties of polymer composites with respect to systems reinforced with
other natural fibers [1, 11–14].

Recently, thermoplastic composites have been introduced in the automotive
industry [15] and as structural materials for aerospace applications to replace
thermoset prepregs, mostly due to their potential for rapid or cost-effective pro-
cessing [16].

Among thermoplastics, polypropylene (PP) is one of the most extensively used
in industrial applications due to its high chemical and wear resistance, easy pro-
cessability, low cost and excellent mechanical properties. While, regarding
bio-based thermoplastic matrices, a relevant role is played by the poly(lactic acid)
(PLA): a versatile compostable polymer that is produced from renewable resources
such as corn. The ever growing interest toward this resin is related to the fact that
PLA offers high mechanical properties and, mainly, can degrade into natural
products in just a few years [17].

Berhanu et al. [18] examined the effect of jute fabric reinforcement content on
tensile and flexural properties of polypropylene based composites. Authors
demonstrated that while tensile modulus of samples uniformly increased with the

120 P. Russo et al.



content of the reinforcement, the tensile and flexural strength followed a
non-monotonous trend with the highest values assumed for samples with 40% by
weight of jute fibers. The flexural modulus, instead, linearly increased up to 40% by
weight of reinforcement, remaining almost constant for further increase of the jute
fiber content.

Russo et al. [19] investigated the mechanical properties of laminates based on
three different polyolefin matrices: one virgin polypropylene resin and two poly-
olefin fractions coming from end-of-life bumpers and packaging wastes, respec-
tively; all reinforced with layers of a commercial jute fabric. In case of virgin PP
and scraps coming from the bumpers recycling, the effect of a common coupling
agent, polypropylene grafted with 1 wt% of maleic anhydride (PP-g-MA), on static
flexural and dynamic low-velocity and Charpy impact properties has been also
considered. The experimental findings, always supported by morphological
observations, demonstrated that the addition of the coupling agent increases flexural
parameters, impact initiation energy and Charpy breaking load of virgin PP based
samples as a sign of a good load transfer at the matrix-fiber interface. On the
contrary, for laminates based on recycled polyolefins, the relatively poor adhesion
at the interface gave rise to a ductile behavior of products showing higher impact
propagation energies and higher resilience with respect to ones based on the neat
matrix.

Khan et al. [20] studied PLA composites reinforced with woven and non-woven
jute fabric and subjected to static tensile and flexural tests and Charpy impact
loading. Results highlighted, among others, higher tensile, flexural and impact
strength of PLA/woven jute fabric composites in the warp direction than in the weft
one.

Papa et al. [21] analyzed internal damages, coming from low-velocity impact
events carried out up to penetration, with the help of an ultrasonic NDI technique
and by the visual inspection of impacted PLA/jute woven fabric composite lami-
nates. Results revealed the occurrence of both delamination and fibre breakage
phenomena, even at relatively low energy levels.

In this work, a commercial jute fabric was used as the reinforcement of two
thermoplastic matrices: polypropylene (PP) and poly(lactic acid) (PLA) having
glass transition temperatures equal to 8 and 60 °C, as evaluated by previous
dynamic-mechanical tests. Plates, prepared by conventional film stacking and
compression molding procedures have been systematically subjected to
low-velocity impact tests at room temperature up to complete perforation. The
comparison between the two kind of samples, reported not only in terms of
load-displacement and energy-time curves but also in light of morphological
observations, is discussed taking into account, among others, the rubbery behavior
of PP based samples and the glassy nature shown by the fully-biodegradable system
PLA/jute at the considered test temperature.
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Experimental

Materials

Investigated systems are based on a virgin polypropylene PP MA712 supplied by
Unipetrol (MFI@230 °C/2.16 kg = 12 g/10 min) and a poly(lactic acid) resin
furnished by Nature Work under the trade name Ingeo 7001D (q = 1.24 g/cc,
MFI@210 °C/2.16 kg = 6 g/10 min, Tg = 55–60 °C) as matrices and a commer-
cial plain wave type jute fabric with a specific mass of 250 g/m2 from Deyute
(Alicante, Spain) as the reinforcement.

Laminate Preparation

Layers of jute fabric, predried in a vacuum oven at 70 °C for 4 h, were alternated
with films of neat matrix using conventional film stacking and compression
molding techniques. Operating in this way PP/jute and PLA/jute laminated struc-
tures consisting of 8 balanced fabric layers 0°/90° [(0/90)4]s, respectively, sym-
metrically stacked with respect to the middle plane of the laminate, were fabricated.
Each sample have an average thickness of 3 mm for PP based laminates and
3.5 mm for PLA based ones and a volumetric fraction of reinforcement approxi-
mately equal to 50 and 45%, respectively.

Low-Velocity Impact Tests

Impact measurements were conducted on square samples located on a steel cylin-
drical support with an internal hole 80 mm in diameter, according to the ASTM
3029, using an instrumented free-fall drop dart testing machine (CEAST, mod.
“MK16”). The instrumented impactor, cylindrical in shape, was equipped with a
hemispherical head having a radius of 19.8 mm and a minimum weight of 3.6 kg.
Additional masses is possible to add to reach, together with the height of drop,
higher impact energies. Samples were always clamped between the support and a
steel plate by compressed air and impacted in the centre up to the complete pen-
etration obtained, on the studied laminates, with an energy level equal to 15.98 and
20 J for PP/jute and PLA/jute laminates, respectively. The impact velocity was
4 m/s. In each case, a minimum of 4 samples were tested, reporting the average data
in terms of typical load-displacement and energy-time diagrams. The first curve is
very important since it represents a map of the behaviour of the material under
dynamic load.
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Results and Discussion

Figure 1 reports load-deflection curves for impacted PP and PLA woven jute
samples. In both cases, the open type curve testifies the successful penetration of the
reference laminates. In general, the shape of the curve depends on many issues
mainly including the intrinsic structural features of the investigated materials and
the impact conditions. The fact that the two curves are completely different in shape
and values, as it is clearly visible by the figure, denotes a completely different
impact response of the laminates. First of all, the contact loads obtained on poly
lactic acid are more than double respect to the poliolefin, as well as the displace-
ment in correspondence of the maximum load is higher in the first case and it was
reached after a series of load drops meaning a series of internal damages, probably
due to fibre failures. Soon after the maximum value, the load suddenly drops up to 0
denoting a catastrophic damage. The laminates made of poliolefin, on the other
side, showed a less disturbed shape of the curve that gradually goes to 0 after
reaching the maximum value. A complete failure of the reinforcement occurs in
correspondence of the maximum value of the load which, in turn, begins to
decrease so much faster, the lower the ductility of the matrix. Future experimental
tests, carried out at increasing impact energy values, are necessary to investigate the
damage start and propagation and the different failure mechanisms interactions.

Curves of energy necessary to penetrate the laminate, called penetration energy
(Up), evaluated as the area under the curves from the above discussed
load-deflection ones, are compared in Fig. 2. The picture clearly shows, as expected
by the observation of the load displacement curves, that the amount of energy
transferred from the impactor to the investigated biocomposite laminates, at the end
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Fig. 1 Load–displacement curves up to complete penetration
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of an impact events, increases with the use of the poly lacticid matrix, as high-
lighted in Table 1. It is so, necessary a larger amount of energy to penetrate the Poly
Lactic Acid. In Table 1, the impact parameters as the maximum energy, the total
amount of energy that is absorbed by the samples, the peak load, the energy at peak
load and the ductility index DI soon hereafter defined, are collected.

The ductility index (DI), evaluated by taking the ratio between the energy
absorbed after the force peak (Etot − Epeak) and the energy absorbed up to the peak
force (Epeak), reflects the ductility of the material, therefore, the results reported in
Table 1, indicate a higher plastic deformation ability of PP laminates compared
with PLA based ones. This behavior is reasonable taking into account that tests are
conducted at room temperature at which the polypropylene matrix, being above its
Tg, behave as a rubbery material while the PLA, being below its Tg, behaves as a
glass.
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Fig. 2 Energy-time curves of composites from the low velocity impact tests

Table 1 Impact parameters

Umax [J] Utot [J] Fmax [N] Upeak [J] DI

Polypropylene/jute 7.1 7.76 920 3.96 0.96

Poly(lactic acid)/jute 18.44 8.25 2128 5.25 0.57
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Conclusions

This research compared two thermoplastic laminated structures reinforced with a
commercial jute fabric in terms of low-velocity impact behavior. Specifically,
samples [(0/90)4]s based on a polypropylene (PP) and a poly(lactic acid)
(PLA) commercial grade, respectively, were impacted at room condition.

Expectedly, collected results, reported in terms of typical load-deflection and
energy-time curves, and further emphasized by the evaluation of some impact
parameters, reflected the actual structural state of the matrix at test temperature.
Indeed, the characteristic glass transition temperatures (Tg) of PP and PLA matrices
approximately equal to 0° and 60 °C, respectively, can properly justify the more
pronounced ductility detected for the former composite laminates with respect to
the fully biodegradable ones.
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Selection Chart of Flame Retardants
for Natural Fiber Polymer Composites

A. Elsabbagh, A. Ramzy, T. Attia and G. Ziegmann

Abstract Increasing the share of natural fiber thermoplastic composites NFTC in
the market of engineering market demand to guarantee flame retardant properties.
On the other side, addition of flame retardants FRs affects the mechanical properties
negatively specially the whole tensile strength. Polypropylene PP reinforced with
30% natural fibers (flax, jute, hemp and sisal) are prepared using kneading and
different FRs are mixed together. The effect of the different FRs on the flame
retardance level, namely UL94, as well as the mechanical properties are studied.
Hence, a selection chart for FRs is established. The studied FRs materials in this
work are mineral, halogenated, halogen-free intumescent. Also, the effect of syn-
ergism with nanoclays and antimony tri oxide is considered. As a result of this
experimental work regarding both the mechanical properties and the flame retar-
dance levels, a material selection chart is built considering the tensile strength and
flame retardance test UL94. This chart is enriched by other literature results. Also,
the concept of this chart can be extended to deal with another mechanical property
or another flame retardance test.

Keywords Natural fibers � Flame retardance � Composites � Material selection

Abbreviation List

NFTC Natural fiber thermoplastic composites
FRs Flame retardants
PP Polypropylene
UL94 Flame retardance level
MAPP Maleated anhydride grafted polypropylene
DECA Decabromodiphenyl oxide
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UTS Ultimate tensile strength
ATH Aluminum trihydrate

Introduction

NFTC are recently applied to high added value applications in electronic and
automobile industries [2]. The ability of NFTC to burn plays a key role in the
application of composites [9], [8]. Lignin, cellulose and hemicellulose are main
constituents of natural fibers. The flammability of the fibers is controlled by these
constituents. The flammability of fibers is affected by two opposite factors. Firstly,
lignin contains aromatic rings which hinders the oxidation of fibers. [3, 7, 10, 13].
Secondly, the cellulose supports the fiber burning as it imparts volatile flammable
materials [3, 5]. This can be rearticulated as following: The increase of cellulose
percent helps the flammability and on the other side, lignin induces forming of
insulating char [1, 4, 11].

Experimental Work

Flax, jute, hemp and sisal fibers were supplied by Sachsenleinen-Germany. The
fibers are subjected to a treatment of NaOH 10% solution at 90 °C/10 min then
NaOH 5% solution for 24 h and finally neutralized. The fibers are then left over-
night in air and afterwards for 24 h at 90° in an adapted atmosphere oven.
Polypropylene DOW H 734 52 RNA (Dow Customer Information Group, Edegem,
Belgium) is used as matrix. Melt flow index of this homopolymer at 230 °C and
2.16 kg is 52 g/10 min, so it is suitable for extreme flow levels in injection
moulding purposes. Maleated anhydride grafted polypropylene matrix MAPP of
9100 g/mol molecular weight is supplied by Sigma Aldrich. The used FRs in this
study are inorganic metal hydrate Mg(OH)2, The synergetic effect of nano clay
(Sodium montmorillonite) and intumescent FR as ammonium polyphosphate Exolit
AP-766, supplied by Clariant, is investigated. Decabromodiphenyl oxide DECA
alone and with Antimony trioxide Sb2O3 is also studied. Table 1 shows the com-
positions of the trials in this study. All FRs except AP-766 are supplied by Sigma
Aldrich.

Compounding is carried out using 600P kneader Haake Rheomix at 180 °
C/50 rpm for 15 min. The compounded material is cut by a mechanical shredder to
small granules which are then dried overnight and then injected for tensile samples
of 1BB size according to ISO 527-2 and impact samples of according to ISO 179-1.
Samples of mechanical testing are conditioned at 23 °C/50% relative humidity for
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at least 88 h per ISO 291 for test room conditions. Samples for flammability test
UL94 are also injection molded.

Results and Conclusions

Figure 1 illustrates the UL94 values of all groups listed in Table 1. It is obvious that
Mg(OH)2 is not sufficient till 50 wt% to reach any V-class. However, it helps in
reaching HB class. Even only 20% of Mg(OH)2 is enough for 50% flax samples to

Table 1 Plan of work

Group Fiber Effect of: Parameter wt%

A 30 and 50% flax Mg(OH)2 0, 20, 30

B 30% flax AP-766 20, 22, 24, 26, 28

C 30% flax AP-766+
Nanoclay

20
0, 1, 2, 3, 4, 5

D 30% flax DECA+
Sb2O3

20, 22, 24, 26, 28
6

E 30% flax DECA+
Sb2O3

24
3, 6, 9, 12

F 30% (flax, hemp, jute, sisal) Mg(OH)2 30%

G 30% (flax, hemp, jute, sisal) AP-766 24, 26, 28

U
L9
4

Fig. 1 UL94 results of all groups
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get the HB class. Nanoclays do not show significant synergism within the quali-
tative test of UL94.

Intumescent AP-766 proved its efficiency starting from 24% level to get V2 class
till V0 at 26%. Smoke evolves slightly with 20% AP-766 which is not the case with
28%. No reddish glowing points remain obvious after the test.

Nanoclay shows significance with AP-766. 3 and 5% clay with 20% AP 766
make the rating jump to V1 and V0. Results of nanoclay drop at 4% clay. This is
probably due to poor mixing quality which fails to ensure good
dispersion/exfoliation of the nanoclay in the matrix/fibre compound. This can be
attributed to low applied shear rate. On the other side, high shear rates cause fiber
damage and reduce the fibre aspect ratio which is the responsible of load transfer
efficiency. Therefore, nanoclays are added before fibers’ addition. This strategy
represents a challenge for the already mixed commercial natural fiber polymer
granules. In other words, an optimized mixing strategy is required for good mix
without fiber damaging.

DECA also performs successfully with 30% flax at all tried contents in syner-
gism with 6% Sb2O3. However, the synergism of Sb2O3 is obvious because the
UL94 class drops to V1 when only 3% of Sb2O3 is applied. Effect of using different
fibers shows insignificance. It is worthily noted that reddish glowing point remains
for seconds after finishing the test in case of DECA application. Not only this, but
evolving smoke is also observed.

The type of fiber shows significance where flax and hemp fibers have higher
class. Jute has failed to pass the V0 class and sticks to HB level. Sisal, the leaf fiber,
shows also a slightly better behavior than jute but worse than flax and hemp. Flax
and hemp show the fastest distinguishing time after the removal of the flame source.
Mg(OH)2, does not show the fiber type significance because its amount is not
sufficient even for flax and hemp.

Similarly, Fig. 2 shows the tensile behavior for the same groups named in Fig. 1.
The inorganic metal hydrates affect the strength negatively due to its heavy loading.
32% drop in strength for the 50% flax group is measured whereas only 10% drop in
UTS is found in 30% flax composites. The effect of AP-766 on the strength of the
30% Flax composite. The drop in UTS is close to that resulted by Mg(OH)2%. The
drop is almost 25% at 20% AP-766. However, more AP-766 is not following a
decreasing linear trend line. On the other side, nanoclays show a significant
reducing effect for composite UTS in an approximate linear way. 5% nanoclays
lead to almost 29% loss in UTS. The same discussion can imply on group H for
nanoclays with Mg(OH)2%.

The effect of DECA is too small. UTS decreases only 14% at maximum level of
DECA used which is 28%. Also, the effect of the synergist antimony trioxide is
insignificant. However, the healthy restrictions (2002/95/EC) on the assumed toxic
nature of DECA should be considered. The effect of fiber type at different FRs on
UTS. Only sisal is a little bit less than the other fiber types of flax, hemp and jute.
Jute composites have higher UTS than the others. The gradual increase of AP-766
shows no stable negative effect in dependence on fibers except for jute. Considering
the reference UTS of composites (without FR), the effect of AP-766 on all fiber
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types is the same. That is different from what noticed with magnesium hydroxide,
where only sisal and jute are heavily affected more than flax and hemp.

To summarize both the mechanical and flame retardance properties, a material
selection chart was established based on the results of Figs. 1 and 2. Figure 3
illustrates the mutual effect of flame retardant materials on reducing the mechanical
properties. Besides, the effect of FR type on the strength of the NFTC is shown.
This chart in Fig. 3 is a tool in FR selection of NFTC. For the sake of illustration,
main points considering different FRs are given in the selection chart. The fol-
lowing remarks can be inferred:

• DECA or DECA/Sb2O3 show the best result of flame retardance. But consid-
ering the healthy regulations,

• AP-766 has the next best performance starting from 26% to reach V0 class but
with 29% loss in UTS,

• Nanoclays affect significantly where 3% of nanoclays with 20% AP766 reaches
the V0 class,

• The mineral FR Magnesium hydroxide, with its high thermal stability and good
ecological impact, needs thorough studying to attain better classification.
However, for HB-class, it can be considered with a loss in UTS around 30%.

For the sake of comparison with other literature, it is found that 30% of jute with
PP gives almost the same UL94 rank as 30% flax [9]. The property profile of
cordenka fibers reinforced PP composites can be tailored by a partial replacement of
the cordenka by natural fibers such as jute. This imparts an improvement in tensile

Fig. 2 Ultimate tensile strength (UTS) of all groups
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strength with slight decrease in UL94 values as shown in Fig. 3 (PP18.5%
Jute + 6.5% cordenka and PP12.5%jute + 12.5% coredenka).

Adding sisal instead of flax to PP [8] have almost the same effect on the tensile
strength. To improve the UL94 rank by adding APP is also like the PP + 30%
flax + 28%APP or PP + 27%sisal + 23%APP Fig. 3

Although the low UL94 results shown by mineral FR like Mg(OH)2 (alone or in
synergism with ammonium polyphosphate), it would be attractive to optimize the
behavior of this type of FR. That is attributed to the environmental friendly nature
of FR. That is why a separate study is carried on to study the effect of mineral FR

Fig. 3 Selection chart of FR regarding the flame retardance level and the mechanical property
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content on the tensile strength of NFTC. A commercial mineral FR is selected for
this further study.

Aluminium trihydrate ATH (Apyral 60 CD of average 6 m2/g and median size
of 1 µm is supplied by Nabaltec, germany). According to the supplier datasheet and
[12], 60% of ATH should be added to reach V-0 level of UL94 test. A spectrum of
lower FR content is applied starting from 30 to 60 wt% with 10% intervals is tried.
Figures 4 and 5, on the contrary, show that 40% is enough with natural fibers to
keep the V-0 retardance without much loss of mechanical properties [6].

Conclusion

A survey for different FR on different fiber types of NFTC is carried out. Flame
resistance as well as the resulting mechanical properties are considered. A material
selection chart is developed to help in FR selection with the new categories of
engineering NFTC. Also an optimization study is carried out to minimize the
required mineral FR keeping high flame retardance level and mechanical properties
as well.
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Mechanical Properties of Raffia Fibres
Reinforced Geopolymer Composites

Kinga Korniejenko, Michał Łach and Janusz Mikuła

Abstract Geopolymer composites are “green” alternative to the traditional
cementitious materials. They have good compressive strength, durability and other
properties such as highly resistant to flame and heat and corrosion resistance.
However, these composites have relatively low tensile and flexural strength, which
limits their use in many areas, especially in construction industry. This paper
describes possibilities to improve this mechanical properties by fibre addition. The
study is intended to analyse the influence of addition of various raffia fibres on
the mechanical properties of the geopolymer based on fly ash. The empirical part of
the research was based on the compressive strength tests, flexural strength tests and
detailed microstructure examination. The samples were prepared using sodium
promoter and raffia fibres (the 1% by mass of the composite). The research involved
the samples reinforced by raffia and artificial fibre—PP (polyprophylene) for
comparison. PP is the traditional additive for building materials such a cement. The
results show the possibility to produce the composites of reasonable properties from
the industrial wastes (fly ash) and renewable resources—raffia fibres, which makes
them a new class of environmentally friendly materials.

Keywords Geopolymer composites � Raffia � Fly-ash based geopolymers

Introduction

Cements have been reinforced with natural fibers for many years, particularly in
developing countries that have used local materials such as bamboo, sisal, jute and
coir with some success [1]. There are also same investigation with using the raffia
fibres [2, 3]. It is well established that the choice of fibers used to reinforce concrete

K. Korniejenko (&) � M. Łach � J. Mikuła
Institute of Material Engineering, Faculty of Mechanical Engineering,
Cracow University of Technology, Cracow, Poland
e-mail: kinga.korniejenko@mech.pk.edu.pl

© Springer International Publishing AG 2018
R. Fangueiro and S. Rana (eds.), Advances in Natural Fibre Composites,
https://doi.org/10.1007/978-3-319-64641-1_13

135



can affect its mechanical properties. The type of fibers, its form, surface properties
and matrix properties, all need to be considered [1].

Geopolymer composites reinforced with the chosen natural fibres have relatively
short history. They are interesting and eco—friendly alternative to the traditional
construction materials such as Portland cement [4]. Natural fibers have special
advantages when compared to their synthetic counterparts, where the former rep-
resents an environmentally friendly alternative, with lower density, lower cost,
non-toxicity, ease of processing, renewability and recyclability, ready availability
high strength-to-mass ratio and good tensile strength [5]. These properties make
them attractive alternatives to the synthetic fiber composites used in more indus-
trialized countries [1]. In addition, the use of natural fibres in geopolymer com-
posites has the potential to produce materials with higher specific strength and
specific modulus, due to their lower density [5, 4]. So far as a reinforcement of
geopolymers were used and researched a following fibers:

– Cotton fibre; The use of cotton fibers has several advantages which include low
cost, renewability, and low weight when compared to synthetic fibres, good
intrinsic mechanical properties [1]. Results show that the enhancement of
mechanical properties was achieved at an optimum fibre content of 2.1 wt%.
Results of thermal analysis show that fly-ash based geopolymer can prevent the
degradation of cotton fabric at elevated temperatures [5]. Results show that the
appropriate addition of cotton fibres can improve the mechanical properties of
geopolymer composites. In particular, the flexural strength and the fracture
toughness increase at an optimum fibre content of 0.5 wt%. However, as the
fibre content increases, the density of geopolymer composites decreases due to
an increase in porosity and tendency of fibre agglomeration [1].

– Sisal fibre. The results of the research show that the appropriate addition of sisal
fibres can improve the mechanical properties of geopolymer composites,
especially flexible strength. Sisal fibres has good coherences with geopolymer
matrix [4].

– Flex fibres. The mechanical properties of the geopolymers reinforced by
fibre-reinforced composites improve with increasing fibre content. This repre-
sents a significant improvement on the flexural strength of the unreinforced
geopolymer matrix, and all the composites show graceful failure, unlike the
brittle failure of the matrix. Despite the formation of microcracks due to water
loss from the geopolymer matrix, the fibres are thermally protected by the matrix
up to 400 °C. The flax fibres do not appear to be compromised by the alkaline
environment of the matrix, suggesting new possible applications for these
low-cost simply prepared construction materials [6].

– Coir (fibres from coconut). The results of the research show that the appropriate
addition of coir can improve the mechanical properties of geopolymer com-
posites, especially flexible strength [4, 7].

– Sorghum fiber. The results indicate that the unit weight of the sweet sorghum
fiber–geopolymer composite decreases with higher fiber content. Although the
inclusion of sweet sorghum fiber slightly decreases the unconfined compressive
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strength, the splitting tensile, and flexural strengths as well as the post-peak
toughness increase with the fiber content up to 2% and then start to decrease.
The splitting tensile tests also clearly show the transition from the brittle failure
of the plain geopolymer specimen to the “ductile” failure of the geopolymer
specimen containing sweet sorghum fiber [8].

– Wool fibres. The composites reinforced with natural protein-based (wool) have
approximately 40% improvement in ultimate flexural strength compared with
the unreinforced geopolymer matrix [9, 10].

– Other fibres such as jute, corn husk, pineapple leaf fibre and cellulose [11].

The Raffia palms (called also Raphia) are a genus of twenty species of palms
[12] native to tropical regions of Africa, especially Madagascar, with one species
also occurring in Central and South America. The raffia is especially popular in: the
Province of Bohol in the Philippines, Kuba of Democratic Republic of the Congo,
Nso of Cameroon, the Igbo and Ibibio/Annang of South-Eastern, the Urhobo and
Ijaw people of Niger delta Nigeria and the Yoruba of South-Western Nigeria, and
among several other West African ethnic nations [2, 13]. The raffia palm tree
belongs to the multifunctional plant family. It is the largest palm and one of the
most useful economically [14, 15]. In their local environments, it is used for ropes,
sticks to tying up plants that require support and supporting beams, including
binding together vegetables to be marketed, weaving baskets, and various roof
(branches as well as leaves). Traditionally, it is used also to beds, shoes, handbags,
carpets, hats and other native cloth, mats and food (sap/wine) and also to traditional
art such as crafts, decoration, braces and sculptures [12, 16]. Its nuts are source of
food and cosmetic oil, whereas the petioles and raw leaves are used as construction
materials [17]. Contemporary, the fibres are used to reinforce composites, clay
bricks and concrete, or to make panels and geotextiles [17–19]. It is sometimes
combining with polymer materials [20, 21], including composites for automotive
industry [22] and it is solicited in the protection of the environment (water and soil
conservation) and nutrition [23]. The plant can be also potential source for bioe-
thanol production [24].

The raffia palms grow in the swampy and semi-swampy areas of the equatorial
rainforest or derived savannah [14, 25]. The plants are monocarpic or hapaxanthic,
usually they flowering once and individual stems dying after fruiting but the root
system remaining alive and sending up new stems. The palms grow up to 16 m tall
and are remarkable for their compound pinnate leaves. The raw fibres are extracted
from the upper surface of the leaflets [17, 3]. The raffia palm is crowned with
enormous leaves that may be up to 25 m long, up 3 m wide (and composed of 80 to
100 leaflets [2]. The raffia fibres are made from leafs. The membrane on the
underside of each individual frond leaf is taken off to create a long thin fiber which
can be dyed and woven as a textile. Fiber from these leaves is torn into small strips
and dried in the sun. The fibers are soft, pliable, and have “strong nature”.
Mechanical properties of fibres: Young’s modulus approx. 30 GPa, tensile strength
approx. 500 MPa, total elongation between 2 and 4% and density 0.75 [17, 26].
The raw fibre has semi-crystalline and that the allotrope form is Ib cellulose [17].
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Additionally, the raffia has very good thermal properties. The research results which
confirm its effectiveness as an insulation material having good heat storage
capacity. The overall transverse thermal conductivity of anhydrous raffia bamboo
gives an average of 0.07 W/m K [23]. This fact makes the raffia fibre attractive
material for isolation.

Materials and Methods

The geopolymer matrix was made from fly ash from the CHP plant in Skawina
(Poland). The fly ashes were thoroughly investigated as a possible raw material for
the production of the geopolymer matrix being a base for various composites. SEM
observations, EDS analysis and the previous research confirmed its suitability for
such matrix. The chemical composition of the mentioned ash consists of approx.
56% SiO2, 23.5% Al2O3, 6% Fe2O3, 3.5%, K2O, below 3% CaO and MgO, and
less than 1% of other components e.g., TiO2, Na2O, P2O5 and BaO [4]. High value
of SiO2 and Al2O3 is advantageous for creating geopolymers, additionally low
amount CaO confirm the usability of this particular fly ashes for the prosecco alkali
activation. The fly ash density amounted to 2.22 g/cm3. The morphology of the
particles of fly ash was typical of such by-products of coal combustion. Regarding
the particle size distribution of the examined fly ash, the size of approx. 60%
particles was <56 µm [4].

The matrix of the composites was 8 M sodium hydroxide solution combined
with the sodium silicate solution (liquid glass at a ratio of 1:2, 5). In order to
manufacture the composites flakes of technical sodium hydroxide were used and
water solution of sodium silicate R–145 whose modulus was 2.5 and density
1.45 g/cm3. Tap water was used as batched water instead of the distilled one. The
alkaline solution was prepared by means of pouring the aqueous solution of sodium
silicate and water over solid sodium hydroxide. The solution was mixed and left
until its temperature became stable and the concentrations equalized.

The samples were prepared using sodium promoter, fly ash and raffia fibres (the
1% by mass of the composite). To reinforce the geopolymer matrix raffia fibres
were used whose length was approx. 3 mm and diameter approx. 1 mm. The
research involved the samples reinforced by raffia (Fig. 1) and artificial fibre—PP
(polypropylene). PP is the traditional additive for building materials such a cement.
The fly ash was mixed with fibres about 5 min by using mixing machine. Then, the
solution was mixed with fly ash and raffia fibres about 15 min (to receive the
homogeneous paste). Next, it was poured into two sets of plastic moulds. The first
set consisted of the moulds dedicated to undergo compressive strength tests and the
second set consisted of the moulds dedicated to undergo flexural strength tests. The
samples were hand-formed and then subjected to vibratory removal of air bubbles.
Tightly closed moulds were heated in the laboratory dryer for 24 h at 75 °C. Then,
the samples were unmoulded. They were investigated after 28 days.
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Microstructure research has been performed by means of scanning electron
microscopy (SEM) type JEOL JSM 820 with EDS (The observations were made for
raffia fibers and composites (geopolymer and fibres: raffia and PP). The investi-
gation regarded the samples previously broken while compressive strength tests (in
case of composities). The samples were sprinkled with a thin layer of gold with
JEOL JEE-4X vacuum sputter. The observation was made at various magnifications
(between 20–1000�). For the samples geopolymer—PP also the polished specimen
were prepared.

Due to the lack of separate standards for geopolymer materials, the compressive
strength tests were carried out according to the methodology described in the
standard EN 12390-3. (‘Testing hardened concrete. Compressive strength of test
specimens’). Samples used in the flexural strength tests had cuboid shape and
dimensions (approx.): 50 mm � 50 mm � 50 mm. The tests involved at least 6
samples. They were performed with a concrete press (MATEST).

Due to the lack of separate standards for geopolymer materials, the flexural
strength tests were carried out according to the methodology described in the
standard EN 12390-5 (‘Testing hardened concrete. Flexural strength of testspeci-
mens’). Samples used to the flexural strength test had cuboid shape and dimensions
(approx.): 200 mm � 50 mm � 50 mm. Tests were performed with a universal
testing machine—single-point load (Instron type 4465).

Results

The SEM observations were made form composites and raffia fibres. The investi-
gations for raffia fibres confirm the literature data about these fibres [17]. There are
composed of superimposing layers. The top layer is composed of strands, them-
selves constituted by scales aligned in the longitudinal direction of the fibre and the
bottom one has an alveolus structure resembling a honeycomb [17] and Fig. 1.
These structure could serve as mechanical bonding in a composite matrix [17].

Fig. 1 Exemplary SEM images for raffia fibres
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The observation of microstructure for composities gives a preliminary infor-
mation about the coherency of fibers (filler) and the geopolymer matrix as well as
lets to evaluate of the fiber distribution.

The results from the scanning electron microscopy analysis are shown in Figs. 2
and 3. They presents the raffia fibres in geopolymer matrix. The investigation in low
magnification 20� allow to estimate the fibres distribution (Fig. 2).

The investigation in high magnification 100–1000� allow to estimate the fibres
coherency with matrix (Fig. 3).

The fibre distribution in the case of natural fibres as well as artificial is regular
(Fig. 4). The fibre distribution in the matrix heavily influences the properties of the
specific composite, as the fibres aggregation can decrease its mechanical properties.
Here, in the same sample one could notice some fibre agglomerations and it was
connected with a concomitant decrease of mechanical properties of the composite.

Fig. 2 Exemplary SEM images for composite: geopolymer matrix reinforced by raffia fibres in
low magnification 20�
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The coherency between the filler and the matrix not always exists. In the case of
the composites reinforced with PP the observation confirms their cohesiveness
(Fig. 4). But in the case of other natural fibres such as raffia the structure is not
always coherent with the matrix: most fibres are surrounded by well-visible empty
spaces. The exemplary ones are shown in the Fig. 3. The incoherent structure has a
negative impact on the mechanical properties of the composites. However, even
with such structure the presence of the fibres significantly reduces cracks propa-
gation (SEM observation was made on the samples after the compressive strength
test).

The results from the compressive strength test and flexural strength tests are
shown in Tables 1 and 2.

The composites with raffia had worse mechanical properties as material with PP
fibres additive, however they are still reasonable for some potential application. The
addition of the raffia fibres decreased the mechanical properties of the samples
comparison with other naturals fibres [4]. It is caused by the lack of cohesiveness
between the fibres and the geopolymer matrix.

Fig. 3 Exemplary SEM images for composite: geopolymer matrix reinforced by raffia fibres in
low magnification 100–500�
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Conclusions

Geopolymer composites reinforced with the raffia fibres and PP fibres have been
produced and characterized. The samples were prepared using sodium promoter and
four various types of fibre additive (each time it amounted to the 1% by mass of the
composite (8 M)). The research involved both reinforced samples with natural and
artificial fillers (for the sake of comparison).

The microstructure observations shows the difference between coherence natural
and artificial fibres with geopolymer matrix that have an influence for mechanical
properties. The composites with artificial fibers have better properties, however

Fig. 4 Exemplary SEM images for composite: geopolymer matrix reinforced by PP fibres

Table 1 Compressive
strength test after 28 days

Sample MPa StD

Geopolymer with raffia fibers (1%) 13.66 1.71

Geopolymer with PP fibers (1%) 16.14 3.52

Table 2 Flexural strength
test after 28 days

Sample MPa StD

Geopolymer with raffia fibers (1%) 3.05 0.35

Geopolymer with PP fibers (1%) 3.95 0.21
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there are not such beneficial for environment. This study shows that it is possible to
produce the composites of reasonable properties from the industrial wastes (fly ash)
and renewable resources—raffia fibers, which makes them a new class of envi-
ronmentally friendly materials. Further tests should be performed in order to
optimize the composite properties.
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Sustainable Composites Based on Pine
Resin and Flax Fibre

R. Ribeiro, A.T. Marques and J.L. Alves

Abstract In this investigation, we assess the use of pine resin and flax fibre as raw
materials for the formulation of a biocomposite material to determine its applica-
bility and demonstrate the hidden potential that may presently be underexploited
with these two resources. The formulated biocomposite was subjected to bending
tests, comparing reinforced and non-reinforced matrices with flax fibre. Different
additives of natural and synthetic origin were used to improve the fragility of the
rosin, with EVA (ethylene vinyl acetate) being the material that presented greater
potential, in the proportion of 30%. This formulation was used to manufacture
innovative products. The results obtained are very promising and opens the
opportunity to design and manufacture new sustainable products that can be used in
different industrial areas, like furniture and lighting. The products hereby intro-
duced envision to contribute for the rehabilitation of the rosin industry and revive
the flax culture in Portugal.

Keywords Biocomposites � Industrial Design � Sustainable development
Sustainable composites � Flax fiber � Pine resin

Introduction

Nowadays, one of the biggest problems facing society is the environmental pol-
lution caused by the use and excessive disposal of products from the
petroleum-based plastics industry. This raw material is transversally suitable for the
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whole industry, mainly for its ease of processing, low cost, and high durability [21].
It is also worth mentioning that, in many applications, life cycle analysis (LCA) is
favourable to plastics [13]. However, their main drawbacks in ecological terms are
known, from the time it takes them to decompose to the amount of resources they
consume during processing [16]. A new paradigm has emerged due to these issues,
which reflects the origin of the raw material as a way to achieve sustainable
development. Biocomposites consist of technological materials made from
renewable and nature-based raw materials. Natural fibres, available as agricultural
and forestry resources, have been integrating polymer matrices to obtain more
ecological composites than those reinforced with synthetic fibres, which are more
difficult to recycle. The adoption of natural fibres allows not only the recycling of
fibres, but also the natural degradation of fibres in the environment [13]. Also, the
choice of the composite matrix can be crucial to define recyclability and degra-
dation in the environment after a product’s useful life has been reached. Although
several biobased materials are already available, it is pertinent to look for more
alternatives that promote local development. In this sense, there are several
resources that are not being adequately valued by the industry. This research
intends to study the potential of the Portuguese pine resin and flax fibre as raw
materials in the development of new products that promote Eco-Conscious Design
and sustainable development.

Biocomposites Definition and Market

The main differentiating element between a conventional composite and a bio-
composite is based on issues of sustainability and origin, seeking to use natural
resources from renewable sources. Although the “bio” prefix of biocomposites
suggests that the material needs to be formulated with resources exclusively of
natural origin, this type of composite can also seek synthetic resources for its
formulation [16]. The biocomposite market is segmented by Natural Fibre
Composites (NFC) and Wood Polymer Composites (WPC) [16]. In Europe, bio-
composites currently account for about 10 to 15% of the whole composite market
(Bioplastics Magazine [4]. The global market exclusively for NFC was estimated at
around $3.36 billion in 2015 and it is projected to reach $6.5 billion by 2021 at a
rate of growth of 11.68% between 2016 and 2021 (Markets and Markets [15].

Natural Fibres Reinforcement

In a global market heavily dominated by the use of synthetic fibres, the search for
ecological and sustainable alternatives becomes increasingly relevant [16]. In this
frame, natural fibres begin to attract attention in the composite industry, due to
energy consumptions 5–10 times inferior to glass fibres during processing [13], and
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also their low cost and abundance [21]. Nowadays, the fibres with greater interest
for the industry of the composites are the vegetal fibres, originating from the plants.
Plants used as a source for obtaining fibre can be classified as primary or secondary.
Primary plants are those in which fibre production is the main product to be
obtained, while secondary plants are more suitable for fruit production and, in this
case, fibre is considered a by-product [10]. Natural fibres generally grow in vertical
bundles and can be obtained from many parts of a plant, namely: leaves (sisal,
banana and abaca), seeds/fruit (cotton, coconut), bast (hemp, jute and flax), and the
plant’s core and sap. In general, natural fibres have half the fiberglass density for
similar rigidity, causing them to have a higher specific stiffness [18, 14]. Table 1
compares the mechanical properties of the most commonly used natural fibres in the
biocomposites industry, showing ranges of data that may include fibre modification.

Flax Fibre

Flax (Linum usitatissimum L.) represents the oldest fibre in the world, and its
culture was originated in Egypt thousands of years ago [16]. This annual plant
grows vertically in humid lands and temperate climates, especially in Europe, being
able to reach 1.20 m in height. Normally, flax is easily recognized by the bluish or
satiny hue of the flower, although there are dozens of subspecies in which the
characteristics vary. The flax plantations are characterized by high turnover, being a
resource that is renewed very quickly. The flax harvesting can be performed
manually or mechanically. The plant is torn out by its roots to take advantage of the
maximum length of the stem. After the fibres extraction, they are subjected to many
transformation processes that allow the tissue to be obtained.

Data from Faostat [9], considering the period from 2007 to 2014, indicate that
the world production of flax exclusively for fibre is estimated at around
350,000 tons per year and is dominated by Europe and China. In France, for
example, the European Confederation of Flax and Hemp—CELC was established
to demonstrate that industry and agriculture can work in symbiosis. This

Table 1 Properties of the most used natural fibers in biocomposites

Flax Hemp Jute Cotton Coconut Sisal

Density (g/cm3) 1.5 1.47 1.3–1.49 1.5–1.6 1.15–1.46 1.45

Diameter (µm) 40–600 25–500 25–200 12–38 100–460 50–200

Tensile Strength (MPa) 345–1500 690 393–800 287–800 131–220 468–700

Young’s Modulus (GPa) 27.6 70 13–26.5 5.5–12.6 4–6 9.4–22

Elongation at break (%) 2.7–3.2 1.6 1.16–1.5 7–8 15–40 3–7

Adapted from Mohanty, Misra e Drzal [16]
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confederation intends to increase the interest of the industry, counting already with
10,000 companies, having into account the farmer’s rights. The applicability of flax
composites is very wide and can be used as structural material on automobile parts
such as doors and decorative elements, and everyday objects such as furniture.
More recent applications show that these types of composites have been imple-
mented in sports objects, mobility, music, and the potential integration of these
materials in the aerospace industry is being investigated [17].

Matrices for Biocomposite Formulation

Polymer matrices of natural fibre composites are mainly of two types: thermoplastic
and thermosetting, which can be obtained from synthetic, biobased, or mixed
resources [16]. Currently, most of the biocomposites available on the market still
rely on the use of synthetic matrices, due to the balance between high durability and
resistance, coupled with low processing costs [19]. Nonetheless, biobased matrices
are beginning to raise the attention of new markets to respond to the calls of a more
responsible and concerned society [22].

Biobased Matrices

Biobased matrices are those that can be formulated with content derived from
renewable natural resources. Biobased plastics are called biopolymers and may
come from a variety of resources, from starch to cellulose [19]. Biopolymers can
also be obtained from microorganisms or monomers derived from biomass, such as
the lactic acid-PLA [22]. PLA represents the most-known bioplastic, which has
been used as a filament material for 3D printers. This material emits about 50–70%
less carbon dioxide during processing compared to traditional polymers such as
polyethylene terephthalate-PET [7]. Also, biopolymers represent a possible solution
to problems related to the waste and disposal of plastics in the environment asso-
ciated with synthetic plastics. However, not all biopolymers are biodegradable [16].
Biobased thermosets, although they belong to the class of bioplastics, are com-
monly called bioresins, and can be obtained from the oil of plants such as soy, for
example. Many types of bioresins/biopolymers are being developed and currently
available on market, as shown in Table 2. Still in the field of biobased matrices,
there are other types of natural resins, less commercial and less used in composites,
in the form of natural gums. Natural gums are natural polymers of vegetable origin
characterized by low densities and reduced melt temperatures [5]. They can be
obtained by tapping plants, which are transformed to remove impurities. Some
natural gums include arabic gum, latex and rosin derived from pine resin [5].
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Pine Resin

The pines represent the tree from which the resin is obtained. This tree derives from
the genus Pinus, with several species, which vary depending on the climate and soil
characteristics of each country [6]. The traditional pine-tapping is the most common
process for obtaining rosin, in which the resin appears naturally in the pine tree to
protect and cover the wounds caused by the incisions, being collected and stored in
plastic bags or vases [1]. The production potential of rosin in Portugal is immense,
since the pine tree (Pinus pinaster) represented in 2010 about 22% of the forest area
in the national territory, corresponding to 714,000 ha [11]. In Portugal, warm
temperatures allow each pine to produce, on average, 3–4 kg of resin per year [3].
However, the annual production of resin in Portugal in 2005 was about 5000 tons,
and there is currently installed capacity to increase considerably this value to
20,000 tons [3]. The applications of the pine resin derivatives are very broad and
are mainly used by the processing industries as raw material present in industrial
products, pharmaceuticals, and adhesives [3]. Some constituents of rosin, such as
abietic acid, are being used to obtain new polymers based on renewable resources,
and investigations have been made to use rosin as an additive in polymeric mate-
rials such as styrene-butadiene-styrene-SBS rubber; acrylonitrile butadiene
styrene-ABS and ethylene vinyl acetate-EVA [8].

Rosin is not usually used as a matrix or binder in composites, given its brittle
behaviour and the poor thermal properties compared to other resins on the market.
However, experiments have been carried out with rosin and natural fibres, namely
sisal fibres, in which tubes with some hardness and strength were produced [2]. Still
in the resin field, studies were conducted to improve the flexibility of rosin [20]. In
that study, it was concluded that the EVA and SBS polymers can improve the
fragility problem and give more flexibility to the rosin [20].

Table 2 Biopolymers bioresins used in the manufacture of biocomposites

Resin Name Commercial name Producer Type of resin Resin base

Polylactic
acid

PLA Cargill Dow LLC Thermoplastic Lactic Acid

Ingeo NatureWorks LLC Corn

Bio-epoxy Vikoflex 7170 Atofina Chemicals
Inc.

Thermoset Soy-bean oil

Vikoflex 7190 Atofina Chemicals
Inc.

Linseed oil

Sorona EP DuPont Eng.
Polymers

Corn

Super SAP 100
epoxy

Entropy Resins Pine & Vegetable
oils

Bio-polyester Envirez 5000 Ashland Chemical
Co.

Thermoset Soy

Adapted from Pilla [18]
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Research

Due to the brittleness characteristic of this resin (rosin YT 321), experiments were
carried out with other materials, so that they can be used as additives to increase
rosin plasticity. Five different additives were considered: starch and cork powder as
wastes of natural origin; recycled rubber (particle size <0.8 mm) and wax as wastes
of synthetic origin; and EVA (ethylene vinyl acetate) in granules as a virgin
material of synthetic origin. The investigation began with the preparation of several
samples of rosin with each additive individually, varying the proportions between
10 and 50%. In all experiments, the rosin was deposited in a solid state in a pot and
placed to heat in an electric stove. The temperature was controlled through the
levels on the controls of the electric cooker and measured with a thermostat to
determine the corresponding temperature. After being sufficiently fluid, additives
were added and blended with the rosin, individually. All components were
pre-weighed on a precision balance (resolution 0,1 g). In terms of toughness, it was
possible to see that the combination of pine resin and cork powder produced a
brittle mixture, since more voids were created that contribute to the brittleness of the
samples. On the opposite side, the wax waste, when mixed with the pine resin,
promoted an increase of the ductility of the samples. However, the use of this
additive modifies the original visual appearance of the resin, making it greenish.
The processing of rubber granules led to the emission of fumes and odours, proving
to be a dangerous and flammable additive. The results with this material were not
very positive since the rubber waste granulate did not completely melt with the
resin and the original appearance of the rosin changes completely, making the
samples black and opaque. By adding the powdered starch, it was possible to verify
some difficulties in dissolution with the hot rosin, creating agglomerates of material
throughout the sample. Despite this, some of the materials were able to melt and be
mixed with the rosin. However, these materials did not produce relevant results in
terms of rosin flexibility. The virgin EVA presented itself as the most promising
additive, showing complete compatibility with the pine resin, giving more flexi-
bility, especially in the proportion of 30%, without significantly altering their
original aspect.

After improving the properties of the resin to be used as matrix, the biocom-
posites reinforced with flax were created. For the formulation of those biocom-
posites, bidirectional flax fabric was used as reinforcement, which was purchased
from Easy Composites Ltd—UK, a leading distributor of composite materials in
Europe. Several squares of flax fabric were cut with the measurements of the cavity
of the silicone mould: 100 mm � 100 mm. In each experiment four layers of
reinforcing tissue were considered. Then the matrix of the biocomposite was for-
mulated. After processing the blend, the resin was cast into the mould where four
layers of fabric fibres were already allocated. A silicone cap was placed on the
sample to ensure that the thickness was as constant as possible and to allow a
pressure of 3, 9 kPa, to compact the resin in the fibres, removing the excess from
the mixture. The sample cure occurred at room temperature for 30 min. It is
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important to note that other experiments were carried out in which the sliding of the
fibres was observed when a pressure of 14, 7 kPa was applied for compaction
(Fig. 1b). In addition to the excess of pressure, sliding of the fibres can be explained
by the high viscosity of this resin, derived from the amount of EVA additive.

Manufacture of Test Specimens

At this stage samples of both materials were obtained: non-fibre reinforced RE
matrix [Rosin + 30% EVA] and the 10% flax fibre reinforced matrix [RE10F]. The
RE10F test specimens, intended for bending tests, were extracted from the previ-
ously obtained composite plate. The process was started by cutting the edges of
each laminate to measure the average thickness of each material. In this case, the
length measurements are defined as a function of thickness, as indicated in ISO
14125, resulting in a ratio of twenty times the thickness of the composite [12]. Also
according to the Standard, considering the biocomposites formulated as class II
materials, all test pieces must have the same width, 15 mm [12]. Once the mea-
surements were defined, the lines of the test pieces were marked, leaving margins of
1.5 mm between each cut (thickness of the blade) in order not to compromise the
tolerance required by the Standard (Fig. 2a). The specimens were extracted by the
cuts made through a vertical water-cooled electric saw (Fig. 2b), in the INEGI
facilities composite laboratory. The extracted specimens were cleaned, the burrs
were removed and the edges of each specimen were polished manually with P320
sandpaper (Fig. 2c). The non-fibre reinforced (RE) specimens for the rosin material
and 30% EVA were obtained in individual moulds, since when cutting a plate of
this material, it proved to be too brittle and eventually broken making these
specimens unusable.

Fig. 1 a Correctly formulated composite b Sliding of the tissue in the matrix
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Three-Point Bending Tests

Three-point bending tests were performed on both materials: RE and RE10F,
according to ISO 14125. The materials were tested on a TIRAtest 2705—TIRA
GmbH machine equipped with a load cell of 500 N. The samples were conditioned
in a controlled environment at 23 °C and 50% relative humidity for 88 h until they
were ready for testing. Table 3 lists the specifications of each test for each range of
material. The tests were performed until the rupture of the specimen (Fig. 3c).

The results of the three-point bending tests are shown in Table 4. A 10% fibre
content of flax (RE10F) increases the strength and stiffness of the non-fibre rein-
forced RE matrix [Rosin + 30% EVA] by almost 200%. In the case of the RE10F
composite, it is found that the 10% fibre content leads to an increase in the
deformation at break of 53% with respect to the non-reinforced matrix (RE).

Design Proposals

After the investigation with the material, a set of pieces was designed to demon-
strate the applicability potential. The designed concept consists of semi-structural
composite pieces with cylindrical-conical geometry, attached to other comple-
mentary pieces produced in cork. The concept intends to demonstrate the appli-
cability of the material in different types of pieces of furniture and lighting (Fig. 4).

Fig. 2 a Marking of the measurements of the test sample b Cutting and extraction of test
specimens c Sanding test specimens

Table 3 Test specifications according to each range of test specimens (ISO 14125)

Samples Class Span distance
(mm)

Diameter of the
rollers (mm)

Loading speed (mm/min)

RE I 80 5 1

RE10F II 46 5 1
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Two types of bench were designed, which differ in the geometry of the base,
being able to be static or dynamic. The dynamic bench has this designation because
it offers more freedom of movements to the user. To facilitate the transportation of

Fig. 3 aMeasurement of the distance between supports b RE10F sample during the test c RE10F
sample after breaking

Table 4 Three point flexural
tests results

Samples E [GPa] r [MPa] Ɛ [%]

RE 0.4 ± 0.1 7.6 ± 0.8 3.9 ± 0.5

RE10F 1.1 ± 0.2 23.0 ± 1.4 5.9 ± 0.8

Fig. 4 Design proposal of the idealized concept
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the seat, two handles obtained by thinning the cork are allocated, allowing the user
to remove the cover of the seat from the bench. The hollow composite part allows
for some storage space for objects or even a spotlight on it, so that the bench can be
used as a lighting element. The cork cover emerges as the seat of the bench, giving
more comfort to the user, by being a soft material. The suspended lamp shown
follows the same process for the bench, in which the composite is glued to the cork
holder. For this product, it is only possible to use LED lamps which do not emit
heat to not compromise the maximum working temperature of the material of the
composite part.

Prototyping Process

For the creation of the prototype, a silicone mould was built. A small conical
ceramic cup was acquired to serve as mould for the cavity of the part. On a metal
base, a box with small MDF boards was constructed, considering the square
between each block. Thereafter, the silicone was prepared as a function of the
volume of the box, having been manually mixed in a plastic container with 10%
catalyst. The mixture was then placed in a vacuum chamber to remove air bubbles.
After this process, the silicone was poured into the mould until practically covering
the entire height of the ceramic vessel, to obtain the base of the mould. The mould
was cured at room temperature for 24 h. In Fig. 5c it is possible to see the final
composition of the mould.

For the composite part, the process started by preparing the rosin mixture with
30% EVA additive. In this case, a much higher amount was processed, about 150 g
because of the larger volume of this mould. At the same time, four layers of fibre
were placed in the cavity (Fig. 6a). The blend was poured into the mould (Fig. 6b),

Fig. 5 a Ceramic cup with injection wax to reduce 40 mm of the size of the cavity b Casting and
curing of the silicone mixture c Final composition of the mould
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with the lid helping the mixture to rise through the cavity and thus forming a
substantially linear wall with the fibres (Fig. 6c). The cap also aided in fibre
compaction. A pressure of 11, 8 kPa was applied through a block of stone placed
on the lid. After 45 min curing at room temperature, the piece was demoulded. This
process required caution so that the part would not be damaged on the surface.

For the complementary cork pieces, the process started by cutting small cork
blocks, considering the volume of each piece, to save the maximum material
(Fig. 7a). The blocks were later machined in the lathe, considering the diameters
indicated in the technical drawings, since the projected parts present revolution
geometry. Finishing operations were also carried out, including the manual sanding
of each piece (Fig. 7b).

Following, on Fig. 8, are photographs of the prototypes obtained by the pro-
cesses described above. The luminaire can be adapted to the ceiling, suspended, or
placed on a desk or table, using an anchor base. The displayed seat (prototype) also

Fig. 6 a Positioning of the fibres in the cavity b Casting the mixture c Placing the compaction lid

Fig. 7 a Cutting of cork blocks b Sanding of parts to improve finishing c Cork parts obtained
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allows the installation of a portable light, transforming this object into a lighting
element.

Conclusions

This research resulted in the development of sustainable products with the aim of
contributing to the rehabilitation and extraction of pine resin in Portuguese forests
and the relaunching of flax as an agricultural resource that is part of the historical
and economic past of Portugal. The individual contact with these two raw materials
allowed us to anticipate some drawbacks related to the strength of the materials, and
the present research sought to optimize this aspect. In particular, it has been realized
that the brittleness of the rosin can be reduced with the use of additives of natural
and synthetic origin. In this case, the addition of the EVA polymer, in the pro-
portion of 30%, allowed to confer some resistance and flexibility to the rosin.
Despite this, the addition of this polymer raises the viscosity of the resin, which can
promote slippage of the fibre fabric and thus hamper the processing method.
Through the flexural tests, it was possible to realize that a content of 10% of flax
fibre raises the strength and stiffness of the composite for about 200% when
compared to the non-reinforced matrix, opening the opportunity to use it in
applications where higher mechanical resistance is demanded.

Due to the results obtained, the developed biocomposite can be applied to some
pieces of furniture, as shown in the concept. However, there are restrictions on the
complexity of the parts, the size, and the environment of use. With regard to the
proposed products, it is necessary to study their industrial viability, and efforts must
be made to optimize design and production parameters. Further tests should be
performed in a collaboration of an industrial partner to analyse all manufacturing
stages.
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Fig. 8 Final prototypes obtained with the new biocomposite material
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Development and Characterization
of Microcrystalline Cellulose Based Novel
Multi-scale Biocomposites

Sohel Rana, Shama Parveen, Subramani Pichandi
and Raul Fangueiro

Abstract Recently, multi-scale composites have been developed by combining
reinforcements from different length scales, in order to overcome the drawbacks of
conventional composites as well to enhance their performances. Most of the
research works on multi-scale composites have been performed using carbon based
nanomaterials such as carbon nanotubes (CNTs) and nano fibres (CNFs). Looking
at the outstanding characteristics of carbon based multi-scale composites,
multi-scale composites based on plant based fibres and nano materials are also
gaining research attention. This paper provides a brief overview of recent research
studies on multi-scale composites, particularly focusing on plant based fibres and
nanomaterials.

Keywords Multi-scale composites � Plant fibres � Nanocellulose
Fibre-matrix interface � Mechanical performance

Introduction

Hybrid and Multi-scale Composites

Hybrid composites are developed by combining two or more different types of
reinforcing fibres. Hybridization is required to achieve some of the characteristics
which cannot be achieved using only one set of reinforcing fibres. For example,
composites based on carbon fibres and thermos-setting matrices provide very good
stiffness and strength, but they suffer from low breaking strain and inferior ductility.
In order to improve this behaviour, hybrid composites can be developed by mixing
carbon and glass fibres at certain ratios to achieve higher breaking strain and
ductility (this phenomenon is commonly known as “pseudo-ductility”) [1, 2]. Also,

S. Rana (&) � S. Parveen � S. Pichandi � R. Fangueiro
Centre for Textile Science and Technology (2C2T), University
of Minho, Campus de Azurem, 4800-058 Guimaraes, Portugal
e-mail: soheliitd2005@gmail.com

© Springer International Publishing AG 2018
R. Fangueiro and S. Rana (eds.), Advances in Natural Fibre Composites,
https://doi.org/10.1007/978-3-319-64641-1_15

159



hybrid composites developed using glass and carbon fibres or glass and carbon
powder show better strain and damage sensing ability than carbon fibre composites
by proving an alarm signal well before the composite breakage [1]. Figure 1 shows
the schematic representation of carbon-glass hybrid composites with better
self-sensing performance.

Multi-scale composites are a special class of hybrid composites where materials
from different length scale such as macro, micro and nano materials are combined
together. More frequently, multi-scale composites are developed by introducing
nano reinforcement within the matrix or fibre surface of conventional composites
[3–10]. The concept of multi-scale composites and its difference from conventional
composite materials have been illustrated in Fig. 2.

As clear from Fig. 2, it can be understood that these composites can be devel-
oped by either introducing the nanomaterials on the fibre surface or dispersing them
within the matrix of composites. In case of CNT based multi-scale composites,
different approaches which have been tried to introduce CNTs on fibre surface are:
(1) growing CNTs on fibre surface in CVD reactor, (2) spraying, (3) chemical
grafting, (4) electro-phorectic deposition, (5) coating, and so on. Figure 3 shows the
schematic representation of these various processes.

These different processes have their merits and demerits. For example, the
process of CNT growth in chemical vapor deposition (CVD) reactor is

Fig. 1 Schematic diagram of a carbon fibre–glass fibre hybrid composites and b cross/sectional
view of a sample observed by SEM [1]
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advantageous to control the alignment of grown CNTs. It is very interesting to note
that CNTs can be grown vertically on the fibre surface, as shown in Fig. 3a. So,
CNTs can be grown vertically on the fibre plies in laminated composites so that the

Fig. 2 Concept of multi-scale composites [10]

Fig. 3 Techniques of incorporating nanomaterials on fibre system: a nanomaterial growth,
b transfer printing, c electrophoretic deposition d spraying process [10]
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fibre layers will be stitched or interlocked by vertically grown CNTs. Laminated
composites developed using this approach showed very good delamination resis-
tance and inter-laminar fracture toughness [10]. In addition, CNTs grown on single
fibres can lead to improved intra-laminar fracture toughness (within a single lamina
of laminated composites). However, this process can only be used for high tem-
perature resistant fibres due to very high processing temperature of CVD reactor
and therefore, not suitable for plant based fibres. A variation of the growing pro-
cess, “known as transfer printing process”, is more suitable for plant based fibres, as
it uses a temperature resistance substrate to grow the nanotubes and subsequently,
transfer the nanotubes to the reinforcing fibres (Fig. 3b). Spraying CNTs on fibre
surface using a spray gun or coating CNT suspension on fibre surface (Fig. 3d) are
other simple techniques, but cannot guarantee uniform CNT distribution on the
fibre surface due to chances of CNT agglomeration. Electrophoretic deposition of
CNTs on carbon fibre surface has been performed using carbon fibre as the cathode
of the electrophoresis chamber containing solution of negatively charged func-
tionalized CNTs, which are attracted to the oppositely charged electrode, i.e.,
carbon fibres. It is clear that this process can be used for only functionalized
nanotubes. Dispersion of nanomaterials within the matrix of composite materials is
another frequently used method of fabricating multi-scale composites [3–9].
Different techniques which have been used for dispersing nanomaterials within
composite’s matrix are ultrasonication, high speed mechanical stirring and shear
mixing, calendaring, ball milling, using surfactants and polymers, and so on [3–9].
These different techniques have been extensively studied and multi-scale com-
posites have been successfully developed. Figure 4 shows the CNT dispersion
within the matrix of multi-scale composites using ball milling process.

Properties of Carbon Based Multi-scale Composites

The properties of multi-scale composites fabricated using the above two approaches
are usually different. When the nanomaterials are dispersed all over the matrix of
composites, the matrix dominated properties of composites, mainly the fracture

Fig. 4 Dispersion of CNT using ball milling technique for fabrication of multi-scale composites
[10]
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toughness, bulk electrical and thermal conductivity improved to a greater extent as
compared to the composites, in which nanomaterials are dispersed only on the
fibres. However, it has been noticed that some nanomaterials get usually detached
from the fibre surface and enter into the inter-fibre matrix regions, influencing the
matrix dominated properties of composites. In general, multi-scale composites
results in better in-plane mechanical properties, fracture toughness, delamination
and impact resistance, electrical and thermal conductivity, thermal stability, etc. as
compared to the conventional composites. The improvement of mechanical prop-
erties in different CNT based multi-scale composites is listed in Table 1. In addi-
tion, multi-scale composites can also be designed to exhibit some special
characteristics such as sensing capability of strain and damage, EMI shielding, gas
barrier properties and so on.

Plant Fibre Based Multi-scale Composites

Plant fibres and composites reinforced with plant fibres are being used by different
industrial sectors, including mainly automobiles and construction. The driving
forces towards the growing use of plant fibre based products are increasing envi-
ronmental concerns as well as low cost, light weight and lower health hazards while
using plant fibre based materials [11]. However, lower mechanical properties,
inferior fire, temperature and chemical resistance, higher moisture absorption and
degradation of plant fibres make them unsuitable for various structural applications
demanding high strength and stability. An extensive research is going on currently
on plant fibre based composites to overcome the existing problems. Most of the
research and investigations have recommended to modify the surface of natural
fibres using various chemical and physical treatments. The chemical treatments,
including treatments with alkali, peroxide, silane, ozone, etc., usually modify the
surface chemistry of the fibre, reducing hydrophilicity and improving compatibility
with different matrices [12]. However, chemical treatments are not environment
friendly and also, some treatments may reduce the mechanical properties of fibres.
Physical treatments, on the other hand, such as plasma and corona discharge
techniques, are clean and dry and modify the surface at nano level without changing
the bulk properties [12]. Some plant fibres have been already treated with atmo-
spheric plasma with significant enhancements in tenacity, surface properties and
interface with polymeric matrices (Fig. 5).

Novel Approaches for Plant Fibre Surface Modification

Recently, plant fibre surface has been modified with nanomaterials to improve their
surface characteristics and interface with polymers as well as to introduce sensing
characteristics. In a recent study, multi-walled CNTs were deposited on the surface
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Table 1 Mechanical properties of CNT based multi-scale composites developed using different
types of CNT and techniques [10]

Type of CNT and
concentration

Fibre/matrix and composite
fabrication method

Property improvement

Amino functionalized
DWCNT, 0.1 and 0.3 wt%,
dispersed in resin

Glass fabric/epoxy, Resin
transfer molding

Improvement of 20% in
interlaminar shear strength

MWCNT, thin-MWCNT,
amine functionalized double
walled CNT 0.5 wt%,
dispersed in resin

Carbon fibre/epoxy,
Preparation of prepreg in
drum winder and laminates
in vacuum bag

Fracture toughness improved
by 80% for MWCNTs and
modifying epoxy by
compatibilizer

MWCNT functionalized and
non-functionalized 1 wt%,
dispersed in resin

Glass fibre/epoxy, vacuum
assisted resin transfer
molding

Improvement of 14% in
tensile strength, 20% in
Young’s modulus, 5% in shear
strength

Silane functionalized
MWCNTs, 1 wt%, Dispersed
in resin

Basalt/epoxy, VARTM Flexural modulus and strength
increased by approximately
54% and 34%, respectively

Silane and acid functionalized
MWCNTs, 1 wt%

Basalt/epoxy, autoclave
processing

Flexural modulus, strength
and fracture toughness of
silane-treated CNT based
composites were 10, 14 and
40% greater than those of
acid-treated CNT based
composites

DWCNT-NH2, 0.025-0.1 wt
%, dispersed in resin

Carbon fibre/epoxy,
Vacuum Infusion Technique

Enhancement in flexural
modulus by up to 35%, 5%
improvement in flexural
strength, 6% improvement in
absorbed impact energy, and
23% decrease in the mode I
interlaminar toughness

Amine functionalized
MWCNTs, 1 wt%, dispersed
in resin

Carbon fibre/epoxy, Hand
Layup-Vacuum bag
processing

Increase in Young’s modulus,
inter-laminar shear strength,
and flexural modulus by
51.46%, 39.62%, and 38.04%,
respectively

SWNT, 0.1 wt%, dispersed in
matrix

Carbon fabric/epoxy, Hand
layup- compression
moulding

Improvements of 95% in
Young’s modulus, 31% in
tensile strength, 76% in
compressive modulus and
41% in compressive strength

SWNT, 0.1 wt%, sprayed on
to fibres in midplane ply

Glass/vinyl ester, VARTM Up to 45% increase in shear
strength over control samples

Vertically aligned CNT on
prepreg surface for ply
stitching, 1 vol.%, transfer
printing method

Carbon fibre/epoxy,
Autoclave processing

Increase in fracture toughness
by 1.5–2.5 times in Mode I,
and 3 times in Mode II

(continued)

164 S. Rana et al.



of jute fabrics using a scalable dip coating process and subsequently, multi-scale
composites were fabricated by impregnating the CNT deposited jute fabrics with
epoxy resin [13]. The schematic of this process is shown in Fig. 6.

It can be seen that MWCNT networks were formed on the fibre surface and some
CNTs were also present with the matrix near to the fibre surface. The developed
multi-scale composites showed improvement in dielectric properties as compared to
neat jute/epoxy composites and also sensitivity to temperature, moisture and
stress/strain.

Table 1 (continued)

Type of CNT and
concentration

Fibre/matrix and composite
fabrication method

Property improvement

MWCNT, 1–2 vol.% in
composite, grown on surface
of the fibres

Alumina fibre/epoxy,
Vacuum bag processing

Improvement of steady-state
toughness by 76%, in-plane
tension-bearing stiffness by
19%, critical strength by 9%,
and ultimate strength by 5%

CNT, 1–3 vol.% in composite,
grown on fibre surface

Alumina fibre/epoxy,
Vacuum bag processing

Enhancement of 69% in
interlaminar shear Strength

MWCNTs, 0.25 wt% on fibre
surface, electrophoretic
deposition

Carbon fibre/epoxy,
VARTM technique

Enhancement of the
interlaminar shear strength by
27%

Fig. 5 a Schematic diagram of atmospheric plasma treatment machine, b tensile force-elongation
curves of untreated and plasma treated Quiscal fibre and c effect of plasma treatment on impurities
and moisture content of Quiscal fibres [12]
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Although CNTs are being widely used for industrial applications, the cost and
toxicity of CNTs are restricting their use in specific applications. Recently, there is a
growing interest on nanomaterials based on plant fibres such as nano cellulose.
Different forms of nano and micro cellulosic materials have been extracted from
plants (Fig. 7) such as bacterial cellulose (BC), nano fibrillated cellulose (NFC),
nano crystalline cellulose (NCC), micro-fibrillated cellulose (MFC) and micro
crystalline cellulose (MCC) [14–16]. These cellulosic materials have interesting
mechanical and optical properties and are already finding widespread applications
in different industrial sectors such as packaging, biomedical, textiles, automobiles,
construction, composite reinforcements, etc. The mechanical properties of
nanocellulose have been listed in Table 2 and their different application areas are
provided in Table 3.

Cellulose nano and micro materials have been studied to a considerable extent as
reinforcement of composite materials. Similar to CNT, these nano/micro

Fig. 6 a Optical photographs of as-obtained, once and twice MWCNT dispersion treated jute
fabrics, b FE-SEM image of MWCNT-jute fibre, c schematic presentation of single MWCNT-jute
fibre, d From left to right are the SEM, EFM phase and TEM images of the cross-section of the
MWCNT-jute fibre/epoxy composite, VAP: vacuum-assisted processing [13]
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reinforcement have been either introduced within the fibre surface, as mentioned
before, or dispersed within the matrix. Growing BC on plant fibre surface has been
reported and multi-scale composites have been fabricated using the BC grown
natural fibres. In a recent study, BC was grown on sisal fibres by adding them in the
fermentation medium of Acetobacter xylinum. Sisal fibres were seen to be covered
by BC after 4–7 days of incubation at 30 °C [17, 18]. The schematic diagram of the
fermenter vessel and BC grown on sisal fibres can be seen from Fig. 8.

The growth of BC on to plant fibres such as sisal and hemp resulted in significant
improvement in the interface with polymeric matrices such as poly(L-lactic acid)
(PLA) and cellulose acetate butyrate (CAB). Interfacial shear strength (IFSS), as
determined from the single fibre pull-out tests, was considerably improved after the
growth of BC, as can be noticed from Fig. 9.

The improved interface with polymeric matrices, in turn, resulted in significant
increase in the mechanical properties of composite materials. Improvements of

Fig. 7 Schematic representation of defibrillation of plant cellulose into cellulose nano materials
[14–16]

Table 2 Comparison of mechanical properties of nanocellulose with other nanomaterials [14–16]

Material Density
(g/cm3)

CTE
(10−6/K)
Axial

Tensile Strength
(GPa) Axial

Elastic Modulus
(GPa)

Axial Transverse

Crystalline cellulose 1.6 0.1 7.5 120–220 11–57

Kevlar-49 Fiber 1.4 2 3.5 124–130 2.5

Clay nanoplatelets – – – 170 –

Carbon nanotubes – – 11–63 270–950 0.8–30

Boron nanowhiskers – 6 2–8 250-360 –
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strength and stiffness of PLA matrix based composites in the range of 40–70% were
achieved, as can be noticed from the results presented in Table 4.

Besides growth of nano cellulose on plant fibres, nano cellulose was also coated
by researchers to fabricate multi-scale composites. Nano cellulose was prepared
from waste jute fibres by chemical treatments and subsequently, nano cellulose
suspensions were coated to jute fibres and dried [19]. The nano cellulose coated jute
fibres were then used to fabricate jute/epoxy multi-scale composites. It was

Table 3 Application areas of nanocellulose [14–16]

High volume applications Low volume applications Novel and emerging applications

Cement Wallboard facing Sensors—medical, environmental,
industrial

Automotive body Insulation Reinforcement fiber-construction

Automotive interior Aerospace structure Water filtration

Packaging coatings Aerospace interiors Air filtration

Paper coatings Aerogels for the oil and gas
industry

Viscosity modifiers

Paper filler Paint-architectural Purification

Packaging filler Paint-special purpose Cosmetics

Replacement-plastic
packaging

Paint-OEM applications Excipients

Plastic film replacement Organic LED

Hygiene and absorbent
products

Flexible electronics

Textiles for clothing Photovoltaics

Recyclable electronics

3D printing

Photonic films

Fig. 8 Schematic drawing of the fermentor vessel used (left) and photographs of sisal fibers
before and after 2 days of bacterial culture (right) [17, 18]
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observed that through nanocellulose coating tensile modulus, flexural strength,
flexural modulus, fracture toughness and storage modulus increased by 21, 47, 48,
32 and 56%, respectively. The improvement of mechanical properties was attrib-
uted to the improved interfacial interactions between fibre and matrix due to
nanocellulose present on fibre surface. The fracture toughness improvement
resulted from the increased fibre pull-out during fracture of the nanocellulose coated
composites [19].

Generating cellulose nano fibrils on the fibre surface through mechanical fib-
rillation is another approach to improve the interface of natural fibres with poly-
meric matrices. Interfacial shear strength of surface fibrillated regenerated cellulosic
fibres with low density polyethylene (LDPE) matrix was improved significantly
using this approach [20].

Improvement of interface of plant fibres with cementitious matrix through sur-
face modification using BC has also been achieved [21]. BC powder has been
coated on to bagasse fibres (Fig. 10) and subsequently, multi-scale cementitious
composites have been fabricated.

It was observed that coating with BC resulted in more hydration products on the
fibre surface as compared to the uncoated fibres. Moreover, BC coating protected
the fibres and led to less penetration of alkaline ions into the lumens of fibres. This

Fig. 9 Single fiber pullout results for hemp and sisal fibers in CAB matrix; (square) natural sisal
fiber (Sisal-N); (circle) sisal fiber modified with bacterial cellulose (Sisal-NBC); (diamond) natural
hemp fiber (Hemp-N); (triangle) hemp fiber modified with bacterial cellulose (Hemp-NBC) [17]

Table 4 Tensile properties of untreated and BC-treated sisal/PLLA composites [18]

Sisal Fibre Properties at 0° fibre orientation Properties at 90° fibre orientation

Modulus (GPa) Strength (MPa) Modulus (GPa) Strength (MPa)

Untreated 7.91 ± 0.77 78.9 ± 8.5 2.09 ± 0.05 10.0 ± 1.3

BC-treated 11.21 ± 0.69 113.8 ± 8.1 3.12 ± 0.10 16.8 ± 2.4
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resulted in reduced fibre mineralization in case of BC coated fibres. Additionally,
presence of BC on fibre surface increased the surface OH groups and improved the
interaction with cement matrix. These positive effects were responsible for signif-
icant enhancement in flexural modulus, strength and fracture toughness of BC
coated fibre composites as compared to the controlled samples, as shown in Fig. 11.

Very recently, nano cellulose based multi-scale composites have been developed
by the second approach, i.e., introducing nano cellulose within the matrix. In this
research, a combination of micro and nano cellulose fibres was introduced within
cementitious composites and it was observed that the addition of multi-scale
reinforcements (3%) resulted in 50% improvement of fracture energy of unrein-
forced cementitious composites [22].

Multi-scale biocomposites has also been developed by dispersing MFC within
the matrix of bamboo fibre/PLA composites [23]. A calendaring process using
three-roll-mill was used to homogeneously disperse MFC within PLA matrix. It
was observed that MFC addition did not have a significant influence on strength and
stiffness, but the fracture energy of bamboo/PLA composites enhanced to consid-
erable extent by developing multi-scale composites. As shown in Fig. 12, the strain
energy until fracture improved by 200% by dispersing 1 wt% MFC using 5 µm gap
in the three-roll mill. The well dispersed MFC network around the bamboo fibres
could prevent the sudden crack path through the reinforcing bamboo fibres leading
to strong increase in the fracture energy.

Fig. 10 FE-SEM micrographs of a bagasse fibers b BC and c BC-coated bagasse fibers
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Fig. 11 Influence of BC on the mechanical properties of bagasse composites: a Modulus of
elasticity (MOE) and modulus of rupture (MOR), b Interfacial bonding (IB) strength and
c Fracture toughness (FT) [21]

Fig. 12 Influence of nano
cellulose conc. and processing
conditions on strain energy of
bamboo/PLA composites
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Conclusions

Multi-scale composites have great potential for advanced industrial applications as
they can exhibit multi-functional properties, which can be tailored according to the
applications. Although CNTs have been widely studied for developing multi-scale
composites, practical application of CNT based multi-scale composites is very rare
till date. High cost, processing problems and toxicity are the factors which are
limiting their use in specific purposes. On the other hand, multi-scale composites
based on bio-based materials such as micro and nano cellulose have been studied to
a lesser extent. However, the initial results obtained with these composites are
highly promising and also, advantageous looking at the sustainability and envi-
ronmental issues. In order to produce these composites at industrial scale, further
research and developments are required to overcome the practical problems such as
processing problems, low production, necessity of special equipments, etc.
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Investigation of Mechanical
and Thermomechanical Properties
of Nanocellulose Coated Jute/Green Epoxy
Composites

Abdul Jabbar, Jiří Militký, Azam Ali and Muhammad Usman Javed

Abstract The present study was aimed to investigate the effect of nanocellulose
coating on the mechanical and thermomechanical properties of jute/green epoxy
composites. Cellulose was purified from waste jute fibers, converted to nanocel-
lulose by acid hydrolysis and subsequently 3, 5 and 10 wt% of nanocellulose
suspensions were coated over woven jute reinforcement. The composites were
prepared by hand layup and compression molding technique. The surface topolo-
gies of treated jute fibers, jute cellulose nanofibrils (CNF), nanocellulose coated jute
fabrics and fractured surfaces of composites were characterized by scanning elec-
tron microscopy (SEM). The prepared composites were evaluated for tensile,
flexural, fatigue, fracture toughness and dynamic mechanical properties. The results
revealed the improvement in tensile modulus, flexural strength, flexural modulus,
fatigue life and fracture toughness of composites with the increase in concentration
of nanocellulose coating over jute reinforcement except the decrease in tensile
strength. Dynamic mechanical analysis (DMA) results also showed the increase in
storage modulus and reduction in tangent delta peak height of nanocellulose coated
jute composites.
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Introduction

Natural fiber reinforced polymer composites (NFPC) have gained considerable
attention in the recent years due to their environment and economic benefits and
low energy consumption [13, 21]. Natural fibers offer many advantages over their
synthetic counterparts (e.g. glass and carbon) such as cost effectiveness, easy to
process, renewable, recyclable, available in huge quantities, low fossil-fuel energy
requirements and the most importantly their high specific strength to weight ratio
[13, 18]. Thus natural fibers are considered promising candidates for replacing
conventional synthetic reinforcing fibers in composites for semi-structural and
structural applications [10].

Cellulose is an abundant, renewable and biodegradable naturally occurring
material on earth that can be obtained from numerous resources [5]. It is an infinite
source of raw material for environment friendly and biocompatible products.
Lignocellulosic fibers such as jute, hemp and flax etc. are rich in cellulose, abun-
dantly available and easy to handle and process. Cellulose micro/nano fillers in
polymers have already attracted considerable interest by improving the strength and
stiffness of resulting composites [5, 7, 19]. Various types of cellulosic resources are
used as precursors to extract and purify cellulose fibrils from lignocellulosic fibers.
In the previous literature, cellulose micro/nano fibrils obtained from different pre-
cursors such as hemp fibers [9], pineapple [8], isora fibers [5] and jute fibers [11]
are used as reinforcing filler in polymer matrices and resulted in the improvement of
composite properties. However, in the present study, waste jute fibers are used as
precursor to extract and purify nanocellulose which is subsequently coated over the
woven jute fabric instead of using it as filler in matrix. Afterwards, the nanocel-
lulose coated jute fabric is used as reinforcement in green epoxy polymer to form a
composite material. Therefore, the objective of the present study is to characterize
the mechanical and dynamic mechanical properties of composites reinforced with
nanocellulose coated jute fabric. To the author’s best knowledge, there is no study
available in open literature yet that fulfills the above mentioned objective using
nanocellulose coated jute fabric as reinforcement and green epoxy resin as matrix
system.

Materials and Methods

Material

Woven jute fabric produced from tossa jute (C. olitorius) fibers having an areal
density of 600 g m−2 with 5-end satin weave design was produced on a shuttle
loom with 386 tex yarn. Warp and weft densities of the fabric were 6.3 threads per
cm and 7.9 threads per cm respectively. Waste jute fibers, sourced from a jute mill,
were used as precursor for purification and extraction of nanocellulose. Green
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epoxy resin CHS-Epoxy G520 and hardener TELALIT 0600 were supplied by
Spolchemie, Czech Republic. The main characteristics of the resin system are
reported in Table 1 as specified by the manufacturer. Sulphuric acid (H2SO4) and
sodium hydroxide (NaOH) were supplied by Lach-Ner, Czech Republic. Sodium
sulfate (Na2SO4) and sodium hypochlorite (NaOCl) were supplied by
Sigma-Aldrich, Czech Republic.

Purification and Extraction of Nanocellulose from Waste Jute
Fibers

The main steps followed to purify and extract nanocellulose from waste jute fibers
are depicted in Fig. 1. Waste jute fibers were chopped to approximate length of 5–
10 mm and immersed in 2% sodium hydroxide (NaOH) solution for 2 h at 80 °C
temperature maintaining a liquor ratio of 50:1. The process was repeated three
times. The fibers were then washed with tap water several times The jute fibers were
then bleached with 7.0 g/l sodium hypochlorite (NaOCl) solution at room tem-
perature for 2 h under pH 10–11 and subsequently antichlored with 0.1% sodium
sulphate (Na2SO4) at 50 °C for 20 min. Finally, the fibers were washed with tap
water several times until the final pH was maintained at 7.0 and then allowed to dry
at room temperature for 48 h and at 100 °C in an oven for 2 h. Alkali and bleaching
treatments were used to purify cellulose and to remove maximum amount of
hemicellulose and lignin from the fibers. The bleached jute fibers were milled using
a high-energy planetary ball mill of Fritsch pulverisette 7. The sintered corundum
container of 80 ml capacity and zirconium balls of 10 mm diameter were chosen
for 20 min of milling. The ball to material ratio (BMR) was kept at 10:1 and the
speed was kept at 850 rpm. Acid hydrolysis of milled jute fibers was conducted for
1 h at 45 °C under mechanical stirring using 65% (w/w) H2SO4. The fiber content
during acid hydrolysis was 5% (w/w). The whole process flow chart is shown in
Fig. 1. After hydrolysis, the suspension was diluted with cold water (4 °C) to stop

Table 1 Resin system characteristics

Characteristics Resin + Hardener
(CHS-Epoxy G520 + TELALIT 0600)

Viscosity (Pa s, 25 °C) 3.8

Mixing ratio (pbw) 100:32

Minimal curing temperature (°C) 20

Minimal potlife (23 °C, hours) 6

Tg (°C) 200

Flexural strength (MPa) 115

Tensile strength (MPa) 65

Elongation (%) 4

Impact strength (kJ/m2) 20
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the reaction, neutralized with NaOH solution and discolored by NaOCl solution.
The supernatant was removed from the sediment and replaced by new distilled
water several times. Finally, 3, 5 and 10% (w/w) nanocellulose suspensions were
prepared by increasing cellulose concentration and decreasing water concentration
through vacuum filtration using Buchner funnel.

Coating of Jute Fabric with Nanocellulose

The prepared nanocellulose suspensions (3, 5, and 10 wt%) were ultrasonicated for
5 min with Bandelin ultrasonic probe and then applied on the surface of jute fabric
by roller padding at room temperature. Finally, the coated fabrics were dried at 70 °
C for 60 min.

Preparation of Composites

The composites were prepared by hand layup method. The resin and hardener were
mixed in a ratio of 100:32 (by weight) according to manufacturer recommendations,
before hand-layup. The prepared resin mixture was poured on fabric layers and
spread out by a hand roller. The gentle rolling action of hand roller confirmed the
wetting of jute fabrics and the excess resin was squeezed out of the panel layup by
the roller. The composite layup along with Teflon sheets were sandwiched between

Fig. 1 The process flow chart for the purification and extraction of nanocellulose
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a pair of steel plates and cured at 120 °C for 1.0 h in mechanical convection oven
with predetermined weight on it to maintain uniform pressure of about 50 kPa. The
fiber volume fraction (Vf) of all composites was in the range of 0.25–0.27. The
prepared composite samples were designated as CF0 (uncoated), CF3 (3 wt%
nanocellulose coated), CF5 (5 wt% nanocellulose coated) and CF10 (10 wt%
nanocellulose coated).

Characterization and Testing

Scanning Electron Microscopy (SEM)

The topologies of alkali treated and bleached jute fibers, cellulose nanofibrils and
nanocellulose coated jute fabrics were observed with Vega-Tescan TS5130
Scanning Electron Microscope at 30 kV accelerating voltage. The surface of fibers
was gold coated prior to SEM inspection. Additionally, in order to measure the size
distribution using SEM image, the topology of cellulose nanofibrils was also
observed on Zeiss Ultra Plus field emission scanning electron microscope
(FE-SEM) at low accelerating voltage (1.0 kV) and low probe current (�10 pA) to
eliminate charging effect and sample damage due to interaction with primary
electrons. The software used for image analysis was NIS Elements BR 3.22.

Mechanical Characterization of Composites

Tensile properties of composites were characterized on an MTS series 370
servo-hydraulic load frame equipped with 647 hydraulic wedge grip of 100 kN load
capacity at a cross head speed of 2 mm/min and gauge length of 100 mm in
accordance with ASTM D3039-00 using rectangular specimens of dimension
200 � 20 � h mm3, where “h” is the actual thickness of specimen in the range of
4.0–4.5 mm. Flexural test was performed in three point bending mode on a uni-
versal mechanical testing machine, Shimadzu AGS-J with 5 kN load cell, following
ASTM D790 standard. The specimens of dimension 160 � 12.7 � h mm3 were
used maintaining a span to thickness ratio of 32:1 according to standard
recommendations.

The tension-tension fatigue performance of composites was experimentally
evaluated at two different stress levels (80 and 70% of the ultimate tensile stress ru)
assuming the same geometry of specimens as the one adopted in quasi-static tensile
tests. Tests were performed at gage length of 100 mm under constant stress
amplitude, stress ratio (R) of 0.1 (ratio of maximum to minimum stress during a
loading cycle) and frequency of 5 Hz. Three specimens were tested for each stress
level up to final failure of specimens. Tests were realized on the same MTS series
370 servo-hydraulic loading machine equipped with 647 hydraulic wedge grip of
100 kN load capacity.
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Fracture toughness, KIc, of composites was determined by three point bending
method using the single edge notch bend (SENB) specimens in accordance with the
standard test method ASTM D5045-99. A sharp crack of length “a” between 0.45
W and 0.55 W was introduced by using a notch maker CEAST NOTCHVIS and a
fresh razor blade at the notch tip (‘W’ is the width of specimen). The specifications
of fixture and specimens are shown in Fig. 2.

The tests were performed using universal mechanical testing machine, Shimadzu
AGS-J with 5 kN load cell, at a cross head speed of 10 mm/min. Five specimens
were tested for each condition to get an average value. Statistical analysis of tensile,
flexural and fracture toughness properties was done by one-way analysis of vari-
ance (ANOVA) and probability value p � 0.05 was considered as an indicative of
statistical significance compared to the control sample (CF0 composite).

Dynamic Mechanical Characterization of Composites

The dynamic mechanical properties of composites were measured in 3-point
bending mode using Q800 Dynamic Mechanical Analysis (DMA) instrument of TA
instruments (New Castle DL, USA). The testing conditions were controlled in the
temperature range of 30–180 °C, with a heating rate of 3 °C/min, fixed frequency
of 1 Hz, preload of 0.1 N, amplitude of 20 µm, and force track of 125%. The
samples having a thickness of 4–4.5 mm, width of 12 mm and span length of
50 mm were used for DMA. Two replicate samples were tested for each condition
and average values were reported.

Fig. 2 SENB (single edge notch bending) specimen and fixture dimensions for fracture toughness
test (dimensions in mm)
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Results and Discussion

SEM Study of Chemically Treated Jute Fibers and Jute
Cellulose Nanofibrils

Surface topologies of jute fibers after alkali treatment, bleaching and milling are
presented in Fig. 3. Figure 3a shows the jute fibers bound together in the form of
fiber bundles by cementing materials e.g. hemicellulose and lignin but after repe-
ated alkali treatment, splitting of fibers is observed due to destruction of mesh
structure with a little rough and clean surface, may be due to majority of the
removal of non-cellulosic materials [24, 28] as shown in Fig. 3b.

Fig. 3 SEM images of jute fibers a untreated, b alkali treated, c bleached and d pulverized
(milled)
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The alkali treated fibers are further separated to individual fibers with more clean
surface and fibrillation on the surface, may be due to more delignification after
bleaching treatment [2], as shown in Fig. 3c. Figure 3d displays the milled jute
fibers with size distribution of fibers in the micron range.

A high resolution FE-SEM image at nanoscale level is precisely analyzed to
measure the size (width) of jute cellulose nanofibrils (CNF), after acid hydrolysis,
as shown in Fig. 4a. The histogram of size distribution of 50 measurements is

Fig. 4 a FE-SEM image of jute cellulose nanofibrils. b Histogram of width distribution of
cellulose nanofibrils
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shown in Fig. 4b. The calculated average diameter (width) of CNF was found to be
57.40 ± 20.61 nm.

Surface Topology of Nanocellulose Coated Fabrics

The topological changes that occur on the surface of jute fabric after nanocellulose
coating are shown in Fig. 5. It is apparent that there is depositing of nanocellulose
on the fabric surface forming a layer. The layer thickness increases gradually with
the increase in nanocellulose concentration as clear in Fig. 5b–d and the fabric
surface coated with 10 wt% nanocellulose suspension is covered almost completely
with cellulose as shown in Fig. 5d.

Fig. 5 Surface topology of jute fabric coated with; a 0 wt%, b 3 wt%, c 5 wt%, d 10 wt% of
nanocellulose suspensions
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Tensile Properties

Figure 6a shows the typical stress-strain curves of uncoated and coated jute com-
posites with different nanocellulose content. The stress-strain curve for uncoated
(CF0) composite shows almost linear behavior until failure whereas the curves for
composites coated with different nanocellulose content show linear behavior fol-
lowed by change in slope showing nonlinear behavior, thus presenting plastic
deformation and gradual debonding of fibers from the matrix just before failure. The
tensile failure behavior also reveals more brittle nature of CF0 composite as
compared to nanocellulose coated composites (Fig. 6a).

Figure 6b presents the average values and standard deviation of ultimate tensile
strength and tensile modulus of composites. The tensile properties indicate the
decrease in strength and increase in modulus (stiffness) of composites with the
increase in nanocellulose concentration. For CF10 composite, the tensile modulus
increases from 4.6 to 5.58 GPa showing 21% increase, thus presenting better
fiber/matrix interfacial interaction and bonding which would be effective at the
early stages of loading.

However, the decrease in tensile strength of composites with the increase in
nanocellulose concentration may be explained by the differences in failure strains of
nanocellulose coated jute fabric reinforcement and the matrix. In other words, the
reinforcement does not come into effect when the failure strain of matrix is much
greater than that of reinforcement. So the composite shows a failure before the
stress is transferred from matrix to reinforcement [7]. The ANOVA for the tensile
strength (p = 0.000) and tensile modulus (p = 0.008) showed the statistically sig-
nificant difference between the means at the 95.0% confidence level.

Fig. 6 a Tensile stress-strain curves and b tensile strength and modulus of uncoated and
nanocellulose coated jute composites
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Flexural Properties

The flexural strength and modulus increase with the increase in nanocellulose
concentration in composites. The flexural strength increases from 32.94 MPa for
CF0 composite to 32.94, 43.53 and 48.66 MPa for CF3, CF5 and CF10 composites,
respectively thus allowing 26, 32 and 47% increase on average as shown in Fig. 7.
Similarly, flexural modulus increases from 3.83 GPa for CF0 composite to 4.81,
4.73 and 5.67 GPa for CF3, CF5 and CF10 composites, respectively thus permitting
25, 23.5 and 48 increase on average. These findings may suggest the strong
interaction between matrix and reinforcement after nanocellulose coating which
increases with the increase in nanocellulose content. The other possibility of the
enhancement of flexural properties may be the increase in bending stiffness/rigidity
of jute reinforcement after coating with nanocellulose which also increases with the
increase nanocellulose concentration [15, 16]. The ANOVA for the flexural
strength (p = 0.000) and flexural modulus (p = 0.000) also showed the statistically
significant difference between the means at the 95.0% confidence level.

Fatigue Life

The S-N (fatigue life) curves of all composites in the considered stress range are
shown in Fig. 8. The experimental fatigue data was fitted by semi-logarithmic

Fig. 7 Flexural strength and modulus of uncoated and nanocellulose coated jute/green epoxy
composites
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function, rmax = klog Nf + a [4] (where k and a are the parameters to be defined by
the least square method as given in Table 2) to have a reliable predicting of the
fatigue life corresponding to other stress levels in the considered stress range, which
are not directly determined by testing. The quality of the fitting is related to the
coefficient of determination R2 [23]. Values of R2 close to 1 confirm the better
goodness-to-fit of experimental and predicted data. The curves in Fig. 8 have R2

values in the range 0.92–0.98 (Table 2). The negative slope k values of the linear
fitting curves, listed in Table 2, show a decreasing trend with the increase in
nanocellulose content of the composites. This predicts an increase in fatigue life for
composites containing higher contents of nanocellulose coated over woven jute
reinforcement than that of uncoated jute composite. This is clearer in Fig. 9 when
comparing the average number of cycles to failure for the two applied stress levels.
CF3 composite has higher fatigue life at 80% stress level (low cycles regime)
whereas decreasing the stress level to 70% (high cycles regime) causes a significant
increase in the fatigue life of CF5 and CF10 composites.

The reliability of the above results on the fatigue life can be assessed by the
confidence level index, based on the Student’s t-distribution [23]. The confidence
levels in Table 3 show that, in strict statistics terms: the hypothesis ‘‘the nanocel-
lulose coated jute composites have a longer fatigue life than the uncoated jute
composite (CF0)” is valid with confidence level higher than 99% for both stress
levels except for CF5 composite which has confidence level >88% at 80% stress
level. The better fatigue life of nanocellulose coated jute composites can be
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Fig. 8 Maximum stress (rmax) versus logarithm of number of cycles to failure log(Nf) and
semi-logarithm fitting for each composite

Table 2 Parameters of the
linear fitting of S-N curves

Composites k a Adj. R2

CF0 −9.73 (3.06) 73.63 (11.90) 0.92287

CF3 −6.82 (1.69) 59.74 (7.73) 0.95104

CF5 −1.80 (0.32) 33.43 (1.55) 0.97462

CF10 −1.80 (0.26) 30.03 (1.30) 0.98312

Note Standard deviation in parentheses
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interpreted as a better damage tolerance of these materials mainly due to increase in
intermolecular and physical interactions thus forming a rigid and stiff network due
to nanocellulose coating over woven jute reinforcement.

Fracture Toughness

Figure 10a shows the typical KQ versus displacement curves presenting the crack
growth behavior of composites and Fig. 10b presents the fracture toughness (K1c)
with respect to nanocellulose content in composites. The fracture mode was brittle
for CF0 composite showing slip-stick behavior but as the nanocellulose content
over jute reinforcement increased, the fracture mode changed from brittle to a little
ductile and K1c values increased from 2.64 MPa m1/2 for CF0 composite to 3.20,
3.21 and 3.49 MPa m1/2 for CF3, CF5 and CF10 composites, respectively resulting
in 21, 21.5 and 32% increase on average (Fig. 10b). Thus, fracture toughness
increases linearly with the increase in concentration of nanocellulose coating over
reinforcement. The ANOVA for the fracture toughness, K1c (p = 0.024) showed the
statistically significant difference between the means at the 95.0% confidence level.

Crack deflection, plastic deformation, voids, crack pinning/bridging, fiber pull-
out and debonding are the known toughening mechanisms in epoxy matrices, found
in literature [30]. Figure 11a–d exhibits SEM images for all nanocellulose contents
which clearly shows fiber fracture, fiber pullout and some voids for all composites.

Fig. 9 Comparison of average fatigue life of composites: a 80% and b 70% of ru

Table 3 Confidence levels for three hypotheses (‘>’ means longer fatigue life)

Stress level (%) Confidence level for hypotheses

CF3 > CF0 (%) CF5 > CF0 (%) CF10 > CF0 (%)

70 99.8 99.4 99.9

80 99.9 88.8 99.3
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Fig. 10 a Typical KQ versus displacement curves and b fracture toughness (K1c) of uncoated and
cellulose coated jute/green epoxy composites

Fig. 11 Fracture surface topology of nanocellulose coated jute/green epoxy composites; a CF0,
b CF3, c CF5 and d CF10

188 A. Jabbar et al.



However, fiber pullout is a little more prominent mechanism for nanocellulose
coated composites, may be due to increased fiber debonding during fracture
resulting in increased crack propagation length during deformation and hence
fracture toughness.

Figure 12 shows the fracture surface topologies in the matrix region. It can be
seen from Fig. 12a that the fracture surface of green epoxy matrix of CF0 com-
posite is very smooth and featureless, which indicates typical brittle fracture
behavior with lack of significant toughness mechanism [1]. However, Fig. 12b–d
show rougher fracture surfaces and river patterns in the matrix regions of
nanocellulose coated jute composites. An increase in fracture surface roughness can
be used as an indicator to the presence of plastic deformation and crack deflection
mechanisms, which increase fracture toughness by increasing crack propagation
length during deformation [31].

Fig. 12 Fracture surfaces in the matrix region of jute/green composites; a CF0, b CF3, c CF5 and
d CF10
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Dynamic Mechanical Analysis

The change in storage modulus as a function of temperature of different nanocel-
lulose coated and uncoated jute composites is shown in Fig. 13a. It can be seen that
the shape of storage modulus curves is almost same for all the samples and E′
decreases with increase in temperature because of the transition from glassy to
rubbery state. However, the storage modulus increases with increasing concentra-
tion of nanocellulose in composites both in glassy and rubbery regions showing
superior reinforcing effects of nanocellulose coated jute fabrics throughout the
specified temperature range. In the glassy region, components are highly immobile,
close and tightly packed and intermolecular forces are strong [25] resulting in high
storage modulus but as temperature increases intermolecular forces become weak,
the components become more mobile and lose their close packing arrangement,
resulting in loss of stiffness and hence storage modulus. Figure 13a reveals that
uncoated jute composite (CF0) has the lowest storage modulus throughout the
specified temperature range. CF0 has 4.05 GPa of E′ (measured at 30 °C), however,
CF3, CF5, CF10 composites show maximum values of 4.72, 5.27 and 6.35 GPa,
respectively resulting in an increase of 16, 30 and 56% in E′. Moreover, E′
(measured at 150 °C) increased from 0.28 GPa for CF0 composite to 0.48, 0.71 and
0.94 GPa for CF3, CF5, CF10 composites, respectively representing 71, 153 and
235% increase. This shows that when nanocellulose concentration over the jute
fabric is increased, the stiffness effect of reinforcement is progressively increased
not only in the glassy region but also in the rubbery region. The above findings may
be attributed to the fact that, as cellulose nanofibrils coated on jute fabric possess
large surface area, it promotes the interfacial interactions between the reinforcement
and matrix thus reducing the mobility of polymer chains [6] and better stress
transfer at the interface [27]. The other fact is the increase in the stiffness of
reinforcement with increasing nanocellulose concentration. Furthermore, the for-
mation of rigid and stiff network interconnected by hydrogen bonds is the accepted
theory to explain the excellent mechanical properties of composites incorporated
with nanocellulose [17, 20, 26, 29].

Figure 13b presents the loss modulus (E″) versus temperature of different
nanocellulose coated and uncoated jute composites. The rapid rise in loss modulus
in a system indicates an increase in the polymer chains free movements at higher
temperatures due to a relaxation process that allows greater amounts of motion
along the chains that is not possible below the glass transition temperature [22].
Figure 13b also revealed that the value of loss modulus is increased with the
increase in concentration of nanocellulose coating as compared to uncoated com-
posite (CF0) representing a higher amount of energy dissipation associated with an
increase in internal friction. It is interesting to note that Tg is decreased from 95 °C
for CF0 composite to 88 and 91 °C for CF3 and CF5 composites, respectively but
Tg of CF0 and CF10 composites are almost same. Simultaneously, a positive shift
in Tg values to higher temperatures is noted with the increase in nanocellulose
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concentration in the system (Fig. 13b). A possible reason may be the change in
crosslinking density of the network [3].

The damping factor (tand) as a function of temperature of composites reinforced
with different concentration of nanocellulose coated jute fabric is shown in
Fig. 13c. The highest value of tand peak is observed for CF0 composite resulting in
more energy dissipation whereas a reduction is tand peak height is observed in
composites with the increase in concentration of nanocellulose coating. The peak
height of 0.59 for CF0 composite is reduced maximum to 0.42 for CF10 composite
representing a 40% decrease (Fig. 13c) thus indicating that there are both strong
intermolecular and physical interactions contributing to greater molecular restric-
tions at the interface and less energy dissipation and that the storage modulus is
influenced more by the increase in nanocellulose concentration than loss modulus in
the composites. The width of tand peak becomes broader for nanocellulose coated
jute composites especially for CF5 and CF10. The damping in materials generally
depends on the molecular motions at the interfacial region [12]. Therefore, the
increase in width of tand peak of nanocellulose coated composites is suggestive of
increased volume of interface [25] and an increase in the inhibition of relaxation
processes in composites thus decreasing the mobility of polymer chains within the

Fig. 13 Dynamic mechanical properties of nanocellulose coated and uncoated jute composites;
a storage modulus, b loss modulus and c tan delta
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system and a higher number of chain segments upon increase in concentration of
nanocellulose in composites [14].

Conclusion

Tensile modulus, flexural strength, flexural modulus, fatigue life and fracture
toughness of composites were found to improve with the increase in concentration
of nanocellulose coating over jute reinforcement except the decrease in tensile
strength. Dynamic mechanical test also revealed the increase in storage modulus
and reduction in tangent delta peak height of composites with the increase in
nanocellulose concentration over jute reinforcement. Based on the analysis of
results, the improvement in mechanical and dynamic properties were likely
attributed to the increase in interfacial interaction between reinforcement and matrix
due to large surface area exposed by nanocellulose coated over jute reinforcement,
the formation of rigid and stiff network interconnected by hydrogen bonds and the
increase in the stiffness of reinforcement with increasing nanocellulose concentra-
tion. Whereas, the differences in failure strains of coated jute reinforcement and the
matrix might be the reason of reduction in tensile strength of these composites.
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The Use of Sedimentation
for the Estimation of Aspect Ratios
of Charged Cellulose Nanofibrils

Amaka Joy Onyianta and Rhodri Williams

Abstract In this study, the aspect ratios of carboxymethylated and
TEMPO-oxidised cellulose nanofibrils (CNF) were estimated by gel point analysis
using a sedimentation approach. The flocculation and subsequent sedimentation of
the CNF aqueous suspensions, which were stabilised by negative repulsive forces,
were made possible after screening in concentrated salt media. The aspect ratios of
the CNFs were then calculated from the linear fit (gel point) of the plot of con-
centration of the CNFs against the relative sediment height, using the crowding
number theory.

Keywords Cellulose nanofibrils � Carboxymethylation � TEMPO-oxidation
Aspect ratio � Sedimentation

Introduction

Cellulose nanofibrils extracted from various sources of cellulose (e.g. wood, plants,
tunicates, bacteria and algae) are topical materials which are widely researched and
used in academia and in industry [8, 10]. This wide usage arises because of their
renewability, biocompatibility and biodegradation potentials coupled with
improved mechanical strength, lightweight properties, optical properties, barrier
properties and structuring capabilities. Various cellulose fibre pre-treatments such
as mechanical, chemical and biological pre-treatments have been widely adopted as
a means of reducing the energy requirements associated with the mechanical fib-
rillation process to yield cellulose nanofibrils with acceptable qualities [10, 12].
These pre-treatment processes can lead to reduction in fibre dimensions, intro-
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duction of repulsive forces or fibre swelling, and partial hydrolysis of disordered
regions of cellulose chains by enzymes. Moreover, these different pre-treatment
routes alongside the different cellulose starting materials, different mechanical
treatments (homogenisation, microfluidisation, grinding, and ultrasound sonication)
and duration of treatment [8], have the ability to significantly affect the morphol-
ogy, surface chemistry and rheological behaviours of the resulting CNF. The use of
diverse techniques and instruments to characterise CNF material [8] has enabled a
better understanding of the material properties. This has led to the production of
materials that are fit for specific purposes. However, the characterisation of CNF is
continuously being developed.

The aspect ratio (A), which is the ratio of length to width of CNF plays an
important role in its ability to function as efficient reinforcements and as rheology
modifiers. The measurement of widths are usually carried out by analysing images
from field emission scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM) [9]. Depending on the
microscopic method used, the widths can vary for the same sample. CNFs with low
fibril width (3–4 nm) have been reported after pre-treatment by
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) mediated oxidation followed by
“mild” mechanical treatment [7, 17]. Other pre-treatment methods such as car-
boxymethylation [22] and use of enzymes [13] produce CNFs with 5–15 nm and
5–20 nm widths respectively. Mechanical pre-treatments such as beating, refining,
sonication, and milling, followed by any of the mechanical treatments mentioned
earlier yield fibrils within 15 and 100 nm [19].

The measurement of lengths have been made on individualised
TEMPO-oxidised CNF from TEM images, denoted as number average length (Ln)
and weighted average length (Lw) [20]. Determination of average lengths of low
aqueous concentrations of CNF have also been carried out from viscoelastic [6] and
shear viscosity [20] measurements. The lengths obtained from these rheological
measurements appear to be up to 2 times higher than the lengths measured from
TEM images. It should be noted that the rheological measurements in this study
were made from aqueous dispersions, therefore the influence of the anionic groups
on the rheological response cannot be ignored. This method of length determination
was stated to be most suitable for CNFs that are well diluted and individualised
without networks.

However, the presence of fibril entanglements and networks on most CNF
materials make it difficult to measure the length of fibrils from microscopic images,
in order to determine their aspect ratios. The aspect ratios of uncharged CNFs were
estimated by gel point analysis using sedimentation and yield stress approaches [15,
21, 23]. The theory involved in the use of sedimentation for the determination of
aspect ratios is based on the fact that particles in suspension can either adopt a
dilute, semi-dilute or concentrated states. The threshold between the dilute and the
semi-dilute regions is known as the connectivity threshold or the gel point (Uc).
This is defined as “the boundary between the dilute and semi-dilute regions, the
lowest volume fraction where the particles first form a continuous network” [21].
The gel point can be obtained from sedimentation experiments, which is then
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inputted into the crowding number equation to calculate the aspect ratio [21]. This
method of aspect ratio determination has not yet been applied on charged CNFs
because of the presence of repulsive forces which stabilise the fibrils in suspension.
Therefore, taking the advantage of the screening effect of inorganic salts on charged
CNF materials, we estimated the aspect ratio of carboxymethylated CNF and
TEMPO-oxidised CNF by gel point analysis using the sedimentation approach.

Materials and Methods

A commercial grade of never-dried hardwood bleached sulphite cellulose pulp
(32% solid content) was used for all the pre-treatments. Monochloroacetic acid,
sodium hydroxide (NaOH), Isopropanol, ethanol, methanol, acetic acid, sodium
bicarbonate (NaHCO3), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), sodium
bromide (NaBr), sodium hypochlorite (NaClO, 10–15%), sodium chloride (NaCl),
were all reagent grade and used as received from Sigma Aldrich (United Kingdom).
Ultrapure water (Purelab Option-Q ELGA DV 25) was used throughout the
experiment. The total surface charge on the cellulose was obtained from conduc-
tometric titrations. The fibrils width distribution were measured from FE-SEM
images using ImageJ software. Prior to the sedimentation experiments, the CNFs
were first screened in varying concentrations of NaCl to determine the concentra-
tion at which to carry out the sedimentation experiments.

Pre-treatments and Sample Preparation

Carboxymethylation: The carboxymethylation pre-treatment was carried out on
the never-dried cellulose pulp using the procedures described by Wågberg et al.
[22]. In summary, the never-dried pulp was dispersed in ultrapure water at
approximately 0.5 wt% before being solvent exchanged to ethanol by filtration. The
ethanol-exchanged cellulose was added to a solution of monochloroacetic acid in
isopropanol and allowed to stand for 30 min. After which the mixture was grad-
ually added to a solution of NaOH in methanol. The entire mixture was added to
isopropanol that had been heated to 65 °C in a 2 L jacketed reactor, and allowed to
react for 1 h under continuous stirring. The reaction mixture was filtered and
washed with ultrapure water and 0.1 M acetic acid. The carboxymethylated cel-
lulose was converted to its sodium form using 4 wt% NaHCO3 before a final wash
with ultrapure water was carried out. Aqueous dispersions (1 wt%) were prepared
from the insoluble cellulose obtained after the pre-treatment and passed 5 times
through the 200 µm and 100 µm Z-shaped interaction chamber of the M-110EH-30
microfluidiser (Microfluidics, USA) at 172.4 MPa. The resulting CNF was stored in
the refrigerator.
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TEMPO-Oxidation: The second sample was prepared by TEMPO-oxidation of
cellulose using the general procedure described by Saito and Isogai [16]. The
cellulose pulp was dispersed in ultrapure water at 1 wt% concentration and trans-
ferred to a glass reactor. Appropriate amounts of TEMPO and NaBr were added and
stirred until completely dissolved. The reaction was started by adding NaClO
(5000 µmol/g) in dropwise manner. The pH was maintained at 10 ± 0.2 during the
reaction by adding 0.5 M NaOH. After 1 h, the reaction was quenched with 20 mL
of ethanol. Aqueous dispersions (1 wt%) were also prepared from the insoluble
cellulose obtained after oxidation and passed 5 times through the microfluidiser
using the same conditions as with the carboxymethylation pre-treatment. The
resulting CNF was also stored in the refrigerator.

Characterisation

Surface charge analysis: The total surface charge of the never-dried cellulose and
carboxymethylated cellulose were determined by conductometric titration accord-
ing to the SCAN-CM 65:02 method [1]. In summary, cellulose samples were each
dispersed in 0.1 M HCl and allowed to stand for 15 min before being washed until
the conductivity was less than 5 µS/cm. Then 490 mL of ultrapure water and
10 mL of 0.05 M NaCl were added to 0.5–1 g dry weight of cellulose pulp in a
beaker. This was stirred thoroughly using a magnetic stirrer and titrated against
0.05 M NaOH. The surface charge on the TEMPO-oxidised cellulose was deter-
mined using the method described by Saito and Isogai [16]. The total surface charge
was determined from the analysis of the conductivity curve using OriginPro 8
(OriginLab Corporation, USA).

Field emission-scanning electron microscopy (FE-SEM): Micrographs at
45,000� magnifications were acquired from the pre-treated samples using FE-SEM
S-4800 (Hitachi, Japan). Prior to analysis, 20 µL of 0.0005 wt% slurry was
deposited on the mica surface on the SEM stub and left overnight to air dry. This
was sputter coated with a layer of gold for 85 s using EMITECH K550X
(Quorumtech, UK) gold sputter coater. The fibril widths were measured from
approximately 150 fibrils using ImageJ software.

Sedimentation: The sedimentation method used by Varanasi et al. [21] was
adopted with minor variations. Prior to the sedimentation experiments, the car-
boxymethylated CNF was dispersed in a range of 0M to 3M NaCl while the
TEMPO oxidised CNF was dispersed in 0M to 4M NaCl, at 0.07 w/v% cellulose
content. This was done to examine the charge screening potentials of different
concentrations of salt on the CNFs. Subsequently, 2M and 3M NaCl solution was
respectively chosen as the medium for the sedimentation of the carboxymethylated
and TEMPO-oxidised samples. These salt concentrations represent an average salt
concentration where the levelling off of the relative sediment heights were attained.
0.02–0.08 wt% suspensions were prepared from 1 wt% original aqueous suspen-
sions of the CNF samples and allowed to sediment in 60 mL glass vials for 96 h
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before photographs were captured. The sediment height (hs) and the initial sus-
pension height (h0) were measured using ImageJ software. The plot of concentra-
tion (wt. %) against the relative sediment height (hs/h0) was fitted with a quadratic
equation (ax2 þ bx), where the linear fit is equal to the gel point/connectivity
threshold [23]. Using the equivalent densities of 1.83 M NaCl (1.07 g/cm3),
3.06 M NaCl (1.11 g/cm3) and cellulose (1.5 g/cm3), weight fractions were con-
verted to volume fraction using Eq. 1 since U � 1.

U ¼ Cðql=qf Þ ð1Þ

Here, U is the volume fraction, ql is the density of liquid, qf is density of fibre,
C is weight fraction (g of fibre/g of suspension).

The aspect ratio was then estimated from the crowding number theory using
Eq. 2 [21].

A = 4:90U�0:5
C ð2Þ

Results and Discussion

Total Surface Charge

Results from the surface charge analysis show that the surface of the cellulose was
modified with carboxymethyl groups (550 ± 4 µmol/g of CH2COO

−) and carboxyl
groups (1063 ± 16 µmol/g of COO−) from the respective carboxymethylation and
TEMPO-oxidation pre-treatments. This in comparison with the 30 µmol/g surface
charge of the starting material. The total surface charge obtained after the
pre-treatments are within the literature reported values of 515–610 µmol/g for
carboxymethylated cellulose and 500–1500 µmol/g for TEMPO-oxidised cellulose
[2, 4, 11, 18, 22]. It should be noted that various factors such as pulp type, amount
of reagent, time, temperature and pH can greatly contribute to the variations in total
charged groups reported after pre-treatments [20]. This makes comparison of
results across literature difficult.

Fibril Morphology and Width Distribution

It can be seen from the FE-SEM images of the carboxymethylated CNF and the
TEMPO-oxidised CNF (Fig. 1) that both CNFs possess an interconnected and
network structure. An average width of 11 ± 3 and 9 ± 2 nm was obtained for the
carboxymethylated CNF and the TEMPO-oxidised CNF respectively. Images from
FE-SEM are known to be of a lower resolution compared to those from TEM [3].
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Hence, the measured fibril widths reported in this study appear larger than those
reported in other studies where TEM images were used. The fibril width distribution
displayed in Fig. 2 shows a more polydisperse fibril width for the carboxymethy-
lated CNF than for the TEMPO-oxidised CNF.

Estimation of Aspect Ratio by Gel Point Analysis

According to the well-known Derjaguin-Landau-Verwey-Overbeek (DVLO) the-
ory, increasing the concentration of electrolytes in dispersions of charged particles
would lead to the screening of the surface charges, resulting in the aggregation of
the particles. This theory has been used to study the aggregation behaviours of

Fig. 1 FE-SEM image of the carboxymethylated CNF (a) and the TEMPO-oxidised CNF (b)
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Fig. 2 Fibril width distribution for carboxymethylated CNF and the TEMPO-oxidised CNF
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CNFs and cellulose nanocrystals [5, 14]. Figure 3 shows the effect of the increased
salt concentration on the charged CNFs. It can be seen that the relative sediment
height decreased with increase in salt concentration, indicating that the charges on
the CNFs are being screened by the salt. A levelling off of the relative sediment
height at higher salt concentration can be clearly seen for all the CNF materials. The
carboxymethylated CNF having a lower surface charge levelled off at a lower salt
concentration. On the other hand, the TEMPO-oxidised CNF having a higher
surface charge required a higher salt concentration (3M) before a levelling off can
be attained.

The aggregation and subsequent sedimentation of the charged CNFs in high salt
media was used to estimate their aspect ratios. Figure 4 shows the quadratic fit of
the plot of concentration against the relative sediment height. The results from the
analysis and the estimated aspect ratios are displayed in Table 1. It can be seen that
the aspect ratio of the TEMPO-oxidised CNF is higher than that of the car-
boxymethylated CNF. FE-SEM images and width distribution also show that the
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Fig. 4 Quadratic fit of initial
concentration against relative
sediment height

The Use of Sedimentation for the Estimation of Aspect Ratios … 201



fibril width of the carboxymethylated CNF are thicker than those of the
TEMPO-oxidised CNF. Therefore the higher aspect ratio of TEMPO-oxidised CNF
can be attributed to its narrower fibril width. The estimated aspect ratio of the
TEMPO-oxidised CNF reported in this study falls within the range (310–623) of
those reported from shear viscosity length measurements [20].

Conclusions

The estimation of aspect ratios of carboxymethylated and TEMPO-oxidised CNFs
were carried out using gel point analysis by sedimentation. The aggregation and
subsequent sedimentation of the charged CNFs were made possible by dispersing
them in high concentrations of NaCl solution. An aspect ratio of 229 was estimated
for the carboxymethylated CNF while an aspect ratio of 400 was estimated for the
TEMPO-oxidised CNF. The higher estimated aspect ratio of the TEMPO-oxidised
CNF was attributed to its narrower fibril widths compared to those of car-
boxymethylated CNF.
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Electrical Conductivity of PLA Films
Reinforced With Carbon Nano Particles
from Waste Acrylic Fibers
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Abstract The acrylic fibrous waste was effectively transformed into activated
carbon through physical activation in single stage carbonization under charcoal
using at different carbonization temperatures 800, 1000 and 1200 °C. The char-
acterization of carbonized fibers was performed with the help of XRD and EDX in
order to find out the degree of crystallinity and proportion of different elements in
carbonized fibres prepared at different temperatures. Later on, the carbonized fibers
were pulverized in dry conditions by high energy planetary ball milling to get
activated carbon micro/nano particles. In addition to refinement of size, the elec-
trical conductivity of pulverized carbon particles was found to increase with
increase in milling time. Subsequently, the particles were incorporated into poly
lactic acid (PLA) in different loadings from 1 to 10% to develop conductive green
composite films. The composite films were then characterized for electrical,
thermo-mechanical and thermal properties.
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Introduction

Millions of tons of textile waste is being landfilled every year. Last year Turkey
landfilled around two hundred eighty thousand tons of textile waste which is only
2.62% of municipal solid waste. Environmental protection agency states that on
average 31 kg of textile and clothing waste is generated by one person. The results
are not too much difference in Europe where on average one UK citizen discards
30 kg of textile waste every year with a population of more than 500 million for the
27 countries of EU, this equates to approximately more than 18.3 million tons of
clothing and textile waste generated every year. Textile waste is considered as one
of the fastest growing sectors in terms of household waste and the amount of waste
is forecast to increase as sales of new textiles and clothing continue to increase [1].
The main categories of clothing and textile waste are composed of synthetic
materials such as acrylic, nylon and polyester and natural fibres such as wool, flax
and cotton [2]. Due to strict rules and regulations for conserving nature, it is
preferred and encouraged to utilize the fibrous wastes in value added applications.

Theoretically any source material rich in carbon content can be used for the
formation of carbon. Practically wood, coconut shells, peat and fruit stones and a
number of other materials are also used, in laboratories municipal wastes [3],
synthetic polymers [4], tyres and acrylic fibres [5] are also used to produce carbon
fibres. However on industrial scale different kinds of synthetic and natural materials
are in use for precursor materials like Polyacrylonitrile, phenolic resins, poly-
amides, pitch and cellulose. Literature shows that PAN based precursors are better
than other precursors like rayon and pitch etc. due to greater carbon yield and
higher melting point. The polyacrylonitrile (PAN) based precursors are dominant as
compared with other precursors for the formation of carbon fibers. The PAN
polymer is high melting polymer, relatively hard and insoluble in which carbon
chains are connected to one another as shown in Fig. 1.

PAN based carbon fibers have dominant edge over pitch and viscose rayon due
to the following reasons.

• Because of its structure as shown in Fig. 5, it permits pyrolysis at faster rate
without much disturbance in its basic structure as well as preferred orientation in
molecular chains along the fiber axis as present in original fiber.

• The polymer decomposes before melting.
• When pyrolyzed at 1000 °C and above, high yield of carbon becomes possible.

Fig. 1 Molecular structure of
polyacrylonitrile [6]
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• Improvement in molecular chains is possible during thermal stabilization as it
becomes plastic in nature around 180 °C and by different post spinning modi-
fications [7].

The researchers are now trying to reduce the cost of carbon materials for using
different cheap and alternate materials. In this context the idea of using acrylic
fibrous waste is a favorable approach not only to reduce the cost of carbon but also
for helping eco-friendly environment.

Recently, the development of low cost, high performance and functional com-
posites has gained much importance. In this context, biopolymers are attractive
materials because they can be easily biodegraded by microorganism even in local
environment to their component elements [8, 9]. Biopolymer is a type of polymer
that is produced by living organisms like RNA, DNA, cellulose, starch and protein.
Amongst these cellulose is the most common organic compound and biopolymer
found on the earth. From structural point of view, biopolymers are not same as
conventional polymers. Biopolymers have a well-defined primary structure that
folds to form compact shapes, however polymers have simple and random struc-
ture. The biopolymers and bioplastic market is rapidly increasing and is witnessed a
current annual growth rate of 12.0% from 2016 to achieve a market size around
5.08 US billion dollars by the year 2021 [10].

Polylactic acid is biodegradable thermoplastic aliphatic polyester produced from
renewable resources like tapioca roots, corn starch or sugarcane. Since 2010, its
consumption was second highest in terms of volume as compared with other
biopolymers [11]. PLA biopolymer films accounted for roughly around 25% of the
global industry share in 2015. It has become popular over other biopolymers due to
its easy process ability, high mechanical strength and faster rate of decomposition.
As a result, its use is increased in applications of food packaging, milk and water
bottles, biodegradable plastics [12, 13]. Besides its advantages, it has some draw-
backs as well like its thermal and mechanical properties are not stable at high
temperature [14]. To improve performance and to incorporate functional charac-
teristics, the addition of nano-fillers seems to be a favorable approach [15].

Keeping in view the above described advantages different groups of researchers
are in search to explore and improve properties by incorporating different particles.
For instance, the addition of cellulosic nano particles helped to improve the
mechanical and thermo-mechanical properties of Polylactic acid significantly.
Likewise addition of conductive particles in insulating polymers generate a new
kind of intelligent materials called as conductive polymer nano-composites
[16–19].

Carbon black particles and nano-tubes incorporation causes substantial impact
on electrical and thermal properties. The well-known extra-ordinary properties like
high electrical conductivity, large surface area and low percolation threshold makes
them superior candidate over other conventional conductive fillers.

In this work, waste of acrylic fibers was converted into activated carbon by using
high temperature furnace. The waste acrylic fibers were first stabilized at 250 °C
under the application of tension. The stabilized fibers were then carbonized under
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the layer of charcoal at different temperatures for getting higher values of electrical
conductivity. Later theses fibers were converted to carbon nano-particles through
the action of ball milling process. After making the particles these were incorpo-
rated into PLA films with different proportions in order to develop green conductive
composites.

Experimental

Material and Method

The acrylic waste in fibrous form was taken from Grund Industries, Czech
Republic. Every year huge amount of acrylic fibrous waste is generated by Czech
Republic in the form of bath mats. Earlier these type of wastes were discarded or
recycled by industries. However in recent years due to implementation of new rules
and regulations the cost of discarding or recycling has increased. Hence in this
changed scenario it is recommended to explore alternate methods for effective
utilization of textile waste. Hence selection of acrylic fibrous waste seems to be
attractive for the formation o activated carbon. The acrylic fibers were removed
from bath mats by using mechanical cutting method. The physical characteristics of
acrylic fibers as shown in Table 1.

Polylactic acid was taken from NatureWorks LLC, USA, it has average
molecular weight of 200,000 and a density of 1.26 g cm−3. chloroform was used as
a solvent for dissolving PLA. It was purchased from Sigma Aldrich, Czech
Republic.

Stabilization and Carbonization of Acrylic Fibrous Wastes

The acrylic fibers after removing from bath mats were stabilized at 250 °C (heating
rate of 50 °C h−1). The stabilized fibers were then pyrolysis under the layer of
charcoal in order to have gradual reaction of atmospheric air with carbonized
acrylic fibrous waste. The carbonization behavior was studied under two variables:

• Final pyrolysis temperature (FPT)
• Heating rate per hour (HRPH)

Table 1 Physical properties
of acrylic fibers

Fineness [tex] 117

Tenacity [cN/tex] 23.84

Elongation [%] 45

Wet shrinkage [%] 2.5
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Three levels of final temperature were selected that is 800, 1000 and 1200 °C.
Heating rate was varied from 150 to 300 °C h−1 and finally to 450 °C h−1. These
variables were optimized to get higher electrical conductivity.

Effect of Carbonization Temperature on the Properties
of Activated Carbon Fibers

The stabilized fibers were carbonized at high temperature under charcoal for single
stage carbonization and activation. The final carbon fibers were prepared at heating
rate of 300 °C h−1 having final temperatures (800, 1000 and 1200 °C) with no
holding time. The process of stabilization at 250 °C in case of acrylic fibers results
in cyclization, dehydrogenation, and oxidation of polyacrylonitrile structure [20].
During stabilization nitrile groups form non-meltable ladder structure, which not
only improves mechanical properties but yield of resulting carbon as well. During
subsequent carbonization of stabilized fibers, the ladder polymer further cross links
to form turbostratic carbon structure and the orientation of basal planes leads to
graphite like structure. After carbonization physical and analytical characterization
was done on the prepared activated carbon fibers. Physical characterization inclu-
ded yield %, shrinkage, flexibility and dusting properties.

The shrinkage of activated carbon fibers was measured as per ASTM D 2259
standard available for testing textile fibers. The shrinkage was evaluated from
change in length of fibres before and after carbonization. Similarly like shrinkage,
yield of activated carbon before carbonization and after carbonization at different
temperatures was calculated by using Eq. 1.

Yield ¼ Final weight of activated web
Initial weight of acrylic web

� 100 ð1Þ

The flexibility or stiffness was evaluated from bending length by employing the
principle of cantilever bending of the web under its own weight as per ASTM D
1388 standard.

Effect of Carbonization Temperature
on Electrical Conductivity

Electrical resistance of carbonized fibers prepared at 800, 1000 and 1200 °C was
measured with the help of Hewlett Packard 4339 B high resistance meter. The
electrical resistance was measured at 100 voltage, the temperature and relative
humidity were respectively 22 °C and 29.5% at the time of measurement of elec-
trical resistance. Because of high electrical conductivity of resulting carbon fibres,
another method of measuring electrical resistance by using multimeter was also
implied.

Electrical Conductivity of PLA Films Reinforced … 209



Preparation of Nanoparticles from
Carbonized Acrylic Fibrous Wastes

After getting the optimum parameter for pyrolysis, dry pulverization of carbonized
fibers at predetermined settings was performed by using high energy planetary ball
milling of Fritsch pulverisette 7, Germany. The sintered corundum container for
ball milling having a capacity of 80 ml along with zirconium balls with a diameter
of 10 mm chosen for 1–3 h of dry milling. The ball to material ratio (BMR) in this
study was maintained at 10:1 however the speed was retained at 850 rpm.

Characterization of Activated Carbon Nanoparticles

Morphology of carbon Particles. After every hour of dry ball milling the Particle
size distribution was analyzed with the help of Malvern zetasizer nano series which
is based on the principle of dynamic light scattering from the brownian motion of
particles. Before characterization carbon particles were disperse in deionized water
after they were ultra-sonicated for five minutes with the help of bandelin ultrasonic
probe. Further scanning electron microscope (SEM) at 30 kV and field emission
scanning electron microscope (FESEM) at 5 kV accelerated voltage was used for
analyzing morphology of milled activated carbon particles. Carbon particles having
weight 0.01 g were dispersed in acetone solution of 100 ml and a drop of disper-
sion was put on aluminum foil and then coated with gold after drying.

Electrical Conductivity. After every 30 min of dry ball milling the milled carbon
particles were dispersed by using Bandelin SONOPLUS ultrasonic probe in dis-
tilled water. Later the dispersion was used for measuring electrical conductivity
with the help of conductometer having different concentration of activated carbon
particles (0.5% by weight to 4.0%).

EDX analysis. For determining proportion of different elements in activated
carbon prepared at different temperatures (800, 1000 and 1200 °C) energy dis-
persive X-ray spectroscopy (EDX) analysis was performed.

XRD analysis. In order to find out the change of crystallinity by increasing
temperature, the X-ray diffraction analysis was performed with the help of PAN
analytical X pert MPD diffraction system. XRD is a technique which is used for the
determination of crystalline content in the material and investigation of unit cell
dimensions. Degree of crystallinity in carbonized fibers was calculated by using
Eq. 2 [21].

Ic ¼ 1� I1
I2

ð2Þ

I1 is intensity at minimum peak
I2 is intensity at maximum peak
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Preparation of PLA Films

Firstly, 5% by weight Polylactic acid was dissolved into chloroform to make a
solution of 100 g L−1. The pre-weighted amounts of carbon nano-particles derived
from acrylic fibrous waste (1–10 wt% related to mass of films) were mixed in
100 ml solution of PLA and chloroform. The mixture was first stirred by the help of
magnetic stirrer for 3 h at room temperature then ultra-sonicated for 15 min on
BANDELIN Ultra Sonic Probe Mixer with 50-horn power. The prepared
homogenous solution was poured in mould (6 cm � 4 cm) on a Teflon sheet. The
films were kept at room temperature and after 20 h the prepared film were removed
from moulds, folded and hot pressed at 140 °C. This helps to improve uniform
dispersion of particles in the polymer. The process of hot press was repeated three
times to ensure uniform distribution of particles in the polymer.

Characterization of PLA Films

Dynamic mechanical analysis (DMA). Dynamic mechanical analysis of neat PLA
films and carbon reinforced PLA films was performed on DMA DX04T RMI
instrument. The measurements were carried out at strain amplitude of 0.05%,
temperature range of 35–100 °C, heating rate of 5 °C/min, a constant frequency of
1 Hz and jaw distance of 30 mm.

Differential scanning calorimetry (DSC). DSC 6 Perkin Elmer instrument was
used for determining crystallization and melting behavior of neat PLA film and
PLA reinforced with carbon particles manufactured at different temperatures.
The PLA films with and without carbon particles having weight of 7 mg were used
in the presence of nitrogen. The samples were heated to 200 °C with a heating rate
of 5 °C/min.

Thermo gravimetric analysis (TGA). For determining thermal stability of neat
PLA and PLA reinforced with carbon particles prepared at different temperatures
thermo gravimetric analysis (TGA) TGA/SDTA 851, Metler Toledo was used.
The PLA films having weight of 9 mg were used at 900 °C with a heating rate of 10
°C min−1 in inert atmosphere with the help of nitrogen.

Electrical properties. The resistivity of PLA carbon films prepared was mea-
sured according to ASTM D 257-14 at temperature 22 °C and relative humidity
40%. The specific voltage potential of 1 V using direct current was applied across
opposite ends of activated carbon web and resultant current flowing across the
sample was measured after 15 ± 1 s. Electrical conductivity of activated carbon
webs was measured by two different techniques.

• Parallel electrode method
• Concentric electrode method
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Electrical conductivity or specific conductance is the reciprocal of electrical
resistivity and measures the ability of a material to conduct electric current.
Electrical conductivity is commonly represented by Greek letter r (sigma). S.I unit
of conductivity is Siemens per meter (S/m). The parallel electrode instrument is
shown in Fig. 2. By using this apparatus surface resistance was determined.

Surface resistivity is calculated by using Eq. 3.

q ¼ R� D
L

ð3Þ

q Surface resistivity ðXÞ
D Width of electrode (5 cm)
R Electrical resistance ðXÞ
L Distance between electrode (2 cm)

The second method used for measuring conductivity is shown in Fig. 3. In this
method conductivity wasmeasured at 22 °C temperature with relative humidity of 62%.
The specific voltage potential of 1 V was applied across the activated carbon fibers and
readings were measured at 15 s. The conductivity was calculated by using Eq. 4.

Surface resistivity ¼ q ¼ R� 9:99 ð4Þ

Results and Discussions

Effect of Carbonization Temperature on the Properties
of Activated Carbon Fibers

With increasing temperature to 1200 °C from 800 °C, the available oxygen in high
temperature furnace reacted with the newly formed carbon that caused a decrease in
the yield of final carbon due to which more shrinkage and rigid structure was
achieved.

Fig. 2 Surface resistivity
measurement set up for
parallel electrode
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Hence activated carbon prepared by using high temperature (1200 °C) exhibited
poor dusting behavior and flexibility as shown in Table 2. The yield of finally
prepared carbon slightly increased by increasing heating rate to 450 °C h−1 from
150 C h−1 as at slow heating rate prepared carbon remained in contact with high
temperature for prolonged time which adversely affect not only on the yield but on
flexibility as well.

Migration and hoping are two quite possible mechanisms for the transportation
of electrons as shown in Fig. 4 in carbon fibres produced at different carbonization
temperatures.

The property of electrical conductivity is because of two possible reasons which
are:

• Jumping of electrons through interfaces/defects among closely disordered layers
of graphite.

• Electron migration among different layers of graphite [22–24].

The activated carbon fibers prepares at 1200 °C showed more electrical con-
ductivity as compared to activated carbon fibres prepared at 1000 and 800 °C

Fig. 3 Surface resistivity measurement set up for concentric ring electrode

Table 2 Effect of carbonization temperature on physical properties of activated carbon fibers

Run Final pyrolysis
temperature [°C]

Heating rate
[°C h−1]

Yield (%) Resistivity
[X mm]

Flexibility

1 800 150 60.33 ± 3.13 169.65 Good

2 800 300 61.27 ± 3.63 1174.50 Good

3 800 450 63.33 ± 2.55 323.11 Average

4 1000 150 55.88 ± 2.33 4.69 Average

5 1000 300 57.12 ± 1.83 3.21 Poor

6 1000 450 58.55 ± 1.98 2.08 Poor

7 1200 150 46.45 ± 1.89 0.67 Poor

8 1200 300 45.11 ± 1.60 0.52 Poor

9 1200 450 49.11 ± 2.12 0.65 Poor

Electrical Conductivity of PLA Films Reinforced … 213



because of ease in migration through different graphite layers. Further the rise in
electrical conductivity is because of more parallel orientation of carbon layers and
higher degree of crystallinity at higher temperature as shown in figure.

Characterization of Carbon Nano Particles

Morphology of carbon Particles. Activated carbon fibers are dry milled from one
to three hours not only to reduce size of carbon particles but also to increase surface
area of carbon particles. In the initial one hour of dry ball milling the reduction in
particle size is higher and on average particle size diameter was reduced to
1563 mm. However as the time of milling was increased the size of particles kept
on decreasing and after three hours of dry milling the size of particles reached to
521 nm. When milling time was increased for prolonged time not only reduction in
size was observed but also particle size distribution converted to almost unimodal
distribution from multimodal distribution as temperature increased inside chamber
due to continuous collision of balls [16, 17]. This increase in temperature inside the
chamber caused cold welding of carbon nano particles and also a layer of particles
also deposited on the walls of milling chamber. After three hours of milling the
morphology of activated carbon nano particles was investigated by using scanning
electron microscopy (SEM) as can be seen from Fig. 5a–c. It was observed that
after milling the mixture comprised on both nano-segments and nano particles.

Fig. 4 Charge transport mechanism in a 800 °C activated carbon fiber b 1000 °C activated
carbon fiber c 1200 °C activated carbon fiber
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Electrical Conductivity. The electrical conductivity of activated carbon nano
particles in aqueous dispersion with different concentrations (0.5–4.0 wt%) was
measured as shown in Fig. 6.

The impact of milling time on electrical conductivity of activated carbon par-
ticles having low concentration (1% by weight and below) of activated carbon
particles and it was found that electrical conductivity of activated carbon nano
particles significantly increased by increasing milling time.

This behavior can be described in terms of reduction in size of carbon particles
and increasing the surface area with the increase of milling time. However as the
concentration of carbon nano particles was increased from 2% by weight to 4%,
there is steady rise of electrical conductivity by increasing ball milling time. This
rise in electrical conductivity is due to accomplishment of percolated network of
carbon nano particles in aqueous dispersion because of high loading of particles.

Fig. 5 Microstructure of activated carbon nano particle particles after milling a one hour, b two
hour, c three hour

Fig. 6 Effect of dry milling
time on electrical conductivity
of activated carbon particles

Electrical Conductivity of PLA Films Reinforced … 215



EDX analysis. In order to determine relative proportion of different elements in
activated carbon particles energy dispersive x-ray analysis was carried out. It can be
seen from Table 3 that as the carbonization temperature was increased from 800 to
1000 °C and finally to 1200 °C the oxygen content kept on decreasing while carbon
content increased. The activated carbon formed at 1200 °C showed 6.61% oxygen
and 93.39% carbon content due to removal of different atoms at high temperature
which caused increase in proportion of carbon [25].

XRD analysis. The XRD analysis helped to determine the crystallinity in acti-
vated carbon particles prepared at different carbonization temperatures. From
Fig. 7a–c the XRD pattern of activated carbon particles prepared at different tem-
peratures (800, 1000 and 1200 °C) can be seen.

The crystalline percentage of activated carbon particles was found to be 82.21,
86.7 and 92.41% respectively at 800, 1000 and 1200 °C. The rise in degree of
crystallinity with increase of temperature is because of more content of carbon and
simultaneously due to more parallel orientation of carbon basal planes.

Table 3 Effect of carbonization temperature on elemental composition of activated carbon
particles

Element App conc. Intensity Weight [%] Atomic [%]

800 °C

C K 0.26 2.12 0.13 91.76

O K 0.01 0.76 0.01 8.24

1000 °C

C K 0.37 2.12 0.18 91.87

O K 0.02 0.76 0.02 8.13

1200 °C

C K 0.18 2.10 0.09 93.39

O K 0.01 0.74 0.01 6.61

Fig. 7 Effect of carbonization temperature on crystallinity of activated carbon particles a at 800 °
C, b at 1000 °C, c at 1200 °C

216 S. Naeem et al.



Characterization of PLA Films

Electrical conductivity. Poly(lactic acid)/carbon films were produced by adding
different amounts of acrylic-derived carbon particles prepared in this study into the
solution of PLA with chloroform and later evaporating the solvent. The obtained
composite films of PLA carbon showed conductivity at the loading of 10% by
weight of carbon particles prepared at 1200 °C after 3 h of dry milling. In another
study it was revealed that by the addition of 10% carbon particles, PLA films
showed conductivity lower than 1 Ω m [26]. However by the addition of 3%
carbon black particles, electrical conductivity was achieved in high density poly-
ethylene (HDPE) [27]. The electrical conductivity of carbon particles prepared from
acrylic fibrous waste can be seen from table. The contact resistance between carbon
particles decreases when the surface area between them is increased due to which
particles prepared at 1200 °C with three hours of milling was selected for making
the films. The origin of electrical-conduction process is explained because of
conductivity at high concentration of carbon particles which enables transport of
electrical charges across micro contacts between the carbon particles dispersed in a
homogenous way in PLA films. The path of electrical conduction is established
because of particle to particle network which creates a network of channeling
extending throughout the film. Both the instruments gave similar values of con-
ductivity as show. The films prepared at 5% showed very less conductivity but the
film prepared at 10% by weight showed increase in conductivity due to more
establishing of electrical network as can be seen from Table 4.

Dynamic mechanical analysis. From Fig. 8a and Table 5 the load behavior of
activated carbon particles (ACP)/PLA composite films and neat PLA films can be
observed. When storage modulus of neat PLA with activated carbon particles
ACP/PLA was analyzed, the improvement was observed over entire temperature
span. The maximum improvement in modulus was observed in case of 5 wt%
composite where storage modulus was increased from 2.04 to 3.84 GPa at 30 °C.
The rise of storage modulus is because of higher stiffness characteristics of acti-
vated carbon particles while transfer of stress from matrix to carbon particles.
However further increasing of loadings of particles of carbon 10 wt%, the value of
storage modulus decreased to 2.46 GPa due to agglomeration and poor dispersion
of particles that increased the stress concentration points.

By increasing temperature from 30 to 60 °C, the storage modulus of neat PLA
decreased faster than PLA composite films. The storage modulus was dropped by
14 times in neat PLA, whereas the drops of 5 and 9 times were observed in case of
1 and 10 wt% composites films, respectively. The significant drop in storage
modulus of neat PLA at 60 °C is due to the softening of matrix and easier
movement of PLA chains. The relatively smaller drop in case of composite films is

Table 4 Electrical resistivity
of PLA-carbon films

1 PLA-5% carbon 230 ± 2.33 Ωm

2 PLA-10% carbon 1.8 ± 1.90 Ωm
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attributed to the presence of ACP, which restricted the motion of PLA chains. At
60 °C, PLA composite films of 1 and 10 wt% ACP showed 271%, and 85.00%
respective increase in storage modulus as compared to neat PLA films. The higher
storage modulus values of PLA composite films compared to neat PLA above 60 °
C are attributed to the nucleating behavior of ACP, which improved crystallinity of
PLA through transcrystallization.

Tan delta or mechanical loss factor can be explained as loss in modulus to
storage modulus. When the content of carbon particles increased in PLA films the
peak of tan delta was shifted positively as can be seen from Fig. 8. In case of 1 and
5 wt% activated carbon particles/PLA films, the shift is 13 and 11 °C respectively.
The positive shift in tan delta is because of more surface interaction between ACP
and matrix which restricted or reduced mobility of matrix chains around them.
However when 10 wt% particles of activated carbon were added there was negli-
gible peak because of inability for damping characteristic which is due to compact
filling of particles.

Differential scanning calorimetry analysis. The behavior of PLA films with
activated carbon particles and neat PLA is analyzed by using DSC thermogram as
can be seen from Fig. 9. The glass transition temperature (Tg), followed by cold
crystallization (Tcc) temperature and melting (Tm) temperature of polymer can be
analyzed on the thermograms of all the samples. From Table 6 it is clear that value

Fig. 8 Dynamic mechanical properties of PLA composites

Table 5 Storage modulus of ACP/PLA composites films at different temperature

Sample name Eʹ (30 °C) (GPa) Eʹ (60 °C) (GPa) Eʹ (90 °C) (GPa)

Neat PLA 2.04 ± 0.15 0.14 ± 0.20 0.22 ± 0.02

PLA+1% ACP 2.49 ± 0.50 0.52 ± 0.80 0.27 ± 0.21

PLA+5% ACP 3.84 ± 0.35 0.09 ± 0.46 0.18 ± 0.04

PLA+10% ACP 2.46 ± 0.24 0.26 ± 0.55 0.04 ± 0.26
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of glass transition temperature increased by increasing concentration of activated
carbon particles. The maximum increase in glass transition temperature from 42 to
47 °C from neat PLA to PLA with carbon particles at a loading of 10 wt%. The
glass transition temperature depends on steric effects, flexibility of chains, molec-
ular weight of polymer, branching of chains, cross linking density and inter-
molecular interactions among the chains. The steady increase in Tg by 2, 7 and 12%
as compared with neat PLA film can be explained because of reduced PLA chain
flexibility after adding 1, 5 and 10 wt% of activated carbon particles. The peak for
cold crystallization became broader and moved to high temperature after adding
activated carbon particles as compared with the peak of cold crystallization for neat
PLA. The higher Tcc witnessed during heating may be due to slower crystallization
induced by activated carbon particles. From Table 6 it is clear that value of Tm

improved at lower concentration of ACP. The addition of activated carbon particles
(1–5 wt%) caused increase in the value of Tm from 147 to 151 because of adhesion
between PLA matrix and carbon particles. A careful analysis of thermograms of
composites revealed small endotherms before main melting peaks. At high tem-
perature (Tm2) the melting peak indicates towards more crystalline structure and
shoulder peak at low temperature (Tm1) is due to less crystalline structure.

Fig. 9 Differential scanning calorimetry of PLA composites

Table 6 Behavior of neat and ACP/PLA composite films on application of heat

Sample Tg (°C) Tcc (°C) Tm (°C)

Neat PLA 42 ± 0.3 80 ± 1.1 147 ± 0.1

PLA+1% ACP 43 ± 0.5 107 ± 1.2 151 ± 0.1

PLA+5% ACP 45 ± 0.6 111 ± 1.4 151 ± 0.2

PLA+10% ACP 47 ± 1.2 96 ± 1.5 153 ± 0.5

Electrical Conductivity of PLA Films Reinforced … 219



This clearly indicates that poly lactic acid develops heterogeneous crystalline
morphology by adding activated carbon particles.

Thermogravimetric analysis. Thermogravimetric analysis was performed for
determining thermal stability of neat PLA films and PLA reinforced with carbon
particles with different percentage of loading. Thermogravimetric analysis PLA
reinforced with carbon particles exhibited oxidative and thermal stability, decom-
position temperature and mass loss while heat treated as shown in Fig. 10. The
initiation of mass loss experienced in all the films around 80–90.

The neat poly lactic acid film degraded with negligible residue however PLA
films reinforced with carbon particles left with residue related to carbon. The
amount of residue kept on rising as carbon content was raised from 1 to 5% and
ultimately to 10% which clearly indicates that thermal stability of films increased
after adding carbon particles. The 20.19% increase in mass was achieved by adding
10% loading of carbon particles. The increase in thermal stability is because of
more homogenous distribution of carbon in PLA matrix which caused positive
impact on the volatile products of PLA. The results are very much similar with
previously reported thermal stability of PLA with halloysite and silica
nano-particles [28, 29].

Conclusions

The objective of this study was to successfully utilize acrylic fibrous waste for the
formation of activated carbon and later on incorporated with biopolymer to get
functional characteristics of PLA composites. As the temperature of carbonization
was increased from 800 to 1000 °C and finally to 1200 °C, electrical conductivity
also kept on increasing due to more parallel orientation of carbon basal planes.

Fig. 10 Thermal stability of
PLA composite films
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The higher electrical conductivity of activated carbon sample prepared at 1200 °C
was attributed to more graphitization, which was confirmed from presence of sharp
diffraction peak observed in XRD spectra and higher degree of crystallinity. As the
temperature during carbonization was increased, the degree of crystallinity along
with carbon content in carbonized fibres also increased, which is the main cause for
decrease in resistivity. Hence carbon fibres produced by carbonization at 1200 °C
were dry pulverized through the use of high energy planetary ball milling process.
The carbon nanoparticles produced after three hours of ball milling showed more
uniform distribution of size. These particles were mixed with PLA to get conductive
biopolymer films. The electrical conductivity not only depends on uniform distri-
bution of particles but also to higher loading of particles. Not only electrical
properties of PLA films increased by the addition of carbon nanoparticle but also
thermal stability of films also increased due to more homogenous distribution and
high temperature bearing characteristics of carbon particle. Furthermore the pres-
ence of activated carbon particles in the PLA films favors for improvement in
thermal stability of PLA. Hence on the basis of above discussion it is clear that
technique of dry milling of carbonized fibres from acrylic fibrous waste is simple,
economical and environment friendly approach for the formation of conductive
biopolymer films.
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Allocation in the Life Cycle Assessment
(LCA) of Flax Fibres
for the Reinforcement of Composites

John Summerscales and Nilmini P.J. Dissanayake

Abstract The ISO 14040 series of standards describe the principles and framework
for the conduct of life cycle assessment (LCA). The system defines four phases:
(i) definition of the goal and scope of the LCA, (ii) the life cycle inventory analysis
(LCI), (iii) the life cycle impact assessment (LCIA), and (iv) the life cycle inter-
pretation. The standards do not describe the LCA technique in detail, nor do they
specify methodologies for the individual phases of the LCA. Dependent of the goal
and scope, there can be very different outcomes from the analysis. This paper
considers how the outcomes might change for the specific case of flax fibres for the
reinforcement of composites. The study compares allocation of environmental
burdens to two different primary products: (i) flax seed as a nutritional supplement
with fibre generated from the waste stream, or (ii) flax fibre as the primary product.

Keywords Allocation � Composites � Flax fibre � Flax seed � Life cycle
assessment � LCA � Reinforcement

Introduction

There is a considerable activity in the academic study and commercial exploitation
of natural fibres as the reinforcement for polymer matrix composites (e.g.
Dissanayake and Summerscales [1], Summerscales et al. [2–4], Summerscales and
Grove [5], Summerscales and Gwinnett [6]). These NFRP materials are often
referred to as “sustainable composites” although very few LCA are available to
confirm or refute that description.

Ekvall and Finnveden [7] undertook a critical review of the adequacy and fea-
sibility of methods recommended for allocation by the (then) current international
standard on life cycle inventory analysis with a focus on multi-functional systems.
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They demonstrated that different approaches to the allocation problems result in
different types of information. They recommended, “that all of the environmental
burdens of the multifunction process be allocated to the product investigated”. LCA
results appear to be largely dependent on the chosen allocation methods used. ISO
14040 [8] and ISO 14044 [9] also recommend avoiding allocation whenever pos-
sible either through subdivision of certain processes or by expanding the system
limits to include associated additional functions.

Dissanayake et al. undertook an investigation into energy use in the production
[10], and Life Cycle Impact Assessment (LCIA) [11], of UK flax fibre for the
reinforcement of composites. The Functional Unit (FU) was one tonne of fibre as
either sliver (aligned mat) or yarn (twisted filament) based on an assumption of
equivalent specific modulus. The respective moduli and densities for flax or glass
were taken as 42 or 72 GPa and 1500 or 2500 kg/m3. The analysis adopted the
Ekvall and Finnveden allocation recommendation of all burdens assigned to the
primary product. The harvested flax can produce seed, long fibre (used for com-
posite reinforcement in this study), short fibre (used for paper-making or animal
bedding) and dust (briquetted for solid bio-fuel).

Le Duigou et al. [12] conducted an environmental impact analysis on French flax
fibres using a different set of underlying assumptions. They concluded, “without the
allocation procedure the results from the two studies (France vs. UK) would be
similar”. The key differences were:

• UK plants desiccated at mid-point flowering but French plants allowed to set
seed,

• UK yield only 6000 kg/ha, but French yield 7500 kg/ha at harvest,
• UK study excluded photosynthesis and CO2 sequestration,
• Higher level of nuclear power in the French energy mix, and
• UK allocated all burdens to fibre, French allocated on mass of product and

co-products.

Analysis

Table 1 shows the relative allocation of burdens for single products, then for
multifunctional systems based on economic value allocation and on mass alloca-
tion. The chosen goal and scope can clearly influence the reported environmental
credentials of the respective products. Mass allocation has lower variability whereas
value allocation is susceptible to price fluctuations for the respective co-products
with the time.

The environmental burdens identified by the International Organization for
Standardization [13] have been translated to environmental impact classification
factors (EICF) by Azapagic et al. [14, 15]:

• Global Warming Potential (GWP)
• Acidification Potential (AP)
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• Eutrophication Potential (EP)
• Human Toxicity Potential (HTP)
• Aquatic Toxicity Potential (ATP)
• Ozone Depletion Potential (ODP)
• Photochemical Oxidants Creation Potential (POCP)
• Non-Renewable/Abiotic Resource Depletion (NRADP).

The environmental burdens generated by flax fibres for the reinforcement of
composites can be minimised when the plant is grown primarily for seed as a
nutritional supplement, the flax is a co-product, and the Ekvall and Finnveden
allocation recommendation is followed. Under those conditions, the high embodied
energy in the agro-chemicals and the environmental burdens arising from the
agricultural operations are allocated 100% to the seed. At the other extreme, when
the plant is desiccated at mid-point flowering, there is no seed produced, so all
environmental burdens must be allocated to the fibre.

The analysis in Table 1 assumes that seed-plus-fibre is a single co-product system
with environmental burdens from all operations shared by the co-products. In the case
where flax seed (health food supplement) is the primary product, the processing for
fibre should not be included in the environmental burdens allocated to the seed. The
flaxfibre can be considered as a burden-free rawmaterial resource as those burdens are
already taken by the seed. However, burdens will arise from the post-harvest pro-
cessing. Appendix Tables 3, 4, 5, 6, 7, 8 and 9 present the data compiled by
Dissanayake et al. [10, 11] and then consider the proportionate burdens to be allocated
to the fibre arising as a waste from seed production. Table 2 summarises the burdens
arising from the fibre processing and their respective percentages.

Table 1 Yields, allocation and assigned relative burdens for flax products (highest value in bold)

Scenario Allocation of burdens

Single product Mass/tonne yarn
(kg)

Value/kg Seed Long
fibre

Short
fibre

Dust

Flax seed (FS) 500 (3%) £3 100% – – –

Flax long fibre (FLF) 1000 (6%) £0.90 – 100% – –

Flax short fibre (FSF) 5000 (30%) £0.10

Shive/dust 10000 (61%) £0.10

Multiple products Allocation

FS and FLF Value allocation 62.5% 37.5% – –

FS/FLF/FSF Value allocation 51.7% 31.0% 17.2% –

FS/FLF/FSF and
shive/dust

Value allocation 38.5% 23.1% 12.8% 25.6%

FS and FLF Mass allocation 33.3% 66.7% – –

FS/FLF/FSF Mass allocation 7.7% 15.4% 76.9% –

FS/FLF/FSF and
shive/dust

Mass allocation 3.0% 6.1% 30.3% 60.6%
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Figures 1, 2, 3, 4, 5, 6 and 7 present “radar plots” for the EICF in Table 2.
Appendix Table 11 presents LCIA results per tonne of glass fibre production
derived from EcoInvent v2.0 [16].
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Fig. 1 Radar plot of the global warming potential (GWP) for flax fibre sliver referenced to glass
fibres: a flax fibres as primary product (left), b flax seed as primary product (right)

Table 2 Proportionate environmental burdens arising from fibre processing when flax fibres are
produced from the waste stream of flax seed production

Environmental burden S1
sliver

S2
sliver

S3
sliver

S1
yarn

S2
yarn

S3
yarn

Global warming potential (GWP: kg
CO2)

1973
(16%)

2566
(14%)

14217
(63%)

6110
(37%)

6708
(29%)

18328
(68%)

Acidification potential (AP: in kg of
SO2)

ppm
(0%)

ppm
(0%)

0 (0%) ppm
(0%)

ppm
(0%)

0 (0%)

Eutrophication potential (EP: kg of PO4
3) ppm

(0%)
ppm
(0%)

0 (0%) ppm
(0%)

ppm
(0%)

0 (0%)

Human toxicity potential (HTP: kg) ppm
(0%)

ppm
(0%)

0 (0%) ppm
(0%)

ppm
(0%)

0 (0%)

Aquatic toxicity potential (ATP: in
m3 � 1012)

0
(0%)

0
(0%)

0 (0%) 0
(0%)

0
(0%)

0 (0%)

Ozone depletion potential (ODP: ng of
CFC-11)

850
(10%)

6224
(26%)

0 (0%) 860
(10%)

6300
(26%)

0 (0%)

Photochemical oxidants creation
potential (POCP: kg � 10−6 of
ethylene)

1.2
(11%)

8.7
(27%)

0 (0%) 1.2
(11%)

8.7
(27%)

0 (0%)

Non-renewable/abiotic resource
depletion potential (NRADP: parts per
1015)

Not available
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Fig. 2 Radar plot of the acidification potential (AP) for flax fibre sliver referenced to glass fibres:
a flax fibres as primary product (left), b flax seed as primary product (right)

0

0.5

1

1.5

Glass
Fibre

S1 - Sliver

S2 - Sliver

S3 - Sliver0

100

200

300
Glass Fibre

S1 - Sliver

S2 - Sliver

S3 - Sliver

(a) (b)

Fig. 3 Radar plot of the eutrophication potential (EP) for flax fibre sliver referenced to glass
fibres: a flax fibres as primary product (left), b flax seed as primary product (right)
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Fig. 4 Radar plot of the human toxicity potential (HTP) for flax fibre sliver referenced to glass
fibres: a flax fibres as primary product (left), b flax seed as primary product (right)
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Fig. 5 Radar plot of the Ozone depletion potential (ODP) for flax fibre sliver referenced to glass
fibres: a flax fibres as primary product (left), b flax seed as primary product (right)
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Fig. 6 Radar plot of the photochemical oxidants creation potential (POCP) for flax fibre sliver
referenced to glass fibres: a flax fibres as primary product (left), b flax seed as primary product
(right)
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Fig. 7 Radar plot of the comparison of GWP, AP, EP, HTP, ODP and POCP for flax fibre sliver
referenced to glass fibres: a flax fibres as primary product (left), b flax seed as primary product
(right)
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Discussion

When flax fibre is harvested at mid-point flowering (no seed produced), the global
warming potentials (GWP) are similar to those for glass fibre [10, 11] for best
agricultural practice (no-till then water-retting (S1: Scenario 1). However, the fibre
is less “sustainable” for conservation-tillage then stand/dew-retting (S2: Scenario 2)
and especially for conventional tillage then bio-retting (S3: Scenario 3). This study
considers flax fibre derived as a waste product from the production of flax seed
following the Ekvall and Finnveden [7] recommendation of all relevant environ-
mental burdens assigned to the primary product. Figures 1, 2, 3, 4, 5 and 6 clearly
show that assigning the environmental burdens to seed as the primary product
enhances the “sustainable” credentials of flax fibre for the reinforcement of
composites.

The dataset used for the analysis here is incomplete. There was no comparison
data available for ATP for glass fibres and NRADP values were not available. The
other 6 EICF were directly compared with glass fibres considering either flax fibres
as the primary product or flax seeds as the primary product. Lignification of the flax
plant during maturation of the seed after mid-point flowering will potentially
increase the burdens from retting and decortication. Further, the fibre quality and
properties may be compromised when sourced from older plants.

The dataset in the Appendices considers only oil, gas and coal under
non-renewable/abiotic resource depletion. There is increasing concern that soil is
becoming a more critical finite resource [17]. After the compilation of the dataset
underlying the analysis in this paper, BS8905:2011 [18] on the sustainable use of
materials identified land-use an additional factor to be analysed.

GWP for glass fibre production is lower than for flax sliver production when the
flax fibres are considered to be the primary product and the impacts are allocated to
the fibre. The values are comparable (slightly lower than glass fibre production,
*2635 to 1973 kg of CO2) for S1 sliver production when the flax seeds are
considered to be the primary product. The impacts arising from agrochemical
intensitive flax cultivation were allocated completely to the seed, not to the fibre.
Nitrogen fertiliser used in crop production is the highest contributor in AP hence no
values are recorded in all three secnaria for AP when the burdens are allocated for
seed. The major contributors for EP are N and P fertiliser, and zero values are
recorded in all three scenaria where flax seed is considered to be the primary
product. The values recorded in this study for HTP and ODP for flax sliver pro-
duction in both cases (flax fibre as primary product and flax seed as primary
product) are negligible compared to the values obtained for glass fibre. The POCP
values are dependent of the diesel consumption in crop production and retting,
therefore higher values are recorded in flax sliver production than the glass fibre
production.

The radar plots clearly show how the EICFs change with allocation procedures.
The three scenaria considering flax seed as the primary products have improved
sustainability credentials for flax fibre. S1 sliver production (no-till then
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water-retting) has the minimum environmental impact (GWP is lower than for glass
fibre and POCP is higher than for glass fibre production). The fibre extraction
processes might need improving (e.g. retting) as the mature stems are only available
after seed extraction when seed is considered as the primary product. Glass fibre
production clearly has ODP and HTP impacts, whereas flax fibre production has no
impact on those categories. The flax sliver production has EP, AP and POCP
impacts, whereas glass fibre has no impact on those categories. GWP seems to be
the only impact category that could be compared with nominal values in this
analysis.

The analysis need to be improved for other two impact categories (ATP and
NRADP) for the comparison to be complete. The other impact categories that can
be quantified and omitted from this analysis (e.g. land use, CO2 sequestration etc.)
also need to be addressed to fully understand the environmental implications in flax
fibre and glass fibre production. The differences in fibre processing methods also
need to be investigated when the mature stems (after seeding) are used to produce
sliver.

A UN Human Rights Council [19] report states, “Reliance on hazardous pesti-
cides is a short-term solution that undermines the rights to adequate food and health
for present and future generations”, and “Pesticides contaminate and degrade soil to
varying degrees”. In consequence, the analysis in this paper may underestimate the
burdens arising from HTP, ATP and NRADP. The 8 EICF considered align with
ISO/TR 14047:2003 [13], but the two toxicity burdens may not adequately address
“loss of biodiversity”, especially in the context of pollinators.

Conclusions

Variation is observed in the LCA study with the two different allocation methods in
place. The analysis considering flax seed as the primary product has resulted in
improved environmental credentials for the flax sliver production while assuming
the fibre extraction and preparation methods are similar. The six EICFs were
compared with glass fibre production and the GWP is the only category that could
be directly compared. The values GWP for glass fibre production and S1 sliver
production (no-till and water-retting) were very comparable. While glass fibre
production is resulted in other environmental impacts such as HTP and ODP, flax
fibre sliver production is resulted in AP, EP and POCP.
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Appendix

See Tables 3, 4, 5, 6, 7, 8, 9, 10 and 11.

Table 3 Global warming potential (GWP) for the production of flax in the three scenaria

Global warming potential (GWP) in kg of
CO2

Allocation

Scenario 1 Scenario 2 Scenario 3

Crop production 2.5 6.5 3.3 Seed

Agro-chemicals 10192 16077 8800 Seed

Retting 0.3 2.3 12228 Fibre

Scutching 1618 2098 1605 Fibre

Hackling 379 497 384 Fibre

Spinning 4113 4111 4111 Fibre

Sliver (pre spinning) 12045 18457 22744

Yarn (post-spinning) 16305 22792 27131

Sliver (post-harvest/pre
spinning)a

1973
(16%)

2566
(14%)

14217
(63%)

Yarn
(post-harvest/post-spinning)

6110
(37%)

6708
(29%)

18328
(68%)

aSliver data decreased by 1.2% to correct for mass loss from the spinning operation

Table 4 Acidification potential (AP) for the production of flax in the three scenaria

Acidification potential (GWP) in kg of SO2 Allocation

Scenario 1 Scenario 2 Scenario 3

Crop production (diesel) 5.5 � 10−3 14 � 10−3 7 � 10−3 Seed

Agro-chemical N fertiliser 142.3 268.6 125.9 Seed

Agrochemical P fertiliser 6.1 7.0 3.2 Seed

Agrochemical pesticides 24 � 10−6 40 � 10−6 22 � 10−6 Seed

Retting (diesel) 640 � 10−6 5100 � 10−6 0 Fibre

Sliver (pre spinning)a 146.6 272.3 127.5

Yarn (post-spinning) 148.4 275.6 129.1

Sliver (post-harvest/pre
spinning)a

0 (0%) 0 (0%) 0 (0%)

Yarn
(post-harvest/post-spinning)

0 (0%) 0 (0%) 0 (0%)

aSliver data decreased by 1.2% to correct for mass loss from the spinning operation
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Table 5 Eutrophication potential (EP) for the production of flax in the three scenaria

Eutrophication potential (EP) in kg of PO4
3− Allocation

Scenario 1 Scenario 2 Scenario 3

Crop production (diesel) 930 � 10−6 2400 � 10−6 1200 � 10−6 Seed

Agro-chemical N fertiliser 62.4 119.8 55.2 Seed

Agrochemical P fertiliser 50.0 83.4 38.0 Seed

Retting (diesel) 110 � 10−6 850 � 10−6 0 Fibre

Sliver (pre spinning)a 111.1 200.7 92.1

Yarn (post-spinning) 112.4 203.1 93.2

Sliver (post-harvest/pre
spinning)a

0 (0%) 0 (0%) 0 (0%)

Yarn
(post-harvest/post-spinning)

0 (0%) 0 (0%) 0 (0%)

aSliver data decreased by 1.2% to correct for mass loss from the spinning operation

Table 6 Human toxicity potential (HTP) for the production of flax in the three scenaria

Human toxicity potential (HTP) in kg Allocation

Scenario 1 Scenario 2 Scenario 3

Crop production (diesel) 6.2 � 10−3 16 � 10−3 8.3 � 10−3 Seed

Agro-chemical N fertiliser 16.4 23.4 14.5 Seed

Agrochemical P fertiliser 10.0 11.5 5.2 Seed

Agrochemical pesticides 4900 � 10−6 9500 � 10−6 4400 � 10−6 Seed

Retting (diesel) 720 � 10−6 5700 � 10−6 0 Fibre

Sliver (pre spinning)a 26.0 34.5 19.5

Yarn (post-spinning) 26.4 34.9 19.7

Sliver (post-harvest/pre
spinning)a

0 (0%) 0 (0%) 0 (0%)

Yarn
(post-harvest/post-spinning)

0 (0%) 0 (0%) 0 (0%)

aSliver data decreased by 1.2% to correct for mass loss from the spinning operation

Table 7 Aquatic toxicity potential (ATP) for the production of flax in the three scenaria

Aquatic toxicity potential (ATP) in
m3 � 1012

Allocation

Scenario 1 Scenario 2 Scenario 3

Agrochemical pesticides 1794 2067 942 Seed

Sliver (pre spinning)a 1772 2042 930

Yarn (post-spinning) 0 0 0

Sliver (post-harvest/pre spinning)a 0 (0%) 0 (0%) 0 (0%)

Yarn (post-harvest/post-spinning) 0 (0%) 0 (0%) 0 (0%)
aSliver data decreased by 1.2% to correct for mass loss from the spinning operation
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Table 8 Ozone depletion potential (ODP) for the production of flax in the three scenaria Units
translated to nanograms for integer values

Ozone depletion potential (ODP) in ng of
CFC-11

Allocation

Scenario 1 Scenario 2 Scenario 3

Crop production (diesel) 7400 18000 9400 Seed

Retting (diesel) 860 6300 0 Fibre

Sliver (pre spinning)a 8161 24001 9287

Yarn (post-spinning) 8260 24300 9400

Sliver (post-harvest/pre spinning)a 850 (10%) 6224 (26%) 0 (0%)

Yarn (post-harvest/post-spinning) 860 (10%) 6300 (26%) 0 (0%)
aSliver data decreased by 1.2% to correct for mass loss from the spinning operation

Table 9 Photochemical oxidants creation potential (POCP) for the production of flax in the three
scenaria

Photochemical oxidants creation
potential (POCP) in kg � 10−6 of
ethylene

Allocation

Scenario 1 Scenario 2 Scenario 3

Crop production (diesel) 10 24 13 Seed

Retting (diesel) 1.2 8.7 0 Fibre

Sliver (pre spinning)a 11.0 32.3 12.8

Yarn (post-spinning) 11.2 32.7 13

Sliver (post-harvest/pre spinning)a 13% 27% 0 (0%)

Yarn (post-harvest/post-spinning) 10.7% 27% 0 (0%)
aSliver data decreased by 1.2% to correct for mass loss from the spinning operation

Table 10 Non-renewable/abiotic resource depletion potential (NRADP) for the production of flax
in the three scenaria

Non-renewable/abiotic resource depletion potential (NRADP:
parts per 1015)

Scenario 1 Scenario 2 Scenario 3

Sliver

Coal 1.0 1.3 6.8

Gas 600 800 4400

Oil 2000 4500 7400

Yarn

Coal 3.1 3.4 9.2

Gas 2000 2200 5900

Oil 3900 6500 9600
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Applications of Building Insulation
Products Based on Natural Wool
and Hemp Fibers

Lorenzo Savio, Daniela Bosia, Alessia Patrucco, Roberto Pennacchio,
Gabriele Piccablotto and Francesca Thiebat

Abstract FITNESs, Fibre Tessili Naturali per l’Edilizia Sostenibile (Natural
Textile Fibers for Sustainable Building), is a research project concerning an
experimental hemp and sheep wool insulation panel. The new panel has two main
innovative features: unlike the already existing hemp and wool insulation mats, it is
a semi-rigid product and has low environmental impact, as shown by the Life Cycle
Assessment. FITNESs panels are particularly suitable for eco-building sector, as
they are 100% natural, recyclable and made with by-products from local production
chains (Piemonte Region). The paper presents the production process of the panel
from wool and hemp fibers and some experimental applications for sustainable
architecture.

Keywords Hemp fibers � Sheep wool � Recycled materials � Natural building
components � LCA

Introduction

FITNESs experimental research project realized in 2016 that lead to 50% recycled
sheep wool and 50% technical hemp fibers, has outlined panels high thermal
insulating and sound absorption performance [1].

Both fibers used for panels production have quite a low economic value on the
market: used wool are recycled fibers coming from Piemonte regional sheep
breeding not used in textile industry because of its dark color and poor quality [2],
while Short Technical hemp fiber used is not meant for textile manufacture and is
currently quite hard to place on the market (Assocanapa).
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Interest in hemp as a natural component for panels production relies in its
cultivation deep tradition in Italy, especially in Piemonte region, since medieval
age, and from the recent hemp based building component development and sus-
tainable construction materials market high interest.

During the research project an innovative and fully natural production method
has been developed. The method allows to exploit keratin presence inside sheep
wool fibers, in order to keep wool and hemp fibers linked together in a quite high
density mixture.

LCA studies developed, also from research group previous works [3], in order to
assess the related environmental impacts, underlined how washing wool process has
great impact on the whole panels production process being not a completely
industrialized process.

In the present work a scaling up scenario for FITNESs panels production was
proposed, in order to evaluate the possibility to sensibly lower sheep wool fibers
washing dependant costs. The possibility to merge panels production with raw
materials washing and cleaning operations needed, was explored. The planned
scenario also represents an opportunity to give back life to recently abandoned wool
washing plants in Piemonte region, due to the recent economic crisis.

Moreover some application scenarios for the new wool-hemp panel, suitable to
its experimentally measured characteristics, have been defined. The growing
interest in dry building technologies market led to investigate possible installation
solutions and fixing methods both in dry newly constructed building technologies
both in energy retrofit solutions for traditional envelope technologies. This last
scenario, on the other hand, remains a topic of great interest, particularly in our
country, which, in the last fifty years has seen a quite important land consumption
due to building industry development.

Assumed wall stratigraphy technology solutions thermal performances, in
dynamic and steady state conditions, have been also investigated in order to verify
panels effectiveness and thickness needed to accomplish with Italian legislation.

FITNESs Panels Production Process

Row Material Supply

The primary role of EU sheep farming is meat and milk production; sheep breeds
for milk and meat generally produce low quality wool (coarse wool) not suitable for
textile uses.

Therefore, the EU wool is generally a by-product of little value which is often
illegally buried or burnt.

Similarly, hemp fibers became a by-product when hemp is cultivated for oil and
seeds production, since it is a multi-purpose crop, producing fibers, shives, seeds
and pharmaceuticals.
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The multi-purpose cultivation of hemp requires plants’ ripening, which increases
the lignin amount in the plant stem and negatively affects retting, scotching and the
subsequent textile processing, such as spinning and weaving. Moreover, dew retting
(on field) and water retting are not environmentally sustainable and chemical retting
is too expensive for such a low quality, “technical” fibers. Nevertheless, hemp
fibers show high tenacity and elasticity and low specific weight to be highly suitable
as composites reinforcement material in place of artificial or man-made fibers.

Valorization of coarse wool wastes and technical hemp can be carried out in
non-conventional textile application such as bio-building and eco-design where
materials recycling and process sustainability are take into great consideration.

In this work, an innovative process was developed treating wool and hemp fibers
with alkali with the aim to produce a totally bio-based composite for thermal and
acoustic insulation.

Alkali treatments effectively swell hemp fibers, improving their hydrophilic
behavior and mechanical properties, and partially hydrolyzing the wool protein
material (keratin) which releases a sort of keratin-based resin able to stick the fibers
each other (Fig. 1). In the resulting novel bio-composite, ligno-cellulosic fibers and
the remaining wool, work as the reinforcement of the hydrolyzed keratin matrix.

In this study, coarse wool in the form of loose fibers (obtained from raw wool
scouring) was supplied by Davifil Srl, while hemp technical fibers were supplied by
Assocanapa Srl [4]. All chemicals were of analytical grade and purchased from
Sigma-Aldrich, except otherwise specified.

Fig. 1 Bio-composites
specimen of wool and hemp
board (10 � 10 cm)
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Production of Specimens

Wool and hemp fibers were cut into snippets 2 cm length, blended and bathed in
NaOH solutions ranging from 0.25 to 0.5 N with temperature from 50 to 80 °C and
liquor ratio 1:20.

The proportion between hemp fibers ranged from 15 to 70% and the treatment
time was from 15 to 120 min. The resulting material was neutralized with sulfuric
acid until 7 pH, washed and then placed in a plastic container (10 � 10 cm) to be
dried at 70 °C (Fig. 2).

The final density and performances of the resulting composite materials varied
depending on the process conditions.

Production of Insulation Panels

Insulation panels (90 � 50 � 4.5 cm) were produced scaling-up the laboratory
methodology with the aim of reducing the number of steps, water and energy
consumption.

The best compromise between final density and the functional properties
described below, was obtained with the following operative conditions.

Wool and hemp fibers (50:50) were bathed in 0.25 N NaOH, liquor ratio 1:20, at
45 °C for 3 h, then squeezed and dried without neutralization to reduce water
consumption.

Fig. 2 SEM image of hemp
fibers stuck by keratin-based
matrix (500�)
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Scale-Up Scenario

The valorization of agriculture waste represents an attempt to drive the building
sector toward a circular economy goal. At the same time, industries that have lost
their original function with the economic crisis, may regenerate by processing of
waste materials.

In the area of Biella, in Piemonte, several wool scouring plants are mostly
abandoned due to the wool washing process displacement in other countries, where
environmental standards are more permissive and manufacturing is less expensive,
and could fit to this purpose.

Thus, providing a scale-up scenario from laboratory to industrial production, the
wool scouring might be realized along with the production of the wool- hemp
panels in the same factory. Both the processes, in fact, make use the same
machinery: opening, dusting and willowing machines for wool; cold and hot water
tanks for washing and treatments; an oven to dry wool as well as the bio-composite
panels.

Our research aims to join the life cycle approach with the circular economy using
a “cradle to cradle” strategy. Figure 3 shows the energy/environmental flow-chart

Fig. 3 A “cradle to cradle” life cycle of the bio-composite insulation panels with an hypothesis of
an industrial scenario (dotted circle)
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based on the hypothesis of an industrial production for building insulation panels,
including both the construction/use phase and the end of life scenarios.

The study includes an environmental analysis based on the LCA following the
standard ISO 14040/44 as reported in Pennacchio et al. Inventory data were col-
lected directly from the industrial partners of the project and were elaborated with
Ecoinvent 2.0 using the Cumulative Energy Demand as indicator for the assessment
of the environmental impacts.

The functional unit is the mass necessary for 1 m2 to reach the thermal
Resistance of 2.5 m2K/W.

Analyzing the results, in particularly, the non-renewable energy (RNR) demand
values, they are lower if compared with other insulation materials with same
characteristics, such as rockwool or glasswool. Furthermore, each manufacture
process have been kept separate in order to define the more impactful stage.
specifically, raw materials supply weight 13.95 MJeq, their transport at the pro-
duction site 24.95 MJeq, the insulation panels manufacturing weight 147.35 MJeq
and the packaging phase 16.77. Total non-renewable energy required to produce
1 m2 of wool and hemp panel to reach the thermal Resistance of 2.5 m2K/W is
202.64 MJeq.

Then, imaging the reuse of an old scouring plant for the panels manufacturing in
an industrial scenario, the 147.35 MJeq associated to the production life cycle
phase that represent almost 60% of the total energy demand, can be reduced
through the use of renewable energy (RR). The flow-chart in Fig. 3 shows the
whole life cycle of a building, where a dotted circle highlights the industrial sce-
nario processes.

Panels’ Application Scenarios

Fitness Panels for Thermal and Acoustic Insulation
of an External Wall

During panels production process, keratin protein while slowly dissolving and
spreading through wool and hemp fibers, tends to settle at the bottom of the bathtub,
giving particular stiffness to panels bottom face.

Thanks to its stiffness and high density, unlike sheep wool panels at the moment
present on the market, FITNESs is able to support its own weight, and has shown
good workability; although certain attention in cutting operations is required due to
hemp fibers strength.

These characteristics allows large use potential in building field, particularly in
dry construction systems, but also for rehabilitation of the building heritage,
through energy retrofit.

In Fig. 4, panels have been suggested as an infill in a common wooden frame
wall structure, and as a further insulating coat, supported by a light steel profiles
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structure without any further dowelling need, protected by a ventilated wall.
FITNESs suitability in dry building system has already been proved during a
demonstration building wall assembly, at Environment park, Politecnico di
Torino [1].

Moreover a dry technology system like the presented kind, fully disassemblable,
permit to eventually recover and reuse panels, or easily dispose of it, as 100%
natural and compostable.

FITNESs also it’s a natural and eco-friendly alternative to synthetic insulating
coating for building heritage energy retrofit. In Fig. 5 a hollow bricks wall
FITNESs coating, in a ventilated facade system is shown; in this case insulating
panels can be fixed to the existing hollow bricks wall, using proper dowels, as for
common synthetic insulation coatings solutions, paying attention to protect air
exposed panel face with a protective membrane film.

Assumed wall stratigraphies dynamics and stationary thermal performances have
been calculated, in accordance with UNI EN ISO 13786 [5], both in the new
wood-frame structure case and in the existing traditional wall retrofit scenario.
FITNESs panels bulk density and thermal conductivity used in the have been
obtained from experimental measurements in laboratory, while assumed specific
heat was calculated by averaging sheep wool and hemp fibers value, very similar in
any case.

Fig. 4 Ventilated Wooden frame wall stratigraphy, dry assembled using FITNESs panels as
insulating infill and coating
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Results are shown in Table 1 and outline wool-hemp panels effectiveness as an
insulating material. Italian legislation requirements for thermal performance of
newly constructed buildings are easily met, also with an interesting time lag per-
formance, probably due to the relative insulating panels high density, that suggests
a good thermal performance also in hot summer time.

On the other hand, results show how thermal transmittance values required by
Italian legislation in Piemonte region, in case of building retrofit [6], can be reached
with a not so important 9 cm overall insulating panels thickness.

New wool-hemp insulating panels allows to improve thermal and acoustic
performance of traditional or ancient envelope technology, with the not negligible
advantage to could be dry mounted, without the need of mortars or adhesives.

Fig. 5 Energy retrofit of a hollow wall proposing FITNESs panels as insulating coating in a
ventilated wall system

Table 1 Wood-frame structure and hollow brick wall retrofit with FITNESs panels thermal
performances

Wall samples s
(cm)

fa
(–)

u (h) Yie

(W/m2 K)
U
(W/m2 K)

C (W/m2

K)

Wood-frame structure 34 0.08 16.22 0.013 0.16 0.17

Hollow brick wall
Retrofit

57 0.08 15.53 0.025 0.30 0.30
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Fitness Panels for Internal Finishes: Walls and Ceiling

Nowadays, in Italy, existing building stock refurbishment is more important than
new constructions, in terms of market and interventions number. Often, the building
refurbishment requires not only energy retrofit interventions, with the external
building envelope extra insulation, but also a deep renovation of the interiors,
making them suitable for new functions and/or integrating new technological
equipment. Considering the improvement of indoor environmental quality, a key
point in existing building refurbishment, the research group designed a specific
application for the Fitness panels as finishes for interior wall and ceilings.

A typical intervention was considered (Fig. 6): in an existing building with
“traditional” interior partition walls, made with 8 cm thick bricks and plaster on
both sides, a wallboard covering and a ceiling are realized in order to integrate new
equipment and to improve the thermal and acoustic performances. In this appli-
cation, Fitness panels surface is always protected, but it is in direct contact with the
indoor air:

– for the wall, to a height of about one meter, panels are protected by a perforated
sheet;

– for the wall, up to one meter height, and for the ceiling, panels are covered by an
open-weave acoustically-transparent fabric.

Panels workability has been already tested by the research group during the
construction of the test-wall for the thermal performance measurement in real
conditions [1] and it makes the panels suitable for that specific application. Panels
are stiff, but also flexible enough to be clamped between metal uprights, as shown
in Fig. 6. Protection with the acoustic fabric or with the perforated sheet (made with
wood or metal) is necessary to avoid material degradation and panel superficial
scratching. The application of Fitness panels in interior finishes allows to improve
the acoustic absorption thanks to the wall and ceiling absorbing surface.

Thanks to the additional insulation, the thermal transmittance of the interior
partition decrease from 1.972 to 0.613 W/m2K, under the limit defined by the
national regulations for internal partitions between different thermal zones with
different set-point temperatures or heating timing. The acoustic performance of the
acoustic-fabric coated panels were tested by measuring the sound absorption
coefficient in reverberation room [1]. From the acoustic absorption point of view,
Fitness panels can be compared with other fibrous acoustic products, with a sound
absorption coefficient aw = 0.75 (MH).

Furthermore, the designed application should improve the interior aesthetic
quality, choosing between different kinds of perforated cladding and acoustic fabric.
However, other two innovative features should be considered in this specific
application:
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– wool fibers can absorb the formaldehyde, one of the most important indoor air
pollutant. So, the application of Fitness panels for interior finishes can contribute
to the indoor environmental quality improvement;

– wool fibers are strongly hygroscopic. Being directly in contact with the indoor
air, Fitness panels may have a thermo-hygrometric regulation function,
absorbing or giving back water vapor to ambient air, restoring more adequate air
relative humidity levels.

Fig. 6 Application of FITNESs panel for the insulation of an internal partition (between different
thermal zones) and for the insulation of the ceiling
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Conclusions

The paper described how the production of FITNESs panels is made only with
completely natural raw materials from agriculture waste and a low environmental
impact production process.

Opportunity to integrate panels production in an existing industrial process,
allowing a possible panels industrial production scaling up, have been investigated.

This allowed us to hypothesize a complete life cycle including panels usage and
end life phases, where panels are recycled and employed again in the agricultural
field as a fertilizer [7], in a cradle to cradle strategy (Fig. 3).

Furthermore, panel proved its suitability as an alternative to synthetic and higher
environmental impact products, in most common technology dry and humid sys-
tems for new buildings construction as for existing building heritage retrofit.

In simulated applications has been demonstrated how, with limited thickness,
FITNESs panels are able to meet Italian legislation envelope thermal insulation
requirements. FITNESs panels thermal insulation performances, associated to its
low environmental impact, make them particularly suitable also for zero energy
building (nZEB) design. With respect to indoor applications the prospect to eval-
uate panels formaldehyde absorption and indoor air moisture regulation perfor-
mance is of particular interest, as far as experimentation in larger and more complex
demonstrative buildings.
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Hemp-Clay Concretes for Environmental
Building—Features that Attribute
to Drying, Stabilization with Lime, Water
Uptake and Mechanical Strength

Monika Brümmer, Mª Paz Sáez-Pérez and Jorge Durán Suárez

Abstract There are numerous parameters which define the mechanical properties
of hemp concretes. Several authors identified significant differences in mechanical
properties due to the quality, particle size, form and distribution of the hemp
aggregates, and also due to the energy of compaction, binder dosage, density,
drying conditions and drying time. The other factors which influence the
mechanical properties of hemp concretes are the type of binders and their influence
on the setting process of mortars containing plant aggregates. This research work
has been done to encourage the use of hemp in construction industries that can
reduce the usage of industrial binders and shift the focus on natural binders. The
experiments were carried out to observe the drying kinetics, capillary water uptake
and mechanical strength of hemp-clay concretes made with de-fibered or
non-de-fibered hemp materials of industrial and domestic origin. The influence of
addition of the lime on the mechanical performance of hemp-clay composites was
also studied.
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Introduction

Bio-based materials from rapidly renewable resources provide the opportunity to
create a new generation of low energy and carbon storing building products [6] with
improved insulating properties. In this manner they are reducing greenhouse gas
emissions caused by human activities [20] and replacing natural resources made
from mineral aggregates [27]. It is widely assumed that renewable materials are
environmentally beneficial and should be preferentially used in building envelopes
to reduce the energy needed for manufacturing processes and air conditioning in the
building sector, which is responsible for about 50% of the energy consumption
worldwide [7]. The economic production and processing of natural fibers [9] is an
added motive for the increasing research in this field in the last decade [27]. Hemp
(Cannabis sativa L.) stands for a fast growing [17, 24] and multi-beneficial [2, 11,
29, 33] fiber plant. Its world-wide spread as one of the earliest culture plants [2, 29]
is also explained by its easy acclimation to different climates, altitudes and soil
types and its important role in crop rotations [2, 33, 34]. The use of plant aggregates
in concretes and mortars is a method that allows versatile applications in con-
struction, and practiced since antiquity to improve or modify their qualities [4, 5].
To ensure their major appraisal and use, building-product and green building
designers must understand hemp based building materials in terms of their thermal,
acoustic, hygrothermal and mechanical performances, in particular the links
between these features. Hemp concretes, based on hemp hurds and lime binders, are
proving since the early years 90s to be a user friendly, high performance and
fire-resistant construction material for light weight applications in new building and
renovation works [8]. However, hemp concretes have an elastic-plastic behavior
and are therefore, reported to function with a support structure [10]. A lower
mechanical strength of plant based concretes as compared to the mineral ones is
considered as the major drawback for their use in construction [27]. An interesting
challenge is, therefore, the refinement of the mechanical performance of plant based
concretes for structural purposes. By now, it is demonstrated that the compressive
strength of hemp concretes, with unchanged hemp content, can be increased by
compaction [28], through further reduction of void volume by adding small sized
aggregate or by shortening the mean particle length [1, 32]. As reported by several
authors, adding fibers could not improve significantly the mechanical strength of
hemp concrete formulations with lime, cement or gypsum [15, 26] but could be an
interesting option for regions without facilities to separate stem materials [14].
However, very few studies are carried out on this matter, and therefore, the present
research investigates the mechanical properties of hemp concrete, comparing the
performance of de-fibered and non de-fibered stem material in a lime stabilized
hemp-clay concrete matrix. Improving mechanical strength of hemp concretes by
augmenting the dosage of lime or other calcined binders is possible [26] but it is not
favorable, as the highest negative contribution to their climate change indicator is
caused by commercial binders [28]. These materials consume 49% primary energy
and 68% water of the total consumption of a hemp concrete and cause 47% of
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corresponding air pollution, followed by the wooden structure, plasters and hemp
hurds [20]. Furthermore, in plant based concretes, setting problems occur [16]
through the release of polysaccharides [18, 28], that hinder the carbonation of aerial
lime; while in mortars with mineral aggregates, up to 90% of the CO2 emitted
during its calcination is re-absorbed [21]. A design that takes into account the local
raw clay binders with the lowest possible environmental impact [30] and involving
minimum transport is decisive for the final carbon footprint of a hemp concrete. It
also takes into account the dosage, constructive systems (e.g. in harmony with
traditional and climate adapted building) and application technology [19]. The
motive of this research work is the development of hemp concretes for alternative
economic development, based on the local hemp waste material of an ancestral
hemp variety found in the Moroccan Central Rif, and historically harvested for
industrial as well as recreational purposes. The use of both C. sativa L. and C.
sativa L. - indica species as fiber hemp is undertaken by numerous archeological
[11, 22] and written [2] affirmations. Due to technological obstacles, plant’s specific
morphological reasons and chemical differences between hemp hurds and fibers
[25], whole stem utilization has been taken into account and compared with
de-fibered stem material. The present study also aims to reveal if the plant infusions
of both species have influence on the drying process of clay based mortars and on
the interactions between clay and lime.

Materials and Methods

Hemp Materials

There exist significant variations in wood anatomy, wood cell distribution, cell wall
thickness and cell dimension between Cannabis sativa L. and Cannabis sativa L. -
indica species [2, 3]. Also, the chemical composition of bark differs from the
woody stem material and hemi-cellulose is more abundant in the hemp core (31%)
than in the bark (13%) [34]. In addition, the absorption capacity is more in the core
than in the bark [23] and water and alkali soluble components increase with the
maturity of the plant [13]. The present research focuses on both, industrial
Cannabis sativa L. hemp, collected in Cervera del Rio Alhama (Spain) and
ancestral Cannabis sativa L. - indica hemp (Fig. 1), collected in Morocco’s “his-
toric hemp farming region” [12]. Absorption of 5 g sample from each species of
hemp core and hemp fiber was observed in the intervals of 72 h, 7 days and
14 days, and for studying the drying kinetics, the total water loss after drying in
T20 and HR80 conditions was recorded. The plant materials were prepared by
manual chopping. In addition, plant infusions were produced by submersion for
14 days, for the elaboration of lime stabilized earth mortars. Furthermore,
hemp-clay concretes were produced to understand the differences in the use of
industrial hemp hurds from Cavac (France), with a mean particle length of
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2–25 mm (Fig. 2) and whole stem material from Cervera del Rio Alhama (Spain),
cut parallel to the stem section in pieces of similar length (Fig. 3), with a chopping
machine used for agricultural waste.

Binder and Stabilizer

For the preparation of mortar samples, earth was collected from the same region
where the ancestral C. sativa L. - indica hemp materials were collected. For the
analysis of its clay minerals, the fractions smaller than 2 lm have been separated
after decanting the suspension of 200 g earth in 500 ml of water for 8 h. Liquids,
obtained from the upper 10 cm of the column of liquid with particles, were col-
lected and centrifuged for 4 min at 6000 revolutions. Mineralogical X-ray
diffraction (XRD) analysis was done with a PANalytical X’Pert Pro diffractome-
ter, equipped with a X’Celerator solid state detector, and using Cu-Ka radiation at
45 kV and 40 mA. The diffraction patterns were obtained by continuous sweeping
between 3 and 50° of 2h, with a space of 0.01° of 2h and 20 s of time in each
step. Its clay minerals (fractions of 2 lm) contain 18.1% quartz, 44.1% illite, 22%
chlorite and 15.8% amorphous particles. Illite is a clay mineral formed by alteration
of feldspars. It is expensive and of medium plasticity and have unctuous touch and
low permeability. Illite from Issaguen is sodic and it dissolves rapidly in water. Its
red color is associated with iron oxides. Its structure is mica type, but it has less

Fig. 1 Moroccan hemp stalks of “beldiya”
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potassium than muscovite, more inter-laminar water, and less substitution of alu-
minum for silica in the tetrahedral layer. Chlorite is found in nature combined with
illites. It is not very expensive, has less cut resistance, and is difficult to disperse in
water. This clay has tetrahedral-octahedral-tetrahedral (TOT) packages. For the
stabilization of the clay as reinforcement of the inter-laminar matrix to resist the
weathering conditions, white natural hydraulic lime NHL3.5 “Calcia” from Socli
(France) was used and showed superior results in a previous research with different
hemp-lime mortars [4].

Fig. 2 Industrial hemp hurds (France)

Fig. 3 Chopped hemp stem (Spain)
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Experimental Program with Clay Mortars and Plant
Infusions

Infusions from the 14-day submersion of two hemp varieties (Figs. 4 and 5) have
been used to prepare earth mortars with the addition of NHL3.5 lime.

In addition, a control mold was also made, and kneaded with water. The hemp
infusions were obtained from a quantity of plant material corresponding to this
mold size, employing 1 m3 of plant material per m3. The infusions have been
prepared using a water-plant material ratio in such a way that the suitable amount is
obtained to knead the mortars, taking into account that part of the water is absorbed
by hemp. Plant materials were previously cut into pieces to obtain a similar length
that is found in commercial hemp hurds (maximum 25 mm) after separating fibers
and hurds. After immersion in closed containers, hemp infusions got darkened and
gave off a smell in hemp hurds distinct from the whole stem material. Before
mixing, the red earth of Issaguen has been sieved at 3 mm maximum grain size.
Four different specimens have been made, one of each class, in standardized molds
of 4 � 4 � 16 (cm). The first specimen (“A”) contained sieved earth, NHL3.5 lime
and potable water. The second one (“FPK”) was prepared with sieved earth,
NHL3.5 lime and hemp infusion of the full stem section of the ancestral Moroccan
hemp variety, called locally “beldiya” [12]. The third specimen (“PK”) was made
with sieved earth, NHL3.5 lime and hemp infusion from the de-fibered stem
material of Issaguen. The fourth specimen (“FPE”) was prepared like the second
one but with the infusions obtained from industrial hemp of Cervera del Rio
Alhama (Spain) (Fig. 6).

The kneading was performed with equal proportions of water or hemp infusion
by weight. The percentage of NHL3.5 lime was high, 25% by volume in relation to

Fig. 4 Moroccan hemp core and fiber after 14 days of submersion in water and drying
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the earth in order to improve the results and to study if the substances released by
the plant material also affect the drying kinetics, and to compare the results with the
specimen mixed with water. After 28 days of curing at temperature of 20 °C and
RH of 80%, the mortar samples were analyzed using mineralogical X-ray diffrac-
tion (XRD) in order to verify if the minerals of clay and lime were associated.

Fig. 5 Spanish hemp core and fiber after 14 days of submersion in water and drying

Fig. 6 Earth mortar specimens kneaded with water or plant infusions
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Experimental Program with Lime Stabilized
Hemp-Clay Concretes

For both hemp-clay concrete (Fig. 7) formulations, with either hemp hurds or
chopped hemp stem (including the fibers) plus sieved earth and water, two different
percentages of NHL3.5 lime (8 and 16% in volume) were added. This stabilization
aimed to reinforce the inter-laminar matrix of the clay through cationic exchange
and transformation of peripheral links to provide good resistance to local weather
conditions (Central Rif has the highest precipitation rate in Morocco). The use of
lime is encouraged due to the fact that it was found in the formulation of all
traditional earth concretes and mortars used in the region, although it is not pro-
duced locally. During a curing and drying period of 5 weeks at T20 and RH80
conditions, drying kinetics was studied. After 5 weeks, when all concrete samples
were in equilibrium with the relative humidity of the ambient, capillary water
uptake was measured, according to the Spanish norm UNE-EN1015-18:2003.
Mechanical results were obtained at an age of 37 days instead of 28 days because
drying progressed slower than in mineral concretes. Compressive and flexural
strength of the concretes were tested at Applus laboratory (Barcelona), according to
the Spanish norm UNE-EN1025-11:2000/A1:2007, with four standardized rectan-
gular concrete samples (4 � 4 � 16 cm) of each type, obtaining four specimens for
the test of the flexural strength and eight specimens for the test of the compressive
strength.

Fig. 7 Lime stabilized hemp-clay concrete test specimens
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Results and Discussion

Influence of Plant Infusions on Drying of Lime Stabilized
Earth Mortars and the Interaction Clay-Lime

Among the four different lime stabilized earth-mortars, a higher viscosity has been
observed in the ones prepared with infusions that contain whole stem material.
Under conditions of T20 and RH80, the specimen mixed with water advanced faster
during the drying process of the first week, but the total water loss after 4 weeks
was lower than in the specimens with hemp infusions. In the specimen made with
infusion of whole stem material, deviations from the mortar sample “A” were
higher than in the specimen with infusion of hemp core material. Even so, the final
water loss % (by weight), as compared to the initial weight of the fresh mortars,
varied a little in the different specimens, being 23.74% in the mortar mixed with
water, 24.06% in the mortar mixed with infusion of core of the ancestral hemp
variety, 25.89% in the mortar with infusion of whole stem material of the same and
26.63% in the specimen made with whole stem material of industrial
hemp. According to these numbers the mortars with higher initial viscosity showed
higher final water loss. The XRD tests that were performed with 28 days cured
specimens and with fractions of less than 200 lm (Fig. 8) showed that in mortars
kneaded with hemp infusions, a delay occurred in the carbonation of the lime that is
not combined with the clay minerals, as well as in the combination of the rest of the
lime with the clay as compared to the mortar sample mixed with water.

In the mortar sample “A”, which has been kneaded with water, all clay minerals
have reacted with NHL3.5 lime (they no longer appeared as such). The lowest
percentage of carbonated lime was observed in the sample “PK”, made with hemp

Fig. 8 Mineralogical X-ray diffraction of earth mortar specimens mixed with water (black) or
infusions of plant materials (green, red and blue lines)
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core infusion, i.e. 1.5 against 7.1% of calcite in the mortar mixed with water; while
the samples with whole stem material showed 2 and 2.2% (Table 1).

This can be explained by the higher percentage of hemi-cellulose present in
hemp core compared to the bark fraction [34] and the higher water absorption by
the hemp stem material, compared to the bark [23], resulting in higher release of
substances that hinder the hardening processes. The calcite content was slightly
higher in “FPE” than in “FPK” specimen. This can be explained by variations in the
wood anatomy, wood cell distribution, cell wall thickness and cell dimension
between C. sativa L. - indica and C. sativa L. species [2, 3]. The submersion and
drying tests of the plant materials confirmed a higher porosity of the ancestral C.
sativa L. - indica hemp. A clearly higher and quicker water absorption has been
observed in the ancestral hemp core, compared to C. sativa L. hemp core during the
period of submersion, whereas no differences were observed in the fibers of both
raw materials (Fig. 9). In all specimens the total water loss after drying was higher
than the amount of water absorbed by submersion. While 5 g of C. sativa L. -
indica hemp core absorbed 16.63 g of water in 14 days and lost 17.13 g in 6 days,
C. sativa L. hemp core only absorbed 13.75 g and lost 14.25 g. These facts were
probably attributed to the bigger pore size of the earlier matured C. sativa L. -
indica hemp and an irreversible swelling of hemp core material during water
absorption, as observed at micro-scale [5]. The quantitative analysis of
lime-stabilized clay mortars (Table 1) verifies that specimens with infusions of
Issaguen’s hemp stem show the highest percentage of uncombined clay among all
samples. In “FPE” specimen with industrial hemp stem it is mainly illite that got
associated with lime, whereas in the specimen “FPK”, with infusions of Issaguen’s
hemp stem, it is rather the chlorite. “FPE” specimen showed 27.7% free illite and
15.2% free chlorite and “FPK” specimen showed 42.2% free illite and 11.5% free
chlorite, whereas in the sample mixed with water all the clay mineral matrixes got
combined with lime.

Table 1 Quantitative analysis by mineralogical X-ray diffraction of earth mortar specimens

Quantitative
analysis (%)

A PK FPK FPE

With
water

With infusion of
hemp core
(Issaguen)

With infusion of
whole stem material
(Morocco)

With infusion of
whole stem material
(Spain)

quartz and
silicates

73.2 36.3 30.1 42.2

illite – 42.2 42.2 27.7

chlorite – 10.4 11.5 15.2

calcite 7.1 1.5 2 2.2

amorphous 19.7 10.7 14.2 12.7
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Drying Kinetics of the Different Hemp Concretes

In the first 72 h, the drying progressed faster in the molds of series 2, stabilized with
16% lime. Then the series 1, stabilized with 8% lime, advanced, until a slightly
higher water loss was noticed in the series 2 after 5 weeks of drying. In the molds of
series 1, those made with hemp hurds, dried faster in the beginning, while after 24 h
the drying of specimens with chopped stem material was advanced. The total water
loss of the last one was greater after 5 weeks. In the molds of series 2, those made
with hemp hurds dried faster at first, while after 24 h the drying of specimens with
chopped stem material was advanced. After the 3 weeks until 4 weeks of age, the
specimens made with hemp hurds showed faster drying once more. Nevertheless,
total water loss after 5 weeks was greater in the molds with chopped stem material
of both series than in those with hemp hurds (in specimens with chopped stem
material 347 g and 355.5 g in series 1 and 341.5 g or 334.5 g in series 2, in those
with hemp hurds 317 g and 327 g in series 1 and 319 g and 305.5 g in series 2).
Therefore, the final water loss was slightly higher in molds, stabilized with a lower
amount of lime. According to these results it can be understood that in lime sta-
bilized hemp clay concretes the hemp stem material releases more inner pore water
through swelling than the hemp hurds material, possibly due to the higher contact
area of the fibers.

Fig. 9 Absorption of water in grams by submersion in water of 5 g hemp material (origin: Spain
and Morocco)
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Capillarity Water Uptake of Lime Stabilized Hemp-Clay
Concretes with de-Fibered and Whole Stem Material

In the short-term absorption of concretes of series 1, stabilized with 8% lime, molds
made with whole stem material absorbed water quicker, whereas after 3 h molds
made with hemp hurds became more absorbent. It is expected that the absorption
does not end until the full saturation of the hemp hurds is achieved, a process that,
as observed in the submersion test, takes more than 14 days in the hemp hurds,
whereas 7 days in fiber material (Fig. 10). The molds subjected to capillary
absorption of 72 h (Figs. 10 and 11), take more than 3 weeks to dry under T20
RH80 conditions. The whole stem species dried earlier, as did the hemp fibers with
respect to the hemp hurds. Comparing series 1 and 2, it can be observed that higher
stabilization has a more favorable effect on the specimens with hemp hurds, because
the absorption progresses slower from the beginning. However, a higher lime
addition benefits practically nothing to the specimens with chopped stem. Till 24 h
the absorption of series 2 progressed practically in the same rate as in the samples
stabilized with half amount of lime, although after 24 h the absorption advanced
somewhat slower than in the series 1. In series 2 the molds with hemp hurds
showed more absorption than the molds with whole stem from 36 h and not after
3 h as in the series 1. Finally, the drying of the molds stabilized with twice the lime
was slower than in series 1, although previously absorbed water was lower.

Fig. 10 Capillarity absorption in grams, in specimens of SERIES 1, stabilized with 8% lime, with
hemp hurds (S1 p) or chopped stem (S1 p + f)
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Mechanical Results of Lime Stabilized Hemp-Clay Concretes
with de-Fibered and Whole Stem Material

Contrary to the results of another research carried out with lime, cement and
gypsum concretes containing hemp hurds and fibers [14, 15], in the present work
adding fibers successfully increased the compressive strength as well as the flexural
strength of all tested lime stabilized hemp-clay concretes (Table 2 and 3).

Nevertheless, the samples of series2, stabilizedwith 16%limeshowedworse results
in their compressive strength than samples of series 1 stabilized with 8% lime, which
showed 1.3 MPa for the specimens with whole stem and 1.2 MPa for the specimens
with hemp hurds. The specimens of series 2, stabilizedwith 16% lime showed 1.26 and
1.18 MPa, respectively. On the contrary, flexural strength was higher in series 2 sta-
bilized with 16% lime than specimens of series 1, which exhibited 0.55 MPa for the
specimens with whole stem and 0.43 MPa for the specimens with hemp hurds. The
specimensof series 2 showed0.58 and0.45 MPa respectively.Although large amounts
of plant material, equivalent to one m3 per m3 of concrete were used for the specimens
of this research, their compressive strengths were within the upper range of adobe
bricks that usually range from 0.32 to 2.46 MPa [31] and are frequently found in
load-bearing applications. The mechanical performance of hemp concretes is limited
due to meso-pores (from 0.1 to 1 mm) formed by trapped air within the hemp aggre-
gates and the binder itself and micro-pores (lower than 0.01 lm) in the binder matrix.
40% in volume of lime binder would be needed to reach a compressive strength of
1.15 MPa by reduction of the macro-pores, that occupy spaces of up to 1 cm between
particles of a hemp light concrete [10]. Earth is a cheaper and environmental friendly
material tofill thosemacro-pores. Clay particles from0.08 up to 2.5 lm, contrary to air
and hydraulic lime binders [4], cover all the pores of the wall of hemp hurds but form a
heterogeneous structure after drying and thus reduce the contact areawith the same [7].

Fig. 11 Capillarity absorption in grams, in specimens of SERIES 2 stabilized with 16% lime,
with hemp hurds (S2 p) or chopped stem (S2 p + f)
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Table 2 Mechanical results series 1 (P + F = whole stem, P = hemp hurds)

Reference Mass (g) specimens
4 � 4 � 16 (cm)

Flexural strength
(37 days)

Compressive strength
(37 days)

Load
(N)

Tensile
(MPa)

Load
(N)

Tensile
(MPa)

S1 P + F
(a)

275.28 234 0.5 2.037 1.3

2.026 1.3

S1 P + F
(b)

274.59 230 0.5 2.163 1.4

2.261 1.4

S1 P + F
(c)

270.81 238 0.6 2.062 1.3

2.137 1.3

S1 P + F
(d)

280.02 253 0.6 2.192 1.4

2.097 1.3

S1 P (a) 271.18 173 0.4 1.887 1.2

2.070 1.3

S1 P (b) 269.91 176 0.4 1.846 1.2

1.758 1.1

S1 P (c) 271.20 206 0.5 1.948 1.2

2.103 1.3

S1 P (d) 270.75 175 0.4 1.880 1.2

1.978 1.2

Table 3 Mechanical results series 2 (P + F = whole stem, P = hemp hurds)

Reference Mass (g) specimens
4 � 4 � 16 (cm)

Flexural strength
(37 days)

Compressive
strength (37 days)

Load
(N)

Tensile
(MPa)

Load
(N)

Tensile
(MPa)

S2 P + F
(a)

298.4 202 0.5 1.890 1.2

1.923 1.2

S2 P + F
(b)

288.14 206 0.5 1.991 1.2

2.015 1.3

S2 P + F
(c)

293.61 260 0.6 1.984 1.2.

2.132 1.3

S2 P + F
(d)

304.08 278 0.7 2.064 1.3

2.257 1.4

S2 P (a) 272.00 181 0.4 1.957 1.2

1.746 1.1

S2 P (b) 287.13 209 0.5 1.841 1.2

1.987 1.2

S2 P (c) 281.24 196 0.5 1.896 1.2

1.973 1.2

S2 P (d) 287.78 186 0.4 1.822 1.1

1.859 1.2
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Conclusions

This paper addresses the feasibility of the implementation of an ancestral hemp
variety against industrial hemp in concrete. In this context, the drying kinetics and
stabilization with lime of earth mortars, mixed with water or plant infusions were
studied for both hemp hurds and whole stem material. The results confirmed dif-
ferent findings with de-fibered and non-de-fibered stem material and also with
different hemp varieties. Those differences could be due to anatomic and chemical
deviations. However, the differences between both species are not important
enough to disregard the use of Moroccan ancestral C. sativa L. - indica hemp for
construction purposes. The research rather demonstrates that in hemp-clay con-
cretes, stabilized with lime, different varieties of hemp may need different formu-
lations containing appropriate clays, in order to obtain maximum performance.
Adapted formulations and treatments seem to be necessary to optimize results in all
hemp varieties and those are more important in de-fibered than in whole stem
material. Furthermore, clay based concretes made with de-fibered and
non-de-fibered hemp stem, stabilized with two different percentages of lime were
compared. Concerning the mechanical properties, the lower results of compressive
strength with higher amount of lime addition could be explained by the alkaline
medium created by higher lime content which is probably the reason for higher
hemi-cellulose release, causing hardening problems and hindering the interaction
between clay and lime. This resulted in weakening of clay-lime matrix. Why a
higher amount of lime addition benefitted the flexural strength of both concretes can
only be explained through additional macroscopic studies, or preparing control
specimens without addition of lime. Higher additions of lime didn’t reduce sig-
nificantly the capillarity absorption and delayed the subsequent drying process of
the specimens.
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The Use of Hemp in Building Components
for the Development of a Modular House
in a Rural Area of Cauca—Colombia

Elena Piera Montacchini, Mónica Alexandra Muñoz Veloza,
Roberto Pennacchio, Lorenzo Savio and Silvia Tedesco

Abstract Nowadays, people are looking for sustainable materials for construction
industries due to many social, economic and environmental problems related to
usage of non-renewable materials. The Colombian government and the main
guerrilla group (Revolutionary Armed Forces of Colombia—FARC) has kept the
development of rural areas as one of the principal task in their agenda. This work
has been carried out to explore and analyze the different ways in which industrial
hemp can be used in rural construction. The main focus is to develop a modular
house prototype in the rural area of Toribío Cauca, by using industrial hemp as the
main material. This will be used as a strategy for sustainable development of rural
communities in the post-conflict period in Colombia.

Keywords Hemp � Building components � Sustainability � Rural development

Introduction

It is well known that the world population has grown rapidly in the past century,
and social and environmental problems have become widespread alongside this
growth. Extreme poverty, for example, has become one of the greatest humanitarian
crises of our generation: in 2016 1.6 billion of the world’s population were living in
extreme poverty and 85% of the 1.6 billion lived in rural areas [1].

Most of the time, rural communities face transportation difficulties and precar-
ious housing situations that affect the quality of life. Due to the isolated character of
rural settlements and the current need to transport many of the construction tech-
nologies and long-established materials—such as masonry, concrete and steel—
from the city, many of the conventional solutions to rural housing problems tend to
have greater financial and environmental costs. Since adaptive capacity and resi-
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lience depend mostly on access to financial, material and social resources [2], rural
population groups will be far more vulnerable than others against the impacts of
global changes, especially the climate change. To be able to tackle these problems,
innovation is required.

The increasing demand for developing biodegradable, sustainable, and recy-
clable solutions as a response to the environmental and social concerns [3] has led
to a renewed interest in hemp materials in building and construction components.
These bio-materials have many advantages that, compared to the production of
conventional ones, make them more suitable for production in developing rural
communities. The versatility of hemp can be seen in a wide range of building
materials made from its seed, fiber, shives and leaf stock. The goal of this research
is to investigate the possibility of building a modular house prototype for rural
communities in Toribio—department of Cauca, Colombia—using hemp as main
material, to improve living conditions, income and employment in this post-conflict
rural area and to increase community empowerment and entrepreneurial capacities
to engage with competitive markets.

Colombia: Background

Colombia possesses a prodigious natural wealth. After Brazil, it is the second
country in the world with the highest biodiversity and is one of the eleven countries
that still preserve vast areas of their original forests [4]. Unfortunately, despite
having one of the richest bio-diversities on the planet, poverty continues to be a big
problem. In Colombia, 27.8% of the population live in poverty, and this rate
increases to 40.3% in rural areas, making the South American country one of the
most unequal countries in the world [5].

In many ways, this problem is linked to the 50-year internal conflict between the
Colombian State and guerrilla groups, which is estimated to have displaced more
than 5.7 million people from their homes and lands, [5, 6] affecting mostly the rural
population. This long internal conflict has been aggravated in recent decades by the
expansion of drug trafficking—opium, Cannabis, and Cocaine—which has
financed and created new forms of violence. Currently, the internal conflict and
drug trafficking, combined with the impoverishment, unemployment and high
informality, sanitation problems, the lack of state presence in rural areas, and the
arrival of multinational companies have created a risky situation for the economy of
rural populations that are not prepared to resist and combat these challenges.
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Methodology

In order to propose a modular house prototype that satisfies the housing needs of a
family in a rural community of Toribio, Cauca and, at the same time, provides a
source of work to the inhabitants, the following analyses were carried out:

• identification of the main properties of hemp and the benefits it brings as a
cultivation and building material;

• identification of the different types of construction products and materials that
use industrial hemp as the main material and are currently in the market or being
studied;

• checking the current availability of hemp in the study area and how it is being
used by the population, and relate this with the information found about current
hemp construction materials, to verify the real possibility of developing sus-
tainable rural housing based on hemp in Toribio, Cauca;

• characterization of rural residents based on socio-cultural and environmental
aspects.

These steps have led us to the definition of a matrix, which correlates
socio-cultural and environmental aspects with design strategies, and is useful for the
development of the prototype.

Properties and Benefits of Industrial Hemp

Hemp is a fast-growing grass-like plant containing fibers of great strength. The
fibers have been used since Roman times for rope and sails, clothing and con-
struction [7]. The choice of working with hemp as main material in the construction
of a modular house prototype is based on the recognition of its physical charac-
teristics, versatility and potential. Being a natural material that is easy to grow and is
cheaper than other established materials such as concrete or steel, industrial hemp is
an excellent solution for rural housing where the economic and environmental costs
of conventional construction solutions often increase due to the difficulties in
transporting building materials—which mostly arrive from the big cities—and the
need to employ skilled labor. The benefits of hemp could be summarized as
follows:

• hemp is a renewable and environment friendly material, breathing in 4 times the
carbon dioxide (CO2) of trees during its quick growing cycle. It has a great
potential to act as sustainable ‘sink’ for atmospheric carbon dioxide and at the
same time, save non-renewable resources;

• its manufacturing processes (materials, transport, used energy) do not contribute
to global warming;

• hemp-based building materials reduce energy consumption due to its excellent
insulation and airtightness [8].
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Hemp Construction Materials

Hemp Fiber Panels for Insulation

This kind of panels are obtained by the means of processing and pressure of hemp
fibers, with which it is possible to get semi rigid panels or rolls of hemp. Due to
their excellent thermal capacity, hemp fiber panels can be used in perimeter insu-
lation cavities of flats and buildings with outstanding results, filling the void and
creating an effective barrier. They can also be used for other types of intervention as
internal or external thermal envelope, ventilated roofs, ceilings and floors. Hemp is
also not targeted by parasites, therefore doesn’t need insecticide treatments.

Hemp and Lime Bio-Composite

This bio-composite can sequester 0.3 kg of carbon per kg and up to 20 tons of
carbon in a typical house [7]. It is obtained by combining the wood-pulp core of the
hemp’s stem -also known as shives—and a hydraulic lime based binder with the
addition of water. The shives are usually a by-product of hemp fiber processing and
being naturally rich in silica, they help with the hardening of the lime. Once cured,
the bio-composite is transformed into a rigid and lightweight durable material with
excellent insulation properties, [9] that can store up to 135 kg of CO2/m

3 [10]. This
characteristic makes it one of the most carbon friendly building materials currently
available on the market. This bio-composite can be used as a filler in wooden beams
and pillar structures, and in screed floors and roofs. It can also be used as a natural
mortar, an insulating plaster or an insulating board. Currently there are four dif-
ferent methods for the application of hemp-lime bio-composite [12] (Fig. 1):

• Mechanical spraying: it is used on larger projects because of the specialist
equipment and operatives cost. Using a temporary waterproof plywood where it
is being applied, this technique can be used to fill walls, floors or roof cavities.
Although it has its advantages, this technique creates higher levels of waste.

• Casting: this is the fastest and most common method in most countries for small
and medium size projects. In this process, the components—hemp, lime and
water—are mixed in batches and inserted by hand into the wall cavity using
shuttering and then manually tamped.

• Blocks: in this method, production is carried out with a cold process. It has
become widespread in the construction industry in the developed countries
because of the familiarity of its construction technique. Rigidity, lightness,
strength and breathability combined with recyclability and resistance to freez-
ing, insects and rodents. It has flame retardant properties and therefore does not
need additional flame retardant substances. Although these blocks are not strong
enough for structural use, they can be combined with a brick, timber, or steel
frame structure. Timber frame is the most common choice since it avoids
condensation issues and cold joints.
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Currently there are products on the market that allow to use a dry construction
system. The Italian company Banca della Calce, for example, has launched the
hemp-lime block with a particular geometry that allows a perfect joint between
continuous elements and does not require the use of bedding mortar. The supporting
function is attributed to a wooden structure.

• Prefabrication: This method has several advantages. It has greater consistency,
higher accuracy, and can improve building efficiency. An example of this
method is the Modcell® technology developed in the UK. Unfortunately, this
technology also has some disadvantages. For example, it can be more expensive
than other methods and its process can require more time.

Fig. 1 Numerous uses of hemp and lime bio-composite in buildings [11]
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Reinforcement in Composites

The use of hemp fibers as reinforcement in composite materials has increased in
recent years. The mechanical properties of hemp fibers are comparable to those of
glass fibers. However, their biggest disadvantage is the variability in their properties
[13]. The blending materials range from thermoplastics to thermoset. Plant based
resins made from soy, canola or corn are also used so that a 100% bio composite is
feasible. Hemp fiber is also used to produce mineral based composites, in the same
way polypropylene or glass fiber is used to reinforce concrete. The use of injection
molding technology is also starting to gain ground using hemp fiber as a reinforcing
material, allowing it to be used in more complex shapes and structures [14].

Structural Hemp

Although hemp-lime bio-composite offers a low embodied energy and negative
carbon footprint, the timber frame could be be less environment friendly. That is why
the English studio Hemp Architecture is exploring the potential of hemp in its most
natural state, as a stalk, using it in construction as structural element. This new
construction method attempts to achieve this by creating a space-frame of hemp stalk
within a lime-hemp wall. The hemp stalk frame could be constructed for the whole
building, creating a skeletal form and then the lime-hemp cast around it [15]. The
results show higher potential in compression and tension (up until the frame fails)
but less potential in bending. One of the advantages of the construction technique
proposed by Hemp Architecture is the design freedom by not constraining the blocks
to a frame structure in typical orthogonal hemp-lime construction.

Cannabis in Colombia

Industrial hemp is a genetic variant of the Cannabis with lower levels of the
psychoactive compound tetrahydrocannabinol-THC (< 0.3% on a dry weight basis)
[16]. In 2015, the Cannabis varieties cultivated in the most important production
centers in Colombia were updated. 52 samples were collected by The National
Police—Anti-Narcotics Division, in the departments of Cauca (10), Magdalena
(26) and Norte de Santander (16). These samples were taxonomically classified and
it was determined that the analyzed samples belong to the same species Cannabis
sativa L [17] generally used to produce fiber and oil.

There are two modalities of Cannabis plantations in Colombia: full exposure
cultivation and greenhouse. Each modality contemplates different challenges for
detection. Unfortunately, to date, there is no official information about the number
of hectares of Cannabis cultivation in Colombia that allow us to establish levels of
production as well as identify the characteristics of the transformation processes and
agricultural practices in each of the producing regions. It should be mentioned that
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the understanding of the dynamics of production, processing, marketing and traf-
ficking of Cannabis presents great challenges because it can be grown easily both
outdoors and indoors with optimum results in terms of quality [17]. However, as
reported by the Cauca Police, in 2015 there were 215 ha of Cannabis plantations in
the northern Cauca indigenous reserves [18].

In 2016, with the Congress approval for medicinal and scientific use, Colombia
became the fourth Latin American country—after Chile, Puerto Rico and Uruguay—
to have a legislation for the therapeutic and experimental use of Cannabis for
scientific purposes [19]. With the current Colombian political framework, the leg-
islation and regulation of Cannabis would allow the use of hemp as a solution for the
post-conflict agreement key points that promote the substitution of illicit crops and
the implementation of comprehensive rural reforms [20]. The local production of
industrial hemp for construction materials would also contribute to the development
of new rural Colombian enterprises that seek to mitigate the environmental impact
and create employment in rural areas.

Study Area

The study area is in a rural zone of the Colombian Pacific region, specifically in the
province of Toribio at north of the Cauca department. This area was chosen because
of the environmental characteristics that make it particularly suitable for the cul-
tivation of hemp. It was also chosen because, being one of the poorest and most
vulnerable areas of the country, the realization of such a project could contribute to
building a sustainable development model for the rural communities that live there.

Cauca department is one of the poorest in Colombia. More than 60% of its
population lives in rural areas [22], such as Toribio, where poverty is particularly
severe due to remote location and internal conflicts. The inhabitants of Toribio—in
majority Nasa indigenous, Afro-indigenous and mestizo communities—are mainly
engaged in agriculture, commerce and artisanal mining. In fact, since 2002 the
National government has declared several mining areas in north Cauca exclusive to
indigenous people, prohibiting multinationals from mining in those areas and
increasing community entrepreneurial capacities (Fig. 2).

Since ancient times, these communities have cultivated cannabis for recreational
purposes. Unfortunately, illicit crops have become an important part of their ficti-
tious economy. With drug trafficking, cannabis, that is considered an ancestral plant
along with the coca, have become a tragedy for Cauca’s inhabitants because of
illicit uses. Now, an alliance between the public sector, scientific community, local
authorities and the rural community itself seeks to leave behind this stigma and
expand its use for medical and industrial purposes.

In recent years, they have started several projects that aim to develop programs
for legal use of this plant. Food, cosmetics and natural medicine are some of the
explored industries so far. In 2016 in Corinto, a northern Cauca town near Toribio,
was presented Caucannabis, the first hemp cooperative for medicinal purposes. This
is a part of the “Integral management and alternatives for Cannabis cultivation in
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five provinces of north Cauca” project. In addition to Corinto, the other four pro-
vinces involved are: Miranda, Caloto, Jambalo and Toribio. This project, which has
the support of the National government, also aims to create a research center to
identify new legal uses for this plant as well as reducing the levels of violence in
this region of the country by replacing illicit crops [23].

That is why the possible use in construction of the hemp grown here and the
artisanal but regulated extraction of lime, another important component of hemp
bio-composites, should therefore integrate with what until now has started, con-
tributing to the improvement of rural housing as well as representing a source of
local economic and social development.

Housing Needs

For the analysis of the rural housing’s identity and design, three basic criteria have
been taken into consideration [24]:

• Relationship between home and environment. It indicates the adaptation of the
construction to external conditions such as climate, topography and landscape.
This criterion is especially important when considering the characteristic high
slope of the areas where coffee is grown.

• Architectural features of rural housing: the predominant forms, the traditional
construction techniques and materials, the use of space and the housing adap-
tation to the cultivation of coffee.

• The overlapping of identity elements and the architecture of the house: these
identity elements are not part of the house structure, but they can change its
appearance: color, plants, furniture, personal objects, etc. This is an important
part of the rural house character because it represents the family or individual
values.

Fig. 2 Location of Cauca department [21]
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Results

To design the prototype, we realized a matrix. We cross information about existing
and experimental hemp materials, environmental, cultural and lifestyle needs of
rural areas in Colombia, and environmental and technical requirements for indus-
trial hemp cultivation and production. The following is an extract of the matrix
(Table 1):

Conclusions

The rural areas of Colombia possess enormous wealth and potential. Therefore,
sustainable hemp plantations and hemp composites production for rural construc-
tion can improve the living conditions of the population (better home comfort), and
provide direct employment for many rural, unskilled people, (both in plantation and
in processing facilities) contributing to build a sustainable economy model in rural
communities in Colombia, where economic development opportunities are scarce.
[27].

A dry construction system based on hemp is more environment friendly
(especially in rural areas) as the elements, thanks to the ease of
assembly-disassembly, can be recycled, replaced (for degraded elements) or reused
to decrease the impact of any future disposal.

Although it is possible to build a modular house by using hemp composites in
most of the building components, further tests should be performed to assess its
thermal and acoustic performances. For example, due to the moisture absorption of
hemp fiber composites [28], some components such as the roof cover need to be
studied further.

The main outlooks of the research are

• Use of guadua instead of timber: Guadua is a Neotropical genus and it belongs
to the same family as bamboo. Due to its quality, guadua has been widely used
for the construction of houses along the inter-Andean rivers of Colombia.
Removing the timber structural frame of the current hemp-lime construction and
using a guadua structural frame would reduce both the building’s embodied
energy and the strain on the tree stock. It could also provide a more economical
method of construction since guadua is a local agricultural crop and using a
local material for the construction in this area would be far cheaper than timber.

• Roofing panels: Natural fibers and resin material can be compressed into lam-
inates that can act as skins for sandwiched structures [29]. In rural societies, due
to use of local plant fibres these panels can be used as a more durable and
economical roofing option.
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