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Lately, researchers around the world have developed
effective chemical and physical treatments on plant
fibers to improve their compatibility with polymeric mat-
rices. In addition, the need of high performance fabrics
produced from plant fibers has been addressed by
many manufacturers of textile reinforcements. These
facts have increased the use of natural fibers in the
composite industry. Liquid Composite Molding (LCM)
techniques are suitable for mass production of high-
quality composite parts. Basically, the reinforcement is
compressed inside a mold and a thermosetting resin is
injected to impregnate the fibers and fill the empty
spaces in the mold. After the resin cures, the composite
part is demolded. However, the processing of plant
fiber-reinforced composites by the traditional techni-
ques is not trivial, because the structure of plant fibers
is more complex than that of synthetic fibers and due to
their chemical composition rich in cellulose and hemi-
cellulose, they are highly hydrophilic. This work presents
a review on the main issues that arise during the proc-
essing of plant fiber reinforced composites by traditional
liquid composite molding techniques. POLYM. COM-
POS., 00:000-000, 2014. © 2014 Society of Plastics Engineers

BIOCOMPOSITES

Nowadays, the increasing environmental pollution and
the reduction of nonrenewable resources have led industry
and academia to focus their research on the development
of materials that are environment friendly and made from
renewable resources. In this context, bio composites are
being created using natural fibers in conjunction with bio-
resins. In some cases, because of different factors (insuffi-
cient properties of one of the components, limited supply,
high cost, high moisture absorption, etc.), hybrid compo-
sites are made with natural fibers and polymeric matrices
derived from the petrochemical industry or vice versa.

Natural fibers can be classified according to the origin
as plant, mineral and animal fibers. Plant fibers have the
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higher potential as reinforcement for composite materials
due to their superior stiffness, strength and availability
[1]. These fibers can be extracted from different parts of
the plant such as [2]: the bast fibers (jute, kenaf, hemp,
ramie, flax), leaf fibers (sisal), fruit fibers (coconut), seed
fibers (cotton), straw fibers, and grass fibers. The micro-
structure of plant fibers is extremely complex due to the
hierarchical organization at different length scale and the
different materials present in variable proportions. Plant
fibers essentially consist of two cell walls arranged as
concentric cylinders with a small channel in the middle
called the lumen [3]. The bulk of the fiber is essentially
constituted by the layer S2 of the secondary wall cell.
The main chemical constituent of the fiber cell wall is
cellulose, which chains are arranged in parallel to form
bundles, denoted microfibrils, which are usually bonded
together with lignin, pectin and hemicellulose. The struc-
ture of the cell wall is organized into a number of layers
differing by the angle of the cellulose microfibrils to the
longitudinal fiber axis. Thus, the cell wall of plant fibers
is organized like a composite laminate with a number of
layers with differently oriented, stiff and strong semicrys-
talline cellulose microfibrils embedded in a matrix of
hemicellulose, pectin, and lignin. Figure la shows the
structure of an elementary fiber, and Fig. 1b shows a
SEM image of a jute fiber. It can be seen that a single
fiber is composed of several elementary fibers linked
together by pectins. Due to their chemical composition
rich in cellulose (Table 1), plant fibers are highly hydro-
philic. Table 2 presents physical and mechanical proper-
ties of some plant fibers and glass fibers.

The environmental advantages of plant fibers have
been demonstrated by many studies of sustainability and
life cycle assessments [12—16]. In addition, these fibers
are renewable, abundant and cheaper than synthetic ones;
they are less abrasive, which reduces wearing of tools
and the health risk to workers and operators; they have
good thermal and acoustic insulation properties, low den-
sity and good specific properties [17]. On the other hand,
plant fibers have some limitations, such as water absorp-
tion [18, 19] that can result in swelling of the fibers,
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FIG. 1. (a) Schematic representation of a plant fiber. (b) SEM image
of a jute fiber.

which in turn can reduce the dimensional stability of the
agro-fiber composites, and also deteriorates their mechan-
ical properties as it weakens the matrix—fiber interface.
Other drawback of these fibers is their low thermal stabil-
ity, because they suffer lignocellulosic degradation at low
temperatures (about 200°C), limiting their use in some
applications and also the processing temperatures [20].
Furthermore, their mechanical properties are lower than
those of glass and carbon fibers, and their chemical com-
patibility with most polymeric matrices is also inferior,
resulting in lower mechanical performance of the compo-

sites. Another disadvantage of plant fibers is the great
variability in physical and mechanical properties found
among fibers of the same type (Table 2), depending on
climatological and geographic conditions during plant
growth [21].

REINFORCEMENTS MADE FROM PLANT FIBERS

There are some characteristics of plant fiber fabrics
that should be considered if traditional processing techni-
ques are to be used to manufacture green composite
parts:

e Reinforcements made of plant fibers are prone to exhibit
significant inconsistency in properties such as surface den-
sity, fiber and yarn dimensions and fiber chemical compo-
sition, depending on the plant growing conditions.

e Continuous filament bundles are impossible to obtain with
plant fibers. Fiber length can vary from several millimeters
to a few meters. Different methods are used to make large
rovings from short fibers. Usually, continuous rovings are
made with short twisted fibers, as shown in Fig. 2a. On
the other hand, glass fiber rovings are continuous filament
bundles, as shown in Fig. 2b.

e Due to their hydrophilic nature, plant fiber based rein-
forcements usually contain around 10% of absorbed water
in the fiber micro structure. Water can interfere with the
polymerization reaction, degrade the fiber-matrix interface
and generate voids in the composite microstructure. There-
fore it is highly recommended to dry the fabrics and
decrease water content to 2 to 3% before the processing of
the materials [22].

e Thermal stability of the fibers must be considered when
using high processing temperatures. This is a very impor-
tant issue in most thermoplastics processing techniques,
but it is not critical when thermosetting matrices are used,
since a wide variety of them can be cured at safe
temperatures.

PROCESSING OF PLANT FIBER COMPOSITES

Thermosetting matrix composite parts can be manufac-
tured by several techniques such as hand lay-up, liquid
compression molding, filament winding, pultrusion, auto-
clave processing and liquid composite molding techni-
ques. The most used processing techniques for the
production of composite parts based on natural fibers and

TABLE 1. Chemical composition of some vegetable fibers [4-7].

Fiber type Cellulose (%) Lignin (%) Hemicellulose (%) Pectin (%) Wax (%) Moisture (%)
Jute 51-72 5-13.0 12-20.4 0.2 0.5 10
Flax 60-81 2-3 14-18.6 1.8-2.3 1.3-1.5 10
Hemp 70-78 3.7-5 17.9-22 0.9 0.7 10
Ramie 68.6-76 0.6-1 13.1-15 1.9-2 0.3 10
Kenaf 36 18 2 - -
Sisal 43-88 4-12 10-13 0.8-2 0.3 10
Henequen 60-78 8-13 4-28 34 - -
Cotton 82.7-92 0-1 2-5.7 5.7 0.6 10
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TABLE 2. Properties of some vegetable fibers compared to those of glass fibers [8§—11].

Fiber
Property E-Glass S-Glass Flax Hemp Jute Sisal
Density (g/em) 2.55 2.49 1.4-1.5 1.4-15 1.3-1.46 1.4-1.45
Tensile strength (MPa) 3450 4300 345-1500 310-1834 350-900 511-635
Young modulus (GPa) 72.4 86.9 50-110 35-70 10-30 9.4-22
Elongation (%) 4.8 5 1.2-33 1.6-3 1.2-1.8 2-2.5
Specific tensile strength 1353 1727 238-1000 214-1264 286-650 360447
(MPa* cm®/g)
Specific young modulus 28 35 34-76 24-50 7-22 7-15

(GPa* cm®/g)

thermosetting polymer matrices used to be hand lay-up
and compression molding due to the low costs associated
to these methods [23], but nowadays the spotlight is right
on the liquid composite molding (LCM) techniques
because these are automated processes that offer short
processing cycles, high product quality and enables mass
production [24]. Although autoclave processing of bio
composites is possible, it is not common because it is a
very expensive technique and bio composites are not
meant to be used in high performance applications.
Therefore, and since the hand lay-up and compression
molding processes require little scientific attention, this
review presents the recent findings on the issues that arise

] mm

FIG. 2. (a) Jute fiber bundle extracted from a bidirectional woven fab-
ric. (b) Glass fiber bundle.
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during the processing of plant fiber composites by LCM
techniques. Pultrusion and filament winding techniques
are not specifically treated in this article, but many of the
conclusions made for LCM techniques can be extrapo-
lated to those processes.

The first step in most of LCM techniques is the prepa-
ration of the preform by cutting and stacking several
layers of the fabric or mat used as reinforcement. Some-
times fabric orientation is changed from layer to layer in
order to modify the isotropy of the composite. Usually a
pre-forming step is done prior to place the fabrics in the
mold. This step consists in compressing a stack of fabric
layers in a mold to a shape and thickness close to those
of the final part. A binder is sometimes used to avoid pre-
form deformation during handling. Afterwards the pre-
form is placed inside a mold that closes compressing the
preform to the desired thickness, which in turn determines
the final fiber volume fraction of the composite. Then, a
catalyzed resin is forced to flow through the dry preform
and the reinforcement is impregnated by the resin. After
the mold is completely filled, the resin is left to cure
(usually assisted by a heated mold) and after reaching the
desired degree of cure, the part can be removed from the
mold and the cycle is repeated.

There are many different liquid composite molding
processes, which are described in Table 3. Some of these
processes involve two rigid mold halves (RTM, LRTM,
ICM) while others use a flexible sheet as the upper mold
half. The most widely used LCM process for low volume
production of large parts is Vacuum Infusion (VI). In this
process (Fig. 3a), the preform is placed on a rigid lower
side of the mold and resin and vacuum lines are strategi-
cally positioned over the preform. A flexible sheet or re-
usable bag is positioned on top of it and sealed to the
lower side of the mold, and vacuum is applied to compact
the reinforcement and eliminate air. Finally, resin lines
are opened and it is introduced as the vacuum draws it
through the reinforcement. This technique, which is
widely used to produce very large parts, has some disad-
vantages such as: poor surface finish in the side of the
bag, low available compaction and injection pressure
(1 atm), long cycle times and wastage of large amounts
of disposable materials such as the vacuum bags, peel ply
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TABLE 3.

Some liquid composite molding processes.

Process Initials Tooling Production volume Part complexity Part size
Resin Transfer Molding RTM Rigid mold (steel or aluminum) High High Small-medium
Light Resin Transfer LRTM Rigid mold (glass fiber Low-Medium Medium Small-medium
Molding reinforced composites)
Vacuum Infusion VI Rigid lower mold—flexible sheet Low Medium Medium-large
(vacuum bag, plastic sheet,
silicone or rubber membrane)
Injection Compression ICM Rigid mold (steel or aluminum) Medium-high Medium Small-medium

Molding

and hoses. On the other hand, Resin Transfer Molding
(RTM) is the most used technique for mass production of
complex parts. In this process (Fig. 3b) both sides of the
mold are rigid, usually made of steel and resin is intro-
duced via a pumping mechanism. The higher injection
pressures used in this technique give more flexibility in
types of resins and fillers, and allow obtaining higher
fiber contents. Other benefits are better cosmetic finishes,
lower variation in part thickness, and faster cycle times.
Light Resin Transfer Molding is (LRTM) a variant for
RTM that is widely used for low to medium volume
applications. LRTM tooling costs are a fraction of the
price of equivalent RTM molds but also the production
rate is lower. The closed mold consists of an “A” side
mold (base mold) and a semi-rigid “B” side mold (coun-
ter mold) that is sealed to the “A” side mold using vac-
uum pressure. Flexibility of the counter mold enables it
to fit perfectly with the base mold, which is essential to
achieving the necessary vacuum pressures and precision
parts. Resin is drawn into the resulting cavity under vac-
uum. The resin infusion may be assisted by a resin injec-
tion pump, which will accelerate the infusion process.
Another LCM variant is Injection Compression Molding
(ICM), which involves a compression stage of a preform
that has already been saturated with the resin. In this pro-
cess, the preform is placed in the mold and an initial
compression stage is performed with the mold remaining

Vacuum distribution
hose

Catalyzed

resin Vacuum Pump

Tacky tape
sealant
Resin rL Catalyzer
= Static
mixer
FIG. 3. (a) Vacuum infusion set up. (b) Resin transfer molding set up.
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partially open. Resin is introduced into the mold cavity
through injection gates until the required volume of resin
has been injected. At this point all injection gates are
closed, and the mold platens are brought together driving
the resin through the remaining dry areas of the preform
and compressing the laminate to the final -cavity
thickness.

The two critical stages occurring during the LCM
processing are the compaction and impregnation of the
preform, which will be explained in detail in the follow-
ing sections.

COMPACTION OF PLANT FIBER PREFORMS

The compaction response of fibrous preforms deter-
mines the maximum fiber content that can be achieved
with the available clamping forces. This is very important
in single-sided molding processes like VI, where the max-
imum compaction pressure is limited to the atmospheric
pressure. It should be taken into account that in general,
the higher the fiber volume fraction of a composite is, the
higher its performance is. Moreover, higher fiber contents
will result in more ecofriendly composites when petro-
chemical resins are reinforced with natural fibers, since
the percentage of materials from renewable sources is
increased [25]. Besides the maximum compaction pres-
sures needed to achieve a certain fiber volume fraction,
the other properties that characterize the compaction
behavior of fibrous preforms are the permanent deforma-
tion after subsequent loading cycles [26, 27] and the
stress relaxation that occurs while the desired thickness is
kept constant [28-30]. The permanent deformation of
synthetic woven preforms is usually attributed to the irre-
versible yarn cross section deformation, flattening, and
nesting; while in random mats permanent deformation is
caused by the filaments from one layer of fabric that are
intertwined or embedded in the adjoining layer. Preforms
that experience high permanent deformation are easier to
place in the mold after the preforming stage and, because
it thickness is closer to the final part thickness, the
required clamping forces are lower. In the same way, a
higher fiber volume fraction can be obtained after a pre-
forming step in single-sided molding processes such as
VI. Stress relaxation means that the load required for
maintaining a fixed thickness in a preform decreases with
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time. In the same way, if a constant load is applied to a
preform as it happens in vacuum infusion technique, its
thickness will decrease with time. This phenomenon is
known as fiber settling.

Some LCM processes, such as ICM, involve a com-
pression stage of a preform that has already been satu-
rated with the resin. Two opposite effects occur during
the compaction stage in the presence of a fluid. The fluid
acts as a lubricant and reduces the clamping forces
needed to achieve the desired volume fraction. On the
other hand, an internal fluid pressure is generated as the
compaction plate descends and the fluid is drained
through the preform [28-31] which increases the clamp-
ing forces. The effect of the fluid (resin) on the compac-
tion response of reinforcements is also important in single
sided molding processes like VI. In these cases, the fluid
lubricates the fibers reducing inter fiber friction and
allowing the vacuum bag to compress the preform to a
lower thickness. Nevertheless, a linear pressure gradient
is expected to develop from the resin inlet gate (pressur-
e = atmospheric pressure) towards the vacuum outlet gate
(pressure = 0). This pressure buildup throughout the wet
area of the preform reduces the effective compaction
pressure given by the atmosphere pushing on the vacuum
bag, increasing the thickness of the wet laminate.

However, many LCM processes comprise compaction
step of dry fibrous preforms. Almost all the authors that
have studied the compaction of plant fiber preforms
agreed that they are more difficult to compress than pre-
forms made of glass fiber fabrics [31-35], in contrast to
what could be expected considering that the stiffness of
plant fibers is lower than the stiffness of glass fibers. This
means that higher clamping forces will be required to
achieve a certain fiber volume fraction, or lower fiber
content will be achieved with the available clamping
force. Authors attributed the difference in compaction
behavior between glass and plant fiber preforms to the
rough surface of these fibers that leads to large interfiber
friction forces, increasing the compaction pressure needed
to reach high fiber contents. In addition, they suggested
that because many plant fibers are actually discontinuous
fibers twisted around each other and bundles are usually
made of short twisted fibers, the degree of misalignment
is high causing the compaction to be harder.

Table 4 presents compaction data found by different
authors for dry natural fiber preforms, showing the fiber
content that would be obtained if the vacuum infusion
process is used and the clamping pressures that would be
needed to achieve different fiber volume fractions.
Results show that natural fiber vacuum infused compo-
sites will usually have low fiber contents and therefore,
poor mechanical properties. Rigid mold techniques are
therefore most suitable to produce high performance (and
more environmentally friendly) components. In addition,
Light RTM would be more appropriate than RTM if
production costs are considered in the selection of the
processing technique, because it requires less-expensive
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tooling. RTM molds are more expensive and should only
be preferred for more valuable composites.

Another peculiarity of the compaction behavior of
plant fiber fabrics is the high permanent deformation that
occurs after one or more compressive loading cycles, sev-
eral times higher than the permanent deformation reported
for glass fiber fabrics with similar architecture [32, 33,
35-38]. This means that the difference between the first
and second compaction curves is larger in natural fiber
preforms than in the case of glass fiber preforms. Authors
suggested that plant fiber cell walls collapse and the
lumens are closed in an irreversible manner when com-
pressive forces are applied to the preform. These phenom-
ena were found to be more significant when the fiber
content (and transverse deformation) was increased [33].
In addition, plastic deformation of plant fibers was con-
firmed by Poilane et al. [39] during mechanical testing of
flax/epoxy composites. Table 5 shows some reported val-
ues for permanent deformation observed after the first
loading cycle carried out on preforms compressed to dif-
ferent final thicknesses or fiber contents.

The significant permanent deformation observed in
these natural fiber reinforcements can be used to increase
the fiber volume fraction of the composites manufactured
by the VI technique, as shown schematically in Fig. 4.
Consider P to be equal to 1 atm. If the uncompressed
preform is compacted by the vacuum bag with P, a fiber
volume fraction of Vg; would be obtained. If a first load-
ing cycle such as the one shown in the figure is applied
compressing the preform with a pressure P,, the second
loading cycle would be shifted to higher values of fiber
content due to the permanent deformation experienced by
the preform. Therefore, compressing the preform with the
atmospheric pressure P, during the second loading cycle
would lead now to higher fiber content, Vg,. It should be
taken into account that increasing the maximum pressure
reached in the first cycle will increase displacement in
the second loading cycle and will allow obtaining higher
fiber contents in the VI technique [36]. In addition, the
difference observed between the first and second loading
cycles is much more significant than the one observed
between the second and successive loading cycles [36].

Significant stress relaxation was found to occur in
hemp and flax mats by Khoun et al. [32], in jute woven
fabrics and sisal mats by Francucci et al. [33] and in
wood fiber mats manufactured by different techniques by
Umer et al. [31, 37]. Some reported values for stress
relaxation are given in Table 5.

One interesting fact found by Francucci et al. [33] was
that glass fiber random mats experienced larger stress
relaxation when compressed dry than when compressed in
the presence of a polar test fluid (20% water/glycerin solu-
tion), while sisal and jute fiber preforms responded in the
opposite manner. The lubrication effect was expected to
decrease the amount of stress relaxation, because fiber
realignment and reorientation and the interactions between
consecutive layers are enhanced during the compaction
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TABLE 4. Compressibility of some vegetable fiber fabrics and mats.

Compaction pressure needed to obtain

Compaction Volumetric fiber content (%) different fiber volume fractions (MPa)
speed obtained with a compaction
Fiber/Fabric (mm/min) pressure of 1 atm (0.1013 MPa) V=02 V=03 V=04 V=05 Refs.
Jute/Woven fabrics 330g/m2 0.5 27 0.006 0.19 0.65 1.33 36
5 26 0.010 0.20 0.69 1.35
50 25 0.015 0.27 0.8 1.55
Flax/mat, 450g/m” (large diameter, 2 24 0.041 0.25 0.84 - 37
short length yarn)
Flax/mat, 450g/m2 (large diameter, 2 23 0.057 0.36 1.19 -
long length yarn)
Flax/mat, 400g/m2 (small diameter, 2 21 0.09 0.48 1.4 -
short length yarn)
Flax/mat, 400g/m2 (small diameter, 2 Lower than 20 0.13 0.65 1.86 -
long length yarn)
Hemp/strand mat, 500 g/m? 50 17 0.17 0.62 1.43 2.57 32
Flax/strand mat, 500 g/m> 17 0.17 0.62 1.53 2.78
Wood/random mat (MDF), 0.5 17 0.32 1.68 3.13 - 31
2000-2100 g/m>
Sisal/random mat, 850 g/m2 0.5 16 0.270 1.090 - - 33
Flax/nonwoven mat, 350 g/m2 2 16 0.25 0.98 2.76 - 35
Wood/random mat (DMF), 350-375 g/m2 0.5 Lower than 15 0.481 1.27 2.26 - 31
Wood/random mat (HS), 400 g/m2 0.5 0.69 1.83 3.19
Wood/random mat (PDF), 400 g/m2 0.5 0.796 2.04 3.43
Wood/random mat (PDF), 400 g/m2 2 0.74 1.94 3.3 34
Wood/random mat (PDF), 400 g/m2 25 0.84 2.13 3.56
Hemp/nonwoven mat, 320 g/m? 2 14 0.37 1.34 3.51 35
Wood/random mat (DMF), 350-375 g/m2 2 12 0.59 1.51 2.52 34
25 12 0.52 1.45 2.52
Jute/nonwoven mat, 230 g/m2 2 10 0.75 2.66 - 35

stage in the presence of a fluid, and a more stable fiber
array is obtained. However, plant fiber fabrics showed an
opposite trend, suggesting that the load could have dropped
due to fiber softening instead of relaxation processes,
decreasing the compaction load measured during the relax-
ation step.

It is known that for plant fibers, water and other polar
substances present in the test fluid will soak into the fiber
walls causing dimensional changes and softening [40].
Many authors have found that this affects the compaction
response of plant fiber preforms by decreasing the com-
paction loads required to achieve certain fiber content.
Umer et al. [31] performed saturated compaction tests to
different wood fiber mats using a water/glucose syrup
solution and mineral oil. They observed that water con-
tained in the glucose syrup dramatic softening of the
wood fibers. They did not observe any apparent influence
on the compaction response of the wood mats when infil-
trated with mineral oil. Francucci et al. [33] studied the
compaction response of glass fiber mat, sisal fiber mat,
and jute woven fabric preforms which were immersed in
a water/glycerin solution for different time periods before
performing the compaction test. They reported that jute
preforms softened as the immersion time was increased
up to 15 min. After 15 min of immersion, the compaction
behavior reached a steady state, and no further differences
were observed. Sisal preforms also softened as the immer-
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sion time increased, but the steady state was reached after
60 min of immersion. The total pressure drop was found
to be 27% for jute woven fabrics and 10% for sisal mat.
The authors did not find any difference among all the
compaction curves for the glass fiber mat as the immer-
sion time was increased. Therefore, if water based bio-
resins are utilized, significant fiber softening will reduce
the compaction stress required to achieve a certain vol-
ume fraction. Synthetic fibers on the other hand, were
found to be unaffected by the type of fluid which will
only produce a lubrication effect.

Modeling the Compaction Response of Plant Fiber
Reinforcements

The modeling of the compaction stage in LCM is
important to obtain analytical expressions which relate
the fiber volume fraction with the compaction pressure,
as the processing variables (compaction speed, number of
loading cycles, etc.) are modified. Many authors proposed
suitable models to describe the compaction behavior of
synthetic fiber assemblies [41-51]. Theoretical models are
based on many geometric assumptions, material idealiza-
tions and suppositions about the interaction between
fibers and tows. Francucci and Rodriguez [52] explored
the different theoretical models found in literature for
synthetic fiber preforms and questioned their applicability

DOI 10.1002/pc



TABLE 5. Permanent deformation and stress relaxation experienced by some vegetable fiber mats and fabrics.
Compaction Final Volumetric Permanent Stress
Fiber/fabric speed (mm/min) Fiber Content (%) deformation (%) relaxation (%) Refs.
Jute/Woven fabrics 330g/m> 5 35 22 28.7 36
45 26 26.5
55 31 23.5
Sisal/random mat. 850 g/m? 5 35 42 32 33
Hemp/strand mat. 500 g/m? 50 35 65.5 39 32
50 69 35
65 79 28
Flax/strand mat. 500 g/m> 35 62 41
50 67 37
65 70 29

in plant fiber fabrics. They concluded that most of the
assumptions used by the theoretical models developed in
literature for fabrics made of synthetic fibers are not
applicable to plant fiber fabrics, because of their hollow
structure, rough surface, the high permanent deformation
they suffer throughout compaction, the large inhomogene-
ity of these fabrics and the fiber and bundle complex
geometry and assembly. Therefore they suggested the use
of empirical models to represent the compaction response
of these natural fiber fabrics. Three empirical compaction
models were considered by those authors: the power law,
the exponential function and the Freundlich model. The
first two models represented fairly well the compaction
curve of jute fabrics, but the fitting was not perfect, while
the latter model fitted almost perfectly the whole compac-
tion curve at all the pressure range. In addition, the
authors found that the Freundlich model leaded to a sig-
nificantly smaller error than the others when they were
used to extrapolate the compaction vs. fiber volume frac-
tion curve at higher fiber contents than the ones reached
experimentally. Umer et al. [34] fitted the data recorded
during the dynamic and static compaction experiments
performed on wood fiber preforms to a five term polyno-

Ist loading cycle  2nd loading cycle

Compaction Pressure

P v \
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A 4
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Fiber Volume Fraction

FIG. 4. Compaction curves for the first and second loading cycles.
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mial empirical model, which showed a good fit over a
wide range of fiber volume fractions.

Figure 5 shows plots of the mentioned empirical mod-
els fitting a typical compaction curve of a jute woven fab-
ric preform (10 fabric layers). The mathematical
expression of these models is presented in Table 6. These
equations correlate the applied compaction pressure (o) to
the fiber volume fraction (V) using different fitting
parameters.

Summarizing, the development of theoretical models
to predict the compaction behavior of plant fiber fabrics
is almost impossible because of the complex structure of
the fibers, the large variability on its properties, and the
inhomogeneous nature of the fabrics made of natural
fibers. Therefore, the use of empirical models is recom-
mended to represent the compaction response of plant
fiber fabrics. Among the different models proposed in lit-
erature, the Freundlich model and the five term polyno-
mial model are the ones that best fit the experimental
data, being the first one more advantageous since it com-
prises only three fitting parameters.

IMPREGNATION OF PLANT FIBER FABRICS

The correct impregnation of the reinforcements is cru-
cial to obtain composite parts free of defects and with
high mechanical properties. Darcy’s law is widely used to
model the fluid flow through a porous medium, and it is
also extensively used in modeling flow processes in com-
posite materials. Darcy’s law is shown in Eq. I, where u
(m/s) is the averaged resin velocity (Darcy’s velocity), K
(m?) is the permeability tensor, m (Pa.s) is the fluid vis-
cosity, and /P (Pa/m) is the applied pressure gradient.
Equation 2 shows the one-dimensional form of Darcy’s
law, taking into account that the Darcy’s velocity is
related to the superficial fluid velocity, v (which is the
observable velocity), through the porosity of the preform,
¢. According to this law, the fabric property that affects
the fluid flow is its permeability, which is considered to
be constant and dependent on the fabric architecture, fiber
type and porosity of the fiber bed.
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The modified Carman—Kozeny model is commonly
used to establish a relationship between permeability and
porosity (defined as: 1—fiber volume fraction) [53, 54].
The expression of the modified Carman—Kozeny model is
shown in Eq. 3, where n and C are empirical parameters.

n+1
KZL (3)

C(1-¢)"

High porosities lead to high values of permeability,
and make easier the resin flow during impregnation. This
enhances fabric impregnation, reduces filling times,
allows using lower pressure gradients (decreasing tooling
costs), and permits using more viscous resins or resins
with a faster reaction kinetics. However, by increasing
the porosity the fiber volume fraction is decreased, which
lowers composite final mechanical properties. Different
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Empirical compaction models for plant fiber fabrics. (a) Complete fiber content range, (b) low fiber

fabrics have different curves of permeability versus poros-
ity (or different n and C parameters) depending on the
fiber type and fabric architecture.

When permeability is calculated using flow front
position versus time data (during the impregnation of the
dry preform) values of the unsaturated permeability K.
sat are obtained, while saturated permeability, K, is
obtained from volumetric flow rate data after the com-
plete impregnation of the preform. The investigations
made on synthetic fibers about the differences between
these two permeabilities are not consistent, and a wide
variety of results have been reported. Kim et al. [55]
and Diallo et al. [56] found that the saturated permeabil-
ity was always lower than the unsaturated permeability,
while other authors obtained opposite results [S7-61].
Also, results have been reported showing that the satu-
rated and unsaturated permeabilities were almost equal
[60]. These discrepancies are usually attributed to exper-
imental issues that could modify the saturated and unsat-
urated permeability ratio, such as mold deflection,
capillary effect, microscopic flow, fiber channeling, and
air bubbles [59].
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TABLE 6. Empirical compaction models used in vegetable fiber
fabrics.

Fitting
Model Expression Parameters
Power Law o=A(Vp)" A n
Exponential o=y eV +y, Yo, y1, Ro
Freundlich o(Ve)=a(Vg)""" " a. b, c
Five term 6=P\VE+P,Va+P3Vi+PsVp+Ps Py, Py, P3, Py, Ps
polynomial

Perhaps the most important issue regarding the perme-
ability of plant fiber reinforcements is that this parameter
is not a property of the reinforcing material as it is usu-
ally accepted for synthetic fiber reinforcements. For a
given fiber type, reinforcement architecture and preform
porosity, permeability of plant fiber fabrics changes if dif-
ferent test fluids are used. This was found by several
authors, being the most accepted explanation that due to
their chemical composition rich in cellulose, these fibers
absorb fluid as the impregnation takes place, causing the
fibers to swell and therefore reducing porosity of the pre-
form (the size of open flow paths is decreased). Mantanis
et al. [62] showed that plant fibers also swell by a signifi-
cant amount when exposed to various organic liquids
with different functional groups such as amines, alcohol
and benzene rings. Since the thermosetting resins and bio
resins used in LCM are organic liquids with similar
molecular weights as well as similar functional groups,
they are also expected to cause significant swelling to
plant fibers during the manufacture of composites. In
addition, it was suggested that a sink effect occurs as the
fibers remove fluid from the main flow stream, delaying
the front flow and therefore decreasing the measured
value of permeability [18]. Fluid absorption continues
until the fiber saturation point is reached from which no
further liquid can be taken up by the fiber. In general,
more polar fluids will enhance fiber swelling and will
cause higher fabric permeability variations than less polar
fluids. Umer et al. [31] characterized the permeability of
wood fiber mats obtained by different manufacturing
techniques, and they found that when using glucose syrup
the permeability was lower than when using mineral oil.
While the permeability values obtained for wood fiber
mats depended on the test fluid used for the experiments,
the type of test fluid was found to have no effect on per-
meability values of glass fiber continuous filament mat.
Umer et al. [34, 63] have probed in other publications
that the permeability of plant fiber reinforcements
decreases as the infiltration with polar fluids process takes
place. Francucci et al. [18] used a 22% V/V water glyc-
erin solution as the test fluid and found both saturated
and unsaturated permeabilities of jute woven fabrics to
increase when a Polyhydroxybutyrate (PHB) coating was
applied on the fibers decreasing their fluid absorption.
They showed that fiber swelling is still present, in a lesser

DOI 10.1002/pc

degree (about one quarter of the swelling found with the
polar test fluid), when vinyl ester and phenolic resins
commercial resins are used. In another publication, Fran-
cucci et al. [64] measured the unsaturated permeability of
jute woven fabrics with SAE20 mineral oil (non-polar)
and a 22% V/V water glycerin solution, and found that
the permeability measured with the polar fluid was lower
than the permeability measured with the non-polar fluid,
for the whole range of fiber volume fraction studied.

Usually, permeability measurements are performed
with test fluids that are cheaper, easier to clean and
healthier for the operators than the polymeric resin that
will be used during processing of the composite part.
Therefore, permeability values obtained in laboratory con-
ditions may lead to significant errors in the prediction of
filling times and simulations of the mold filling stage. It
is important to study the fluid-fiber interaction and assure
that the swelling degree caused by the test fluid is equal
to that of the one caused by the resin to be used during
processing.

Many authors have measured the magnitude of perme-
ability for different reinforcements made of natural fibers
to probe their suitability for LCM processes. O’Donnell
et al. [65] developed composites panels of soy oil-based
resin and different natural fibers (flax, hemp and cellulose
mats and recycled paper). They determined the permeabil-
ity of the reinforcements and, except for the case of the
recycled paper, the obtained values were high enough for
infusing by vacuum assisted RTM (VARTM). Umer et al.
[31] used diluted glucose syrup and mineral oil as test
fluids and they found in both cases that wood fiber mats
have permeability two orders of magnitude lower than
glass fiber mats. According to the authors, using similar
fiber volume fractions, wood fiber mats takes 100 times
longer to fill for constant pressure injection, and if con-
stant flow rate injection is applied, the required injection
pressure will increase by 100 times. Khoun et al. [32]
compared the saturated and unsaturated permeability of
chopped strands mats flax and hemp fiber mats with that
of discontinuous glass chopped strands fiber mat. They
found both saturated and unsaturated permeabilities of the
glass mat to be almost one order of magnitude higher
than that of the hemp and flax mats at low fiber volume
fractions (about 0.2). As the fiber content was increased,
the difference between the glass and cellulosic fiber mats
was found to decrease significantly.

Umer et al. [37] demonstrated that varying the yarn
diameters and lengths has a significant influence on the per-
meability of mat style plant fiber LCM reinforcements.
They found large yarn diameter mats to have 68 to 79%
lower permeability as compared to the medium and small
yarn diameter mats, which was attributed to the difference
in surface structure and amount of twist present in the yarn.
The mats manufactured from the 50 mm yarn length had
higher permeability at higher fiber contents as compared to
the 15 mm yarn length mats, while at lower fiber contents
they did not find any difference. They hypothesized that
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TABLE 7. Unsaturated permeability data of some vegetable fiber fabrics and mats.

Carman Kozeny

Experimental parameters Kunsat
fiber volume
Fiber/Fabric Test fluid Procedure fraction range n C VE=0.2 Ve =103 Ve =04 Ref
Jute/woven 22% VIV Constant pressure 0.2-0.45 1.29 134E+10 357E—-10 156E—-10 7.56 E—11 8
fabrics 330 g/m> water/glycerin experiments
solution
Jute/woven Vinyl ester resin 0.26-0.39 184 3.04E+10 339E—10 1.10E-10 4.17E-11 75°
fabrics 330 g/m?
Jute/woven SAE 20 0.25-0.5 195 254E+10 473E—-10 144E-10 522E-11 64
fabrics 330 g/m? Motor Oil
Sisal/random 12% VIV 0.2-0.46 148 480E+08 130E—-08 5.11 E-09 228E—-09 54
mat. 850 g/m2 water/glycerin
Jute/woven solution 0.25-0.4 1.48 530E+08 1.17E-08 4.63E—-09 2.06 E-09
fabrics 330 g/m?
Hemp/strand Silicone oil 0.16-0.5 156 244E+10 2.86E—10 1.08E-10 4.63E-11 32°
mat. 500 g/m?
Flax/strand 0.16-0.6 1.37 238 E+10 2206E—-10 942E-11 440E-11
mat 500 g/m?
Recycled Not reported Constant Single value: 0.423  — - - - 3.60 E-13" 65
paper/mat flow rate
110 g/m? experiments
Flax/mat Single value: 0.31 - 1.02 E-10" -
Cellulose/mat Single value: 0.183 6.00 E—10* - -
200 g/m*
Chemically Single value: 0.292 - 3.12 E-10* -
treated
pulp/mat

“These values were calculated by the authors for the single value of fiber volume fraction reported. Therefore, they do not exactly match fiber volume

fractions of 02. 0.3, and 0.4.

Carman Kozeny parameters were not provided by the authors, but calculated in this work from permeability vs. fiber volume fraction data reported

in each paper.

the observed difference was due to the lower influence the
ends have for the larger bundle lengths, because bundles
untwist at the ends, allowing filaments to spread out, filling
the open flow channels available for resin flow.

One of the most widely used chemical treatments per-
formed on natural fiber fabrics in order to improve their
composite properties is mercerization (alkali treatment)
[66—73]. Due to the chemical and microstructural changes
suffered by the fibers upon mercerization fabric perme-
ability could also be affected. Rodriguez et al. [74] manu-
factured composites reinforced with alkali treated and
untreated jute woven fabrics. They found that the infiltra-
tion time of the untreated fabrics was shorter than that of
the treated ones. They suggested that alkali treatment
decreases fabric permeability because it removes the coat-
ings that are added to facilitate the woven/weaving proce-
dure (potato starch and waxes) and the fiber surface
became rougher. In addition authors claimed that fiber
fibrillation, i.e., axial splitting of the elementary fibers (or
microfibers) occurs and fiber diameter decreases during
the treatment, increasing the exposed area and therefore
the flow resistance.

All the experimental results presented in this section
agree that the permeability of plant fiber reinforcement is
dependent of the fluid that is being injected because these
fibers absorb fluid and swell, causing the porosity and

10 POLYMER COMPOSITES—2014

permeability of the preform to decrease as the infiltration
takes place.

Tables 7 and 8 summarize unsaturated and saturated per-
meability values found in literature for different types of nat-
ural fiber reinforcements. The test procedure and test fluid
used in the measurements are specified. Permeability values
for fiber volume fractions of 0.2, 0.3, and 0.4 were calcu-
lated with the Carman—Kozeny model, which parameters are
also presented in the tables. A permeability database con-
taining a set of results from carefully controlled measure-
ments for both saturated and unsaturated flows in glass
fabrics can be found in Ref. 75. In this article, authors found
the permeability of different glass fiber fabrics to be in the
range 5E-9 to 2E-12 for fiber contents between 20 and 55%
respectively. It can be seen in Tables 7 and 8 that plant fiber
fabrics permeability values are very similar to those found
for glass fabrics. This means that the time needed for
impregnation of plant fiber fabrics should be the same than
in glass fiber fabrics, if swelling effects are not significant
and the same resin viscosity and injection pressure are used.

Current Models for the Impregnation Stage of Plant
Fiber Reinforcements

As it was stated in the beginning of Impregnation of
Plant Fiber Fabrics section, Darcy’s law is used in

DOI 10.1002/pc
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modeling flow processes in composite materials manufac-
turing. In addition, if no sinks or sources of fluid exist
throughout the mold being filled, the continuity equation
should be also used to describe the fluid flow. The
expression for the one-dimensional continuity equation is:

0
b (#:)=0 4

Merging the continuity equation with Darcy’s law:

9 (5 8_P> =0 5)
Ox \ ¢pn Ox
which means that the pressure distribution along the wet-
ted region of the preform follows a linear behavior. The
relationship between the pressure and the position of the
flow front can be found if appropriate boundary condi-
tions are established at the inlet and outlet resin ports.

As it was explained before, the permeability of plant
fiber preforms changes with time if swelling fluids such
as the case of water based resins, are used in the process-
ing of the composites. The increase in fiber diameter
reduces the porosity of the preform, and therefore its per-
meability. This process continues as the infiltration takes
place until the saturation time is reached, which is differ-
ent for each natural fiber type.

Some models accounting for the variable permeability
of plant fiber fabrics have been developed and can be found
in literature. Masoodi and Pillai [76, 77] proposed different
approaches to model the mold filling process when plant
fibers are used as reinforcement. They obtained good
results by assuming that the permeability of the wetted
region of the preform to be a function of time exclusively.
This means that the permeability value is uniform in the
entire wetted part of the preform, and it changes with time
as the injection proceeds. Therefore, solving Darcy’s law
accounting for these considerations, the authors suggested
the following equation to predict the position of the flow
front with time during one dimensional infiltration:

(6)

where p;, is the injection pressure, 7 is the resin viscosity,
K(t) is the time-dependent global permeability of the wet-
ted fiber mats behind the moving resin-front and &, is the
surface porosity at the liquid front, which incidentally is
the initial porosity of fiber mats before swelling. Then, the
authors proposed a linear relationship between the perme-
ability of the wetted preform and time, as shown in Eq. 7.

Kena—K
K(r)=Ko+ =2 =0 ©)
Tend
Permeability tests were performed with a nonswelling
fluid to estimate the K, and with the swelling fluid to

obtain K.,q. Despite the simple relationship proposed
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between the permeability and time, the results obtained
by the mentioned authors were acceptable, and they were
more accurate than the ones obtained by neglecting the
fluid absorption and fiber swelling effect on the
permeability.

Francucci et al. [64] proposed another approach con-
sidering that the permeability remains constant for a given
value of porosity and what changes is precisely the free
space for fluid flow throughout the preform. They related
permeability and time by using the Carman-Kozeny
model (Eq. 3), and considering the porosity as a function
of time. They claimed that the model parameters, n and
C, should be estimated from a permeability versus poros-
ity curve obtained from permeability tests performed with
a non-swelling fluid. In addition, the change in porosity
with time was calculated from swelling curves (fiber
diameter vs. time) with Eq. 8, where ¢ is the porosity of
the dry perform and Df(t)/Df0 is the ratio between the
instantaneous fiber diameter and the dry fiber diameter.

¢<r>=1—<1—¢0>(’)f(’>)2 ®)

Dy,

Authors fitted the change in diameter with time with
an exponential function as suggested by Masoodi and Pil-
lai [76]. Such a function has three empirical parameters,
a, b, and c. Finally, the expression for predicting the flow
front position resulted:

Xp= dt ©)

%J {1—(1—¢)O) [aexp (&)]2}%1
nC {(l—d)o)[aexp (C,,Tt)]z}"

This model was named by the authors as the homoge-
neously variable permeability model (HVPM) and, such
as the one proposed by Masoodi and Pillai [76], considers
that the entire wetted region of the reinforcement has the
same porosity (or permeability) at any given time since
the fluid reached the beginning of it.

Another model proposed by Francucci et al. [64],
called permeability field model (PFM), takes into account
the fact that the zones of the wetted preform located
more distant to the flow front remained immersed in the
fluid longer than the zones of the wetted preform located
closer to the front. This means that the degree of fiber
swelling changes along the length of the wetted preform,
leading to a field of porosities and permeabilities. Authors
used Darcy’s Law and the movement of the flow front
was modeled with the technique called “Volume of fluid”
(VOF), which uses the velocity field and a fully convec-
tive scheme with SUPG stabilization [78, 79]. The model
was solved using the finite element method. An interest-
ing fact found in the model results was that despite the
pressure drop is linear within each element of the mesh;
the global pressure distribution did not follow a linear
behavior, instead of the models that consider a constant
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permeability value in the wetted region of the preform.
This is because each element of the mesh has its own per-
meability value, being lower the permeability of the ele-
ments closer to the resin inlet gate than that of the
elements closer to the flow front.

All models that took into account the swelling of the
fibers predicted a much slower flow front movement that
the model that assumes that permeability is constant over
time and were more accurate in predicting the fluid flow
through the preform when swelling fluids were used. The
permeability field model predicted a greater flow rate
than the homogeneously variable permeability model, but
this difference in the velocity field was observed to be
small and to occur only during a certain time range.

Summarizing, all the models mentioned in this sec-
tion can be used with good accuracy to predict the mold
filling stage when a swelling fluid is going to be used to
impregnate plant fiber fabrics. The model proposed by
Masoodi and Pillai [76] is a very simple and accurate
model that needs permeability tests to be performed with
a swelling and a non-swelling fluid in order to obtain
the parameters of the model. This should be repeated
every time the initial (dry) porosity of the preform is
changed. Another simple model, the homogeneously
variable permeability model (HVPM), was proposed by
Francucci et al. [64], in which a single permeability vs.
porosity curve is needed, measured with a non-swelling
fluid, and then the model parameters are extracted from
swelling tests performed with the fluid to be injected
into the mold. The most complex model, the permeabil-
ity field model, accounts for different permeabilities
throughout the preform as different zones were
immersed different periods of time. Although this model
is more complex to use numerically, the experimental
requirements to obtain the parameters are exactly the
same as in the HVPM.

Capillary Effects During the Impregnation of Plant Fiber
Fabrics

Reinforcements made by waving or stitching fiber bun-
dles have dual scale porosity. This means that micro pores
exist between fibers comprising the bundles, and macro
pores exist between the bundles. Therefore, a dual scale
flow occurs and the micro flow can be affected by capillary
pressure. Capillary effects have shown to be determinant in
the mechanism of void formation during infiltration of fab-
rics [80-84]. These voids remain in the composite micro-
structure as residual porosity after the resin cures, having a
detrimental effect on the mechanical performance of the
material. Capillary pressure is also important at low
impregnation rates since it acts as the driving force for the
impregnation of the reinforcement [85].

Capillary effects during the impregnation of jute
woven fabrics were studied by Francucci et al. [86].
The authors measured the capillary pressure drop devel-
oped at the flow front during infusion of jute woven
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fabric with a water/glycerin solution and vinyl ester
resin, using the methods proposed by Verrey et al. [87].
They found the capillary pressure to be negative, i e.
enhancing flow, when the water/glycerin solution was
used due to the polar nature this fluid that makes it very
compatible with the hydroxyl groups at the fiber’s sur-
face. On the other hand, the lower polar nature of the
vinyl ester resin leaded to positive values of capillary
pressure, i e. opposed to flow. The magnitude of the
capillary effects was significant, about 20% of the
external applied pressure when the water/glycerin fluid
was injected and 35% when the vinyl-ester resin was
used. Since capillary pressure is not taken into account
for the permeability tests, this difference in the capillary
pressure sign led to an increase of the measured fabric
permeability when the polar test fluid was injected and
a lower permeability value when vinyl ester resin was
used, in contrasts with what was expected because of
the fiber swelling effect. The authors also found that
capillary pressure increased with fiber volume content.
The magnitude of capillary pressure in jute fiber fabrics
was found to be two to three times higher than the
reported for synthetic fibers. The authors explained this
difference stating that the hollow and imperfect struc-
ture of plant fibers provides more capillary channels in
which micro flow can occur.

CONCLUSIONS

Natural fibers, particularly plant fibers, are being used
as a replacement of glass fibers in many applications.
However, one of the keys of its success is the possibility
of using the traditional composites processing techniques,
like RTM, VI or other liquid composite molding method.
Therefore, it is crucial to understand how the main proc-
essing variables are affected when glass fibers are
replaced by natural fibers, which have different structure,
different fabric architecture and different chemical inter-
actions with the resins. This knowledge will allow manu-
facturing high quality green composite parts.

The first stage of any LCM process is the compaction
of a stack of fabric layers inside the mold cavity. The
main findings regarding the compaction of plant fiber pre-
forms are:

e Plant fiber preforms are harder to compress than glass
fiber preforms, due to their rough surface morphology and
lack of fiber alignment in the bundles. This means that
large clamping forces are needed to achieve high fiber
contents. In addition, low fiber volume fractions are
obtained if the vacuum infusion technique is used, which
has a maximum compaction pressure of 1 atm.

e The permanent deformation experienced by plant fiber
preforms during the compaction stage is higher than the
experienced by glass fiber preforms. This was attributed to
the hollow structure of plant fibers that collapses as the
laminate thickness is reduced and the fiber content is
increased. This means that higher fiber contents are
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achievable if a pre-forming step is carried out by applying
one or more compressive loading cycles prior to the com-
paction stage of the processing technique.

e Plant fibers soften due to the absorption of polar fluids,
such as water based resins and bio resins, decreasing the
compaction pressure needed to achieve a certain fiber vol-
ume fraction.

After compressing the fabric layers, resin is forced to
flow through the dry reinforcement. The main findings
about the issues arise during impregnation of plant fiber
fabrics are:

e When using polar fluids, fluid absorption and saturation of
natural fibers cause fiber swelling, reducing the porosity
and increasing flow resistance. In addition, the fluid is
removed from the main stream as it travels through the
reinforcement and thus decreasing flow velocity during the
unsaturated flow. These factors reduce the permeability of
the preform. Therefore, permeability values measured with
water based or polar test fluids will lead to significant
errors in the prediction of filling times and flow patterns.
Permeability should be measured with the same resin that
will be used during the real manufacturing process, or a
very similar fluid in terms of polarity and chemical
composition.

e In fabrics with dual scale porosity, capillary pressure may
be significant when plant fibers are used, because the hol-
low and imperfect structure of these fibers provides capil-
lary channels in which micro flow can occur. Polar fluids
are very compatible with the hydroxyl groups at the fiber’s
surface, causing a capillary pressure that enhances flow,
while fluids with low polarity can lead to capillary pres-
sure that opposes flow.

Different models were developed in literature for simu-
lating of the mold filling stage of plant fiber composites,
accounting for the variation in permeability caused by
fiber swelling. Those models predicted the flow front
movement with very good accuracy when swelling fluids
were used in permeability experiments. All the proposed
models require swelling curves (plots relating fiber diam-
eter with time) or permeability tests for the fiber-fluid
system to be modeled. The development of a simpler pro-
cedure to determine fiber swelling when exposed to dif-
ferent fluids could ameliorate the simulation of LCM
with plant fibers.

On the other hand, models that consider a constant
value of permeability were accurate in predicting flow
front position only when non-swelling fluids were used. If
swelling fluids were used, constant permeability models
overestimate the position of the flow front.
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