Chapter 4

Compaction, Permeability and Flow
Simulation for Liquid Composite Moulding
of Natural Fibre Composites

Darshil U. Shah and Mike J. Clifford

Abstract With the growing interest in developing high-performance natural fibre
composites (NFRPs) for (semi-)-structural applications, researchers are increas-
ingly considering liquid composite moulding (LCM) processes and investigating
key manufacturing-related issues. Here, we critically review the literature on LCM
of NFRPs. Consequently, we identify key findings concerning the reinforcement-
related factors (namely, compaction and permeability) that influence, if not govern,
the mould-filling stage during LCM of NFRPs. In particular, the differences in
structure (physical and chemical) of natural and synthetic fibres, their semi-products
(i.e. yarns and rovings) and their textiles are shown to have a perceptible effect on
their processing via LCM.
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4.1 Introduction

4.1.1 Liquid Composite Moulding

It is estimated that in 2011, liquid composite moulding (LCM) accounted for
4 % (ca. 350 kilotonnes) of the global (Reux 2012) and 11 % (ca. 120 kilotonnes)
of the EU (Witten and Jahn 2013) fibre-reinforced plastics’ (FRPs) production
volume. Notably, the use of LCM has grown consistently over the last few
decades, particularly because they require low capital investment and are closed-
mould processes offering better working conditions (viz., health and safety) and
enhanced part quality (viz., mechanical properties, defects and surface finish)
than open-mould processes. In general, LCM is primarily used for the cost-
effective production of high-performance components with moderate-to-high
complexity geometry and moderate-to-large size (up to 100 m?) at low-to-medium
volumes (e.g. 100-10,000 parts/year): from automotive parts to wind turbine blades
(Manson et al. 2000).

With the increasing usage of LCM, numerous process variants have evolved
with resin transfer moulding (RTM), vacuum-assisted RTM and light RTM being
the most commonly used (Campbell 2003; Long et al. 2005). In general, an LCM
process can be divided into four stages (Table 4.1): (1) reinforcement layup, (2)
mould filling, (3) post-filling and (4) demoulding. The basic approach in any LCM
process is to force a catalysed thermosetting liquid resin to flow through a dry, sta-
tionary, porous, compacted reinforcement inside a closed mould by creating a pres-
sure differential between the inlet(s) and outlet(s).

As the primary aim of any LCM process is to ensure complete filling of the
mould, successful execution of LCM involves understanding, controlling and opti-
mising the mould-filling stage in particular. This stage dictates the production cycle
time, quality (viz., defects including voids and dry spots), geometry (e.g. thickness)
and, ultimately, mechanical properties of the final part (Table 4.1). Not surprisingly,
computational mould-filling simulations are widely used as a cost-efficient and
time-saving tool to optimise the LCM process (Long et al. 2005). However, accurate
manufacturing process simulations require accurate input data. Notably, the princi-
pal reinforcement-related factors affecting the mould-filling stage are compaction
and permeability (Table 4.1).

In this chapter, we examine the processing of natural fibre-reinforced plastics
(NFRPs) via LCM. We specifically inspect the through-thickness compaction
behaviour and permeability of natural fibre reinforcements and highlight their key
differences from synthetic fibre reinforcements. These insights are then used as
foundations to discuss the modelling of the mould-filling stage in LCM of natural
fibre reinforcements using adapted resin flow models.
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4.1.2 Natural Fibre Composites in LCM Processes

NFRPs accounted for over 13 % of the 2.4 million tonne EU FRP market in 2010
(Fig. 4.1) (Carus 2011; Carus and Gahle 2008; Shah et al. 2013a, b). While wood
and cotton were used as reinforcements in the majority of these NFRPs [most likely
due to their wide availability and low cost (Shah 2013b)], even the production of
non-wood, non-cotton, plant fibre (e.g. flax, jute, hemp)-reinforced plastics (PFRPs)
was comparable to the production of non-glass, synthetic fibre (e.g. carbon, aramid)
composites.

The increasing consideration of natural fibres as next-generation, sustainable
reinforcements requires tackling the first hurdle, which is composite manufacture
[reviewed in (Pickering 2008; Summerscales et al. 2010; Faruk et al. 2012; Ho et al.
2012; Shah 2013b)]. Due to the commercial applications of NFRPs in predomi-
nantly small-sized, high-volume, low-cycle time, nonstructural components (e.g.
decking for construction industry and interior panels for automotive industry),
injection/extrusion moulding and compression moulding are the widely used manu-
facturing techniques (Fig. 4.1) (Shah 2013b; Carus et al. 2014). The reinforcement
form has typically been pellets/granules for the former and random fibre mats for
the latter. While wood and cotton reinforced NFRPs largely (>80 %) employ ther-
mosetting matrices, PFRPs are primarily (>70 %) based on thermoplastic matrices
(Fig. 4.1) (Carus and Gahle 2008; Shah 2013b; Carus et al. 2014).

B Glass fibre reinforced
plastics (GFRPs)

® Carbon, aramid and other
composites

= Wood plastic composites

® Cotton fibre composites

® Plant fibre composites
(PFRPs)

| | | |
| | I

0% 20% 40% 60% 80% 100%
B PFRPs: Thermosets - compression moulded

PFRPs: Thermoplastics - compression moulded
w PFRPs: Thermoplastics - injection/extrusion moulded

Fig. 4.1 The production of NFRPs in the 2.4 million tonne EU FRP market in 2010 (Carus 2011;
Carus and Gahle 2008; Shah et al. 2013a, b)
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LCM, on the other hand, is particularly suitable for (semi-)structural components
utilising textile reinforcements (comprising of aligned, continuous yarns/tows that
are knitted/woven/stitched/braided) in thermosetting matrices at high fibre frac-
tions. Other than the potential to produce high-performance composites, LCM pro-
cesses are specifically well suited to natural fibre reinforcements for a variety of
reasons (Francucci et al. 2012a; Shah 2013b; Shah et al. 2013c¢):

1. Low processing temperatures (often <120 °C) during composite fabrication,
thereby avoiding thermal degradation of natural fibres (which decompose above
~220°C)

2. Minimal fibre damage during composite processing (as opposed to injection/
extrusion moulding), thereby allowing retention of high reinforcement length,
alignment and mechanical properties

3. Use of liquid resins with low viscosities (0.1-1 Pa s), thereby allowing good
preform impregnation with low porosity even at low compaction/injection
pressures

4. Use of thermosetting resins with polar functional groups that form a better inter-
face with the (typically) polar surface of natural fibres (than polyolefin-based
thermoplastics)

5. Relatively low-cost (and often unsophisticated) tooling, making the process
compatible with low-cost plant fibres, particularly when manufacturing in less
economically developed countries with an abundance of indigenous natural
fibres

6. Closed-mould LCM processes reduce exposure to harmful emissions, therefore
offering worker-friendly conditions, much like nonhazardous plant and animal
fibres

Consequently, the LCM of NFRPs has received much recent attention in scien-
tific research, where critical aspects such as reinforcement compaction (van Wyk
1946; Madsen 2004; Umer et al. 2011; Xue et al. 2011; Francucci et al. 2012a,
2013; Shah et al. 2014a) and permeability (Rodriguez et al. 2004; Francucci et al.
2010, 2013; Masoodi and Pillai 2011; Umer et al. 2011; Xue et al. 2011) and resin
flow behaviour (Richardson and Zhang 2000; Rodriguez et al. 2007; Francucci et al.
2010; Masoodi and Pillai 2011; Xue et al. 2011) have been investigated. More
recently, commercially viable, structural products have also been manufactured
with NFRPs using LCM. These include the world’s first flax composite 11 kW wind
turbine blade developed by the University of Nottingham (Shah et al. 2013a) and
Samsara’s flax/hemp biocomposite surfboard (18/06/2012).

Here, we critically review the available literature on LCM of NFRPs. It is
expected that the differences in structure (physical, chemical) of natural and syn-
thetic fibres, their semi-products (i.e. yarns and rovings) and their textiles will have
a perceptible effect on their processing via LCM. Consequently, we identify key
findings concerning the reinforcement-related factors (namely, compaction and
permeability) that influence, if not govern, the mould-filling stage during LCM of
NFRPs.
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4.2 Compaction Behaviour of Natural Fibre Reinforcements

4.2.1 Introduction

The first studies (Winson 1932; Schiefer 1933; van Wyk 1946) on fabric compaction
were indeed based on natural fibres like wool, cotton and silk. The studies were,
however, conducted by textile engineers to evaluate ‘fabric handle’, that is, the
softness/smoothness, loftiness/resilience and drape of the material. Resistance to
compression is still used as an effective parameter to measure the softness and
pliability of garment textiles (Matsudaira and Qin 1995; Matsudaira 2006).

In contrast, in relation to composite manufacture, the compaction behaviour of
technical textiles affects the reinforcement permeability and part fill time in the
mould-filling process and also determines the thickness and volumetric composi-
tion (i.e. fibre volume fraction) of the final part (Long et al. 2005). Tight control of
part thickness (and therefore weight) is a requisite for quality assurance in any com-
posite manufacturing process. In addition, in their uncompressed state, textile rein-
forcements have a low fibre volume fraction [typically between 10 and 25 % (Long
et al. 2005)]; for semi-structural applications this must be increased (to up to 70 %)
during processing to exploit the mechanical properties of the reinforcement.
Studying the relationship between compaction pressure P and fibre volume fraction
v; for a given preform also enables determining the maximum (practical) fibre vol-
ume fraction, which sets the upper limit of reinforcement efficiency. Consequently,
compaction plays an important role in not only LCM processes but also in the
stamping of textile-reinforced thermoplastic composites. Knowledge of the com-
paction behaviour of the reinforcement form is therefore critical.

While the compaction characteristics of synthetic reinforcements is well studied
(Long et al. 2005), the compaction response of natural fibre reinforcements is a rela-
tively new topic (van Wyk 1946; Madsen 2004; Umer et al. 2011; Xue et al. 2011;
Francucci et al. 2012a, 2013; Shah et al. 2014a).

4.2.1.1 Compaction Measurement and Modelling

Through-thickness compaction is usually measured by pressing flat preform layers
between parallel metallic platens at a constant compaction speed (typically
0.5-5 mm/min) to a predetermined load (or pressure) or to a predetermined thick-
ness (or fibre volume fraction) (Fig. 4.2). Tests can be conducted in dry (i.e. unsatu-
rated) or wet (i.e. saturated in a test fluid) conditions. At the end of a compression
cycle, the tester may (1) hold at constant load to measure creep, (2) hold at constant
thickness to measure relaxation or (3) unload the sample (at the same rate) to mea-
sure hysteresis. Multiple repeat cycles can then be applied on the same specimen to
examine the effects of rearrangement and compaction history.

From the compaction tests, plots of preform thickness ¢ against compaction force
F are obtained, which can be transformed into the more conventional plots of fibre
volume fraction v; against compaction pressure using Eq. (4.1) (Fig. 4.2).
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Fig. 4.2 Left: testing rig for compaction of a dry reinforcement. Right: example compaction
curves for a plain-woven flax fabric. The arrows indicate the direction in which the curves shift for
the successive compaction cycles
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where N is the number of layers, p, is the areal density of a single layer, p; is the
fibre density and A is the sample press area.

At low compaction pressures (P<0.1 bar), the fibre volume fraction increases
rapidly and the preform thickness decreases rapidly. Subsequent increase in com-
paction pressure pushes the fibre volume fraction and preform thickness to gradu-
ally approach an asymptotic maximum and minimum value, respectively.
The experimental data is often approximated by models (assuming no rate depen-
dence), where fitting parameters are representative of reinforcement properties
(Robitaille and Gauvin 1998a, b; Correia et al. 2005; Long et al. 2005).

van Wyk (1946) and Gutowski et al. (1987a, b) independently proposed semi-
analytical models for the compaction of random fibre mats (Eq. 4.2) and unidirec-
tional plies (Eq. 4.3), respectively, assuming only fibre bending deformation. Both
models incorporate fitting terms for the fibre volume fraction of the uncompacted
preform v, and the (bending) stiffness (spring constant) K of the reinforcement.
Notably, van Wyk’s work was based on the compaction of natural wool fibres, while
Gutowski et al. (1987a, b) studied graphite fibres. For a variety of wool fibre mats,
the reinforcement stiffness K in Eq. (4.2) was estimated to range from 10 to 40 MPa.

P=Kv, [i}—%} 4.2)

f 0

- 4.3)
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where Vi, 1S the maximum fibre volume fraction and K and v, are empirical
parameters representing reinforcement stiffness and uncompacted fibre volume
fraction, respectively.

More commonly, power-law regressions, of the form in Egs. (4.4) and (4.5),
are fitted to experimental compaction curves. Various researchers have employed
Egs. (4.4) (Madsen 2004; Xue et al. 2011) and (4.5) (Shah et al. 2014a) to accurately
reproduce compaction data of various natural fibre reinforcements, obtaining non-
linear least squares regression R>-values >0.99.

v, =a,-P", wherePisin[Pa], (4.4)

where a, is the fibre volume fraction at 1 Pa and b, is the stiffening index. a, and b,
typically range between 0.02-0.12 and 0.1-0.2 for unidirectional plant fibre rein-
forcements and between 0.002-0.010 and 0.25-0.35 for random-mat plant fibre
reinforcements (Madsen 2004).

Vi =V, +a,-P”, where Pisin[bar], 4.5)

where vy is the initial fibre volume fraction at no compaction pressure and a, and b,
are the ‘additional’ fibre volume fraction (i.e. vi—v,) at 1 bar and the reinforcement
stiffening index, respectively. v,, a, and b, typically range between 0.3-0.4, 15-20
and 0.3-0.5 for woven silk textiles and between 0.2—0.3, 5-10 and 0.35-0.45 for
woven plant fibre textiles (Shah et al. 2014a).

To compare materials that have been characterised with different models [e.g.
Egs. (4.4) and (4.5)], often the uncompacted fibre volume fraction [indicated by a,
in Eq. (4.4) and v, in Eq. (4.5)] and the fibre volume fraction at a reference compac-
tion pressure are used.

4.2.1.2 Key Compaction Mechanisms

While empirical models are useful for inputs in process simulations, analytical
studies provide an understanding of the mechanisms driving compaction (Chen
and Chou 1999, 2000; Chen et al. 2001). Table 4.2 identifies the main factors
contributing to the compaction of random-mat, nonwoven, and woven preforms.
The primary and secondary mechanisms have been indicated. As shown in Fig. 4.3,
natural fibre preforms experience all the compaction mechanisms that synthetic
fibre preforms experience (Table 4.2), but not vice versa.

In particular, cross-section deformation at the fibre scale (Table 4.2) is limited
to plant fibre reinforcements, which, due to their hollow nature and low transverse
stiffness and strength (Shah et al. 2012a; Shah 2013b), undergo lumen closure
and transverse cell-wall buckling and delamination during compaction (Lundquist
et al. 2004; Francucci et al. 2012a, 2013). This is illustrated in Fig. 4.4. A substan-
tial change in fibre cross-sectional shape is not unimportant in the context of
preform compaction, as it may alter the potential for fibre relative motion and yarn
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Fig. 4.3 Compaction mechanisms in various natural fibre preforms: (a) yarn cross-section defor-
mation, void consolidation and nesting/packing in a nonwoven unidirectional flax composite (Shah
etal. 2011, 2014a, b; Shah 2013a, b). (b) Fibre bending and flattening and void consolidation in a
random-mat wood fibre composite (Lundquist et al. 2004). Yarn cross-section deformation and
flattening and nesting/packing in a woven flax composite (Goutianos et al. 2007)

1000 100 &
— 2
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Fibre volume fraction, v,

Fig. 4.4 Left: increased compaction pressure on a wood pulp random mat increases the fibre vol-
ume fraction, with partial contribution from cumulative lumen collapse-associated fibre deforma-
tion (Lundquist et al. 2004). Inset: SEM depicts a collapsed fibre. Right: lumen collapse observed
in a woven jute fabric due to increase in compaction pressure at higher fibre volume fractions
(Francucci et al. 2012a)

reorganisation, and could possibly lead to hindered impregnation in localised
interfibre zones.

Lundquist et al. (2004) found that lumen compression occurred between fibre
volume fractions of 34 and 69 % in wood pulp random-mat preforms (Fig. 4.4).
Void condensation is a dominant compaction mechanism, particularly at low
compaction pressures (e.g. when ;<55 %) in such random-mat preforms, with
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fibre/yarn bending deformation and flattening being additional secondary mechanisms,
particularly at high compaction pressures (e.g. when v;>55 %). Francucci et al.
(2012a) have also observed such irreversible transverse cell-wall deformation in
compacted woven jute fabrics, and this phenomenon increased as the fibre content
increased. They noted that this mechanism would contribute, alongside irrevers-
ible yarn cross-section deformation, yarn flattening and yarn nesting, to the com-
paction of the woven material. However, Francucci et al. opined that such lumen
collapse would mostly occur when fibre rearrangement and tow movements are
limited, i.e. at high fibre volume fractions. This is in stark contrast with the obser-
vation of Lundquist et al. (2004) described previously, where all wood pulp lumen
had collapsed by vi=69 % and the wood pulp random mat was compressed further
up to v,=90 %.

It is worth mentioning, however, that the luminal porosity in plant fibres varies
between different species and even evolves with age within the same fibre. For
instance, luminal porosities range between 74 and 80 % in kapok fibres, 20 and
70 % in wood fibres and 2 and 11 % in flax fibres (Shah 2013b). The luminal poros-
ity has a significant effect on the transverse stiffness and yield strength in both
compression and tension (Gassan et al. 2001; Lundquist et al. 2004; Placet et al.
2012), where fibres with a larger lumen (and smaller second moment of area) would
tend to deform more readily. Naturally, therefore, different plant fibres would exhibit
different degrees of fibre bending and cross-section deformation during plant fibre
preform compaction.

Moreover, not all natural fibres have a central lumen; proteinaceous animal fibres
like silk and wool are solid. Nonetheless, natural fibres tend to have low transverse
properties due to their hierarchical, anisotropic structure (Ho et al. 2012; Shah et al.
2012a, 2014a). For instance, silks have a low transverse compressive modulus of
0.5-0.7 GPa (Ko et al. 2001) and a high Poisson’s ratio of 0.4-0.5 (Zhang et al.
2010). Consequently, they undergo no change in cross-sectional area, but experi-
ence substantial deformation (i.e. flattening in cross-sectional shape) with increas-
ing compressive force (Ko et al. 2001). While a 20 % reduction in thickness has
been recorded for spider silk for compressive stresses of about 20 MPa (200 bar)
(Ko et al. 2001), compaction pressures during LCM rarely exceed 1.5 MPa, below
which the expected change in cross section is negligible.

Other micro- and macrostructural features, such as fibre cross-sectional shape
and surface roughness (relating to fibre slippage) and degree of fibre alignment and
dispersion, affect which (and when) compaction mechanisms will play primary
and secondary roles.

4.2.2 Through-Thickness Compaction of Natural
Fibre Preforms

The compaction response of reinforcement preforms is complex and depends on
various elements, such as: type and form of fibre reinforcement, fibre architecture,
number of layers in the preform, preform stacking sequence, history of loading, rate
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Fig. 4.5 Compaction curves for various reinforcement preforms comparing the effect of fibre type
and architecture. Plant fibre preforms are consistently less compactable than glass fibre preforms;
natural silk preforms, however, are significantly more compressible than plant fibre preforms (and
even more than glass fibre preforms—see text). Generally, nonwoven (NW) preforms tend to be
more compactable than woven (W) preforms, which in turn are more compactable than random-
mat (R) preforms. PW refers to plain-woven fabrics, while UD refers to unidirectional fabrics. The
graphs are adapted from (a) Madsen (2004), (b) Francucci et al. (2013) and (c) Shah et al. (2014a).
For reference, fitted model parameters are provided in the table

of compaction, tooling temperature and presence of lubricant (i.e. wet versus dry
state) (Kim et al. 1991; Robitaille and Gauvin 1998a; Kelly et al. 2004; Correia
et al. 2005; Long et al. 2005; Francucci et al. 2012a).

4.2.2.1 Effect of Fibre Type on Single-Cycle Dry Compaction

The compaction behaviour of various reinforcement preforms is presented in Fig. 4.5.
The data is a compilation from Madsen (2004), Francucci et al. (2013) and Shah
et al. (2014a), where various natural fibre reinforcements have been characterised.
Note that the preform architecture has a substantial effect on the compaction response
of a material. In this section, we discuss the sole effect of the fibre type.
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It is consistently observed that plant fibre reinforcements are considerably less
compactable than synthetic fibre reinforcements, but natural silkworm silk fibres are
as compactable as, if not more compactable than, glass fibres. It is notable that both
the initial uncompacted fibre volume fraction [a, in Eq. (4.4) and v, in Eq. (4.5)] and
the fibre volume fraction at a reference compaction pressure (e.g. 2 MPa or 2 bar)
follow this trend (Fig. 4.5). This suggests that the compaction pressure needed to
achieve any fibre volume fraction (within the range studied) is significantly lower in
the case of silk and glass reinforcements than for plant fibre reinforcements.
Moreover, amongst plant fibres, flax is found to be more compressible than hemp,
which in turn is more compressible than jute.

Besides the differences in vertical positions (reflected by differences in fibre vol-
ume fractions at zero and reference compaction pressures), the shape of the com-
paction curves is also different for different fibre reinforcements. One could compare
fitting parameters of Eqgs. (4.4) (namely, b;) and (4.5) (namely, a, and b,) to evaluate
the differences in fibre type. For instance, glass and silk fibre reinforcements exhibit
a steeper increase in fibre volume fraction at low compaction pressures than plant
fibre reinforcements; this is indicated by small b, values in Eq. (4.4) (Madsen 2004)
and large a, values in Eq. (4.5) (Shah et al. 2014a) (Fig. 4.5). For reference, fitted
model parameters are presented in Fig. 4.5.

Analysing micro- to macrostructural features (i.e. fibre to yarn to fabric) in the
silk, plant fibre and glass fibre reinforcements may explain these observations.

At the fibre scale, the (1) degree of fibre separation, (2) fibre surface roughness,
(3) fibre cross-sectional shape and (4) fibre mechanical properties are notable fac-
tors. Firstly, preforms with well-separated fibres compact more readily due to
increased degrees of freedom (Madsen 2004). While plant fibres typically exist as
bundles, silk fibres, like synthetic glass fibres, are well separated from one another
(Fig. 4.6a, b). Notably, it is the residue of the natural binding agent that dictates
whether the fibres are separated or bundled. Pectin, the binding agent between ele-
mentary plant fibres to form a technical plant fibre bundle, is usually only partially
decomposed during the fibre extraction process. On the other hand, the fibroin
strand in silkworm silk is usually well degummed from the sericin binder. Secondly,
the friction between fibre and fibre contacts is a relevant factor (Long et al. 2005),
as fibre, yarns and fabric layers move (i.e. slide against each other) to dissipate
energy during compaction. Plant fibres have a rougher surface than both silk and
glass fibres (Fig. 4.6c, d), and consequently the latter may find it easier to adjust to
a more efficient packing arrangement due to lower friction forces (Francucci et al.
2013; Shah et al. 2014a). Thirdly, the irregular almost-triangular cross-sectional
shape of single silk fibres also permits higher ‘intra-yarn’ packing densities than
irregular polygonal cross-sectional plant fibres (Fig. 4.6e, f) (Shah et al. 2014a).
Finally, as the longitudinal and transverse elastic tensile moduli of a) silk and b) flax
are a) 7-17 GPa and 0.5-0.7 GPa and b) 50-70 GPa and 4-9 GPa (Shah et al. 2012a),
respectively, and as the ultimate failure strain of silk and flax is 15-30 % and 2—4 %
(Shah et al. 2012a), respectively, silks can undergo much greater bending deforma-
tion without fibre breakage to enable efficient nesting and interlayer packing. In
fact, fibre breakage and lumen collapse have been reported to be two critical mecha-
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Fig. 4.6 Micrographs depicting: (a) the bundled nature of plant fibres and (b) the fibrillated nature
of silk fibres; (¢) plant fibres have a rougher surface than (d) silk fibres; while (e) plant fibres have
irregular polygonal cross-sectional shape, (f) silk fibres have irregular almost-triangular cross-
sectional shape. From Shah et al. (2014a)

nisms responsible for the permanent deformation of plant fibre preforms during com-
paction (Francucci et al. 2012a). Glass fibres, on the other hand, are stiff, isotropic
fibres. It would be expected that fibre bending would be a more dominant compaction
mechanism in silk and plant fibre reinforcements than glass fibre reinforcements.
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Fig. 4.7 Micrographs depicting woven textiles of flax and hemp (a, b) and silk (¢, d). From Shah
et al. (2014a)

At the yarn and fabric scale, (1) yarn/fabric geometry and (2) fibre alignment are
notable factors. Regarding fabric geometry, the tightness of a weave and inter-yarn
porosity, for instance, will affect preform compactibility. Silk textiles, like glass
fibre textiles, are more tightly woven than plant fibre textiles (Fig. 4.7), thereby
imparting high packing density, particularly at low compaction forces. This would
explain the high values of v, and a for silk textiles in comparison to plant fibre tex-
tiles (Shah et al. 2014a). Regarding yarn geometry, while plant fibre yarns tend to
have a circular cross section due to high twist factors, silk fibre assemblies, much
like glass fibre assemblies, have large width-to-thickness ratios (of ~5). The lenticu-
lar cross-sectional shape of silk rovings would enable higher ‘inter-yarn’ compac-
tion than twisted plant fibre yarns (Shah et al. 2014a). Moreover, this also reduces
crimp. High crimp in woven fabrics would lead to higher ‘hills’ and lower ‘valleys’.
It would be expected, therefore, that yarn bending deformation and nesting would
be more important compaction mechanisms in plant fibre textiles than silk textiles.

Crimp is one source of fibre misorientation that has a detrimental effect on
compaction. In terms of orientation, the arrangement of yarns in the fabrics is
clearly more ordered and uniform in the silk textiles (Fig. 4.7). Studies on the com-
paction of both E-glass and plant fibre reinforcements have reported that rovings are
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significantly more compactable than twisted yarns (Kim et al. 1991; Madsen 2004).
This is because yarn twist induces fibre misorientation and transverse pressure, both
of which are detrimental to effective packing (Shah et al. 2013b). Note that twist is
a 3D phenomenon and that yarn twist (and yarn packing fraction) are a function of
yarn radius; the twist angle and packing fraction are highest and lowest, respectively,
at the yarn surface (Shah et al. 2013b). As observed in Fig. 4.7, while the plant fibre
textiles employ yarns that are twisted (surface twist angle of 20-30°), the silk textiles
employ rovings of well-aligned filaments.

Studies have shown that not only yarn twist but yarn hairiness (or fluffiness) is
also an important source of misorientation (Kim et al. 1991). Elementary plant
fibres have non-uniform width in the range of 10-100 pm and a short length in the
range of 4-100 mm (Lewin 2007). Due to the short length of staple plant fibres,
during the spinning process not all fibre ends are integrated into the yarn structure.
The distribution (length and frequency) of fibre ends protruding from the fibre sur-
face is referred to as yarn ‘hairiness’ by textile engineers. These protruding fibres
have a negative impact on the packing of a fabric preform. Kim et al. (1991) report
that the compaction response of a fluffy roving may be as poor as that of a twisted
spun yarn, relative to a straight roving; for instance, straight roving preforms have
fibre volume fractions of 70 % at compaction pressures of 2 MPa, compared to
fibre volume fractions of only 50 % for both fluffy roving and spun yarn preforms.
As observed in Fig. 4.7, numerous fibres are protruding from the structure of the
yarns in the flax textiles, while filaments in the silk fibre textiles are well integrated
into the roving. It is noteworthy that the sources of misorientation (yarn twist and
yarn hairiness) are lacking in silk textiles because silks exist as long fibres (i.e. fila-
ments), unlike staple plant fibres. In fact, silks, such as those industrially processed
from the silkworm cocoons, exist as single continuous filaments/strands of fibroin
with lengths of up to 1,500 m (Lewin 2007). Put it simply, it is easier to align longer
fibres than shorter fibres.

4.2.2.2 Effect of Fabric Architecture

As shown in Table 4.2, the fabric architecture plays a key role in determining the
mechanisms that drive compaction. The effect of fabric architecture on the compac-
tion of synthetic fibres has been studied in some detail (Kim et al. 1991; Robitaille
and Gauvin 1998a; Yang et al. 2012) and similar trends have been reported in the
limited articles investigating natural fibre reinforcements (Madsen 2004; Francucci
et al. 2013; Shah et al. 2014a).

As observed in Fig. 4.5, unidirectional nonwovens tend to be more compactable
than woven fabrics, which in turn are more compactable than random-mat rein-
forcements. Notably, the compaction curves shift upwards [i.e. higher fibre frac-
tions at zero [a, in Eq. (4.4) and v, in Eq. (4.5)] and reference compaction pressures],
exhibit a steeper rise at low compaction pressures [i.e. smaller b, in Eq. (4.4) and
larger a, in Eq. (4.5)] and become more flat at high compaction pressures.
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Fibre alignment/orientation is a mechanism-governing factor in fabric
architecture. For instance, in unidirectional fabrics, fibres in adjacent layers are
parallel to each other and can therefore fill gaps by dislodging other fibres to
produce a compact structure. In woven fabrics, however, fibres/yarns leave voids
during crossover (weave density) that cannot be filled by crossover fibres in other
layers. Essentially, fibre packing between layers with the same fibre/yarn orienta-
tion is easier than packing between layers with different fibre/yarn orientations.
Of course, in aligned reinforcements (nonwoven and woven), the stacking
sequence also affects the compaction response, but this has not been studied on
natural fibre reinforcements so far.

Alongside fibre orientation, fibre/yarn length and diameter may also affect pre-
form compaction. Umer et al. (2011) and Madsen (2004) investigated the compac-
tion behaviour of random mats constructed with yarns of varying length and
diameter. Madsen (2004) found that compaction curves of hemp yarn random mats,
with mean yarn lengths of 2, 10 and 50 mm, were nearly identical. In contrast, Umer
et al. (2011) observed that the required compaction pressure for 50 mm flax yarn
random mat was about 40 % higher in comparison to a 15 mm flax yarn random
mat. They attributed the poorer compactibility of longer yarn mats to the larger
number of bundle-bundle crossover points. Umer et al. (2011) also found that flax
random mats were significantly more compactable when larger diameter yarns were
employed. They suggested that there were more fibres in larger diameter yarns that
were more efficiently packed within the available space (than they would be as
loose fibres in the mat), and consequently there were less fibre crossover points
within the mat.

4.2.2.3 Effect of Multiple Compaction Cycles

Multiple compaction cycles have a noticeable and well-documented effect on pre-
form compaction (Kim et al. 1991; Robitaille and Gauvin 1998a; Long et al. 2005).
Natural fibre reinforcements, like synthetic fibre reinforcements, follow the general
trend (Madsen 2004; Francucci et al. 2012a; Shah et al. 2014a): (1) in comparison
to the first cycle, the second compaction cycle requires a relatively lower compac-
tion pressure to achieve a given fibre volume fraction, (2) subsequent compaction
cycles (i.e. third, fourth and fifth) overlay with the second compaction cycle, and (3)
all compaction curves share the same asymptotic fibre volume fraction (at very high
compaction pressures) (Fig. 4.5). With regard to the fitting model parameters, in
comparison to the first compaction cycle, the uncompressed fibre volume fraction
[a, in Eq. (4.4) and v, in Eq. (4.5)] tends to increase and a steeper rise at low com-
paction pressures is observed [i.e. smaller b, in Eq. (4.4) and larger a, in Eq. (4.5)]
for the second compaction cycle. Subsequent compaction cycles have fairly identi-
cal fitting parameters to the second cycle.

Maximising the fibre content is appealing for NFRPs, not only to improve
composite mechanical performance (Shah et al. 2012b; Shah 2013b) but also to
increase the content of bio-based material and reduce the amount of polymer.
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The latter improves sustainability credentials as natural fibres require significantly
less energy for production than both synthetic fibres and polymer matrices
(Duflou et al. 2012; Shah 2013b). The aforementioned findings provide useful
insights in developing high fibre content NFRPs. If high compaction pressures,
such as those realised using an autoclave for LCM (up to 15 bar) or a mechanical
press for compression moulding (up to 100 bar), are used, a single compaction
cycle is sufficient. That is, pre-compaction is not necessary. However, if low
compaction processes are employed, such as in vacuum bagging, pre-compaction of
the reinforcement is an attractive technique to improve preform compaction and
increase the part fibre volume fraction.

Notably, multiple compaction cycles generally lead to the reorganisation and
permanent deformation of fibres/yarns within the textiles, driven through both elas-
tic and irreversible mechanisms, such as those illustrated in Table 4.2. Compaction
mechanisms such as fibre/yarn cross-section deformation, yarn flattening and nest-
ing tend to become more significant at higher compaction pressures (and thus fibre
volume fractions) (Francucci et al. 2012a); therefore, the maximum compaction
pressure of the previous cycle has an effect on the compaction in the next cycle. In
addition, stacked textiles have a time-dependent viscoelastic behaviour (Francucci
et al. 2012a); therefore, studying preform relaxation is as important as studying
preform compaction. In fact, relaxation studies post-multiple compaction cycles
have revealed that plant fibre reinforcements undergo significantly more irrevers-
ible, permanent deformation than glass fibre reinforcements (Francucci et al. 2013).

4.2.2.4 Wet Compaction

In LCM, while the preform is first compacted in the dry state (in the mould-filling
stage), once the preform has been impregnated, the saturated preform undergoes ‘wet
compaction’ (in the post-filling stage) (Table 4.1). During and post-impregnation,
the compaction pressure exerted on the partially or fully saturated preform is only
partially felt by the reinforcement; the remaining compaction pressure is managed
by the liquid resin (Long et al. 2005). However, lubricating effects of the liquid tend
to reduce the compaction pressure required to achieve a given fibre volume fraction.
This is because lubrication of fibre-to-fibre contact points means that individual
fibres find it easier to move and slide and realign and reorganise. As a corollary, it is
also expected that as the fibres are likely to attain a higher degree of stability for a
given compaction pressure, the preform would exhibit less relaxation (when held at
a constant thickness). These assertions have been found to be true for synthetic fibre
preforms (Kim et al. 1991; Long et al. 2005).

Natural fibres, including plant and animal fibres, are different from synthetic fibres
like glass, in that natural fibres tend to be polar and hydrophilic. That is, natural fibres
absorb polar liquids; this not only includes liquids used during compaction and per-
meability testing like water and glycerine solution but also includes polar thermoset-
ting resins such as vinylester and phenolics (Francucci et al. 2010). Moreover, natural
fibres swell upon liquid absorption (10-25 % moisture regain) (Francucci et al. 2010).
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Fig. 4.8 (a) Transverse swelling (in terms of % diameter change) of jute fibres in different fluids.
Adapted from Francucci et al. (2010). (b) Effect of immersion time on the compaction of jute
woven fabrics. From Francucci et al. (2013)

For instance, over an immersion time of 6,000 s, jute fibres exhibited equilibrium
transverse swelling (i.e. change in diameter) by over 18 % in glycerine solution and
between 6 and 8 % in vinylester and phenolic resin (Fig. 4.8a). In comparison, glass
fibres do not absorb liquid (<2 % moisture regain), nor do they exhibit swelling
(Francucci et al. 2010).

As natural fibres absorb liquids and consequently swell and soften (Francucci
et al. 2010, 2013), their wet compaction behaviour requires attention. Since natural
fibres will behave differently with different liquids (say, nonpolar oils as test fluids
and polar epoxy resin as the matrix), to understand their true compaction behaviour,
the natural fibre reinforcement should be studied with the particular resin that is to
be used during LCM as the test fluid.

Investigations on plant fibre reinforcements have found that the immersion time
is an important test parameter (Francucci et al. 2013). In comparison to the compac-
tion curve of a dry reinforcement, the compaction curve of plant fibre reinforce-
ments shifts to higher fibre volume fractions (i.e. enhanced compactibility) with
increasing immersion time of the saturated preform (Fig. 4.8b). This is similar to
synthetic fibre performs. However, it is found that the wet relaxation behaviour of
plant and synthetic fibre reinforcements stands in contrast, with plant fibre rein-
forcements showing greater relaxation in the wet state in comparison to the dry state
(rather than the expected less relaxation). Francucci et al. (2013) propose that the
observed result is due to fibre softening upon swelling during wet compaction.

4.2.2.5 Effects of Other Parameters

The effects of other parameters, such as number of layers and compaction rate, on
the compaction behaviour of natural fibre reinforcements have been studied in lit-
erature (Francucci et al. 2012a, 2013; Shah et al. 2014a). Generally, their effects are
relatively weak, and notably conflicting trends have been reported for synthetic fibre
reinforcements.
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Shah et al. (2014a) observed that reducing the number of layers of woven silk
fabric shifted the compaction curves marginally to higher fibre volume fractions
(i.e. enhanced compactibility). Moreover, the curves became steeper at higher com-
paction pressures. These are indicative of the fact that stacks made of less fabric
layers are easier to compact to a given fibre volume fraction, particularly at higher
compaction pressures, because nesting, the primary compaction mechanism of
woven textiles, becomes progressively difficult with more layers (Long et al. 2005),
potentially due to the non-uniform transmission of the applied compressive force
through the textile layers.

Conflicting, though weak, trends have been observed on the effect of compaction
speed on natural fibre reinforcement compaction. Shah et al. (2014a) reported that
woven silk textiles were more compactable at higher compaction rates. For instance,
a 100-fold increase in the compaction speed from 0.5 to S0 mm/min increased v,
from 30.5 to 32.2 % and increased the representative fibre volume fraction v; at
P=2.0 bar from 53.7 to 54.1 %. In comparison, Francucci et al. (2012a) found that
increasing the compaction speed led to a larger compaction pressure for the same
fibre volume fraction of woven jute fabrics.

4.2.3 Conclusions

The compaction response of natural fibre reinforcements can be characterised by
the same power-law regression curves as synthetic fibre reinforcements. Good
reproducibility of test measurements and strong model curve fits are found. Natural
fibre reinforcements also show evidence of similar compaction mechanisms as syn-
thetic fibre reinforcements, with the addition of fibre cross-section deformation
through cell-wall and lumen collapse in the case of hollow plant fibres.

In general, plant fibre reinforcements are significantly less compactable than
glass fibre reinforcements. However, animal silk fibre reinforcements demonstrate
comparable compactibility to the latter. The difference in structure (i.e. geometry,
alignment and dispersion) and technical properties of the fibres, their semi-products
(i.e. yarns and rovings) and their textiles accounted for the differences in fabric
compaction behaviour. Unlike plant fibres, silk, the only natural fibre to exist as
long filaments (rather than short fibres), and its semi-products and textiles have
much resemblance with synthetic fibres and their semi-products and textiles.

The effects of fabric architecture, multiple compaction cycles, compaction rate
and number of layers of fabric on preform compaction follow the same generic
trends in natural and synthetic fibre reinforcements. However, irreversible, perma-
nent deformation during compaction is more prevalent in plant fibre reinforce-
ments than glass fibre reinforcements. More studies on the creep and relaxation
response of natural fibre reinforcements are therefore required. For low-pressure
LCM processes (such as vacuum bagging), pre-compaction through an initial sin-
gle cycle is identified to be an attractive technique to improve compaction and part
fibre volume fraction.
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The wet compaction of natural fibre reinforcements requires specific attention, as
unlike synthetic fibres, natural fibres absorb the liquid resin and swell and soften.
This not only affects the relaxation response of the saturated reinforcement but also
its permeability. Moreover, as natural fibres will behave differently with different
fluids, the fibre compaction behaviour needs to be studied for the specific resin that
is to be used during composite manufacture.

4.3 Modelling the Mould-Filling Process in LCM
of Natural Fibre Composites

Controlled and complete filling of the mould with adequate wetting of fibres is a
primary objective in LCM. Poor fibre wetting would lead to poor mechanical proper-
ties due to micro-void formation and poor interfacial adhesion, while uncontrolled
and incomplete filling would lead to defect formation (e.g. dry spots), poor part qual-
ity and even part scrappage and material wastage. Optimising mould fill time while
avoiding fluid pressure build-up is another important aspect of controlled mould
filling. The microscopic and macroscopic flow of the liquid resin through gaps within
yarns/tows and the porous preform, respectively, is therefore important to study.

A number of factors affect the complex mould-filling process (Table 4.1), includ-
ing preform permeability, inlet/outlet gate location, pressure differential in mould
cavity, rate of resin injection and resin viscosity (as a function of time). Extensive
research has been conducted to measure, predict and simulate the mould-filling
process in the LCM of conventional synthetic fibre composites (Long et al. 2005).
Often, permeability studies and Darcy’s law [which can be derived from the Navier—
Stokes equation through averaging methods (Neuman 1977)] are used to model the
complicated viscous flow of resin in a porous media. Natural fibre reinforcements,
however, require specific considerations.

4.3.1 In-Plane Permeability of Natural Fibre Reinforcements

Permeability is defined as the ease of fluid flow through a preform, and therefore it
is an inverse measure of the flow resistance (Long et al. 2005). The greater the pre-
form permeability, the easier it is for the resin to impregnate the reinforcement, and
the lesser the time needed to fill the mould. Fabric permeability has a governing
effect not only on fill time and flow front shape but also on void and dry-spot forma-
tion resulting from the dual-scale flow within preforms (Fig. 4.9) and the anisotro-
pic permeability of anisotropic preforms.

While permeability characterisation of natural fibre reinforcements is a relatively
new topic (Rodriguez et al. 2004; Francucci et al. 2010, 2013; Masoodi and Pillai
2011; Umer et al. 2011; Xue et al. 2011), researchers have already found some
critical differences between natural and synthetic fibre reinforcements.
These will be discussed in this section.
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Fig. 4.9 The complex, dual-scale flow of resin in fibrous preforms can generate voids. Macroscale
flow relates to the advance of resin between yarns/tows (i.e. inter-yarn flow), while microscale flow
relates to the penetration of resin into a yarn (i.e. intra-yarn flow). Note that permeability is also dif-
ferent at the two scales. For instance, (a) at low fibre content, due to low yarn permeability but high
overall permeability, the yarn is not properly impregnated and thus intra-yarn voids may form, while
(b) at high fibre content, although yarn and overall permeability are similar, capillary flow in the yarn
dominates and therefore inter-yarn voids are formed. From Shah et al. (2012b) and Shah (2013a)

4.3.1.1 Permeability Measurement and Modelling

Typically, preform permeability is experimentally measured by tracking the
progression of the fluid flow front and monitoring the pressure field (Fig. 4.10).
A planar flow cell is used in which a test fluid (with a similar viscosity as the resin)
is injected into the fabric. A 1D unidirectional flow achieved through line-gate
injection (Fig. 4.10a, b) is commonly used. However, a 2D radial flow achieved
through central injection (Fig. 4.10c, d) may be more appropriate for anisotropic
reinforcements to quickly measure anisotropy in permeability. The fluid viscosity is
measured using a viscosimeter or theometer. A flowmeter, typically placed at the
inlet or outlet port, may be used to measure fluid velocity. Alternatively, the flow
velocity may be estimated by measuring flow front evolution. The flow front can be
tracked manually (e.g. with scale bars, as in Fig. 4.10b), with a video camera, or
even electrically activated (pressure) sensors. Pressure gradient in the mould may be
recorded through manometers or pressure transducers, typically placed at the inlet
and outlet ports. Pressure difference is measured relative to the flow front (which is
at atmospheric pressure).

Darcy’s law, which describes the flow of Newtonian fluids in porous media, is
then used to determine permeability. Assuming steady-state 1D flow, Darcy’s law
(Eq. 4.6) states that the macroscopic volumetric flow rate Q is proportional to the
mould cross-sectional area A and the pressure difference over the sample AP and
inversely proportional to the sample length L (in the flow direction) and fluid viscos-
ity u. The constant K is termed the permeability.

0=KZ2 (4.6)

Saturated (or steady-state) permeability K, is obtained once the reinforcement
is fully saturated, using Eq. (4.7). On the other hand, unsaturated (or transient)



4 Compaction, Permeability and Flow Simulation for Liquid Composite Moulding... 87

Fig. 4.10 Permeability measurement and flow visualisation set-ups. (a, b) 1D linear flow through
line-gate injection (Parnas et al. 1995). (¢, d) 2D radial flow through central injection (Parnas et al.
1995; Xue et al. 2011)

permeability K, is obtained when the flow profile is measured during the injection
process. Darcy’s law in Eq. (4.6) can be integrated and rearranged to the form in
Eq. (4.8) (Cai 1992), where x is the position of the flow front at time ¢, ¢ is the fabric
porosity, and v is the average fluid velocity. Note that fabric porosity is directly
related to the fibre volume fraction. For demonstration, Fig. 4.11a shows the linear
relationship between the square of the flow front position and fill time, for two sepa-
rate infusion conditions; the slope of the curve x%¢ is used as an input in Eq. (4.8) to
determine K.

u L
K =0——, 4.7
sat QAPA ( )

X’ g Y
=—1"_ where ¢== and ¢=1-v,. 4.8
unsat : 2AP W ¢ A ¢ Ve (4.8)

The saturated and unsaturated permeability can be then determined over various
conditions, say varying fabric porosity (or fibre volume fraction) as shown in
Fig. 4.11b. In fact, reinforcement fibre volume fraction, alongside reinforcement
type and orientation, is a key reinforcement-related factor affecting permeability.
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Fig. 4.11 Permeability testing of woven jute fabric (Francucci et al. 2010). (a) Plot of square of
flow front position with time for different infusion conditions. (b) Plot of saturated and unsaturated
permeability against porosity (=1—fibre volume fraction)

Increasing the fibre content (decreasing porosity) reduces the number of flow paths
and therefore reduces permeability. Often, the three-parameter exponential function
[Eq. (4.9); proposed by Gauvin et al. (1994)] or the two-parameter, modified
Carman—Kozeny equation (Carman 1937) (Eq. 4.10) is used to model permeability—
porosity relationship. Both models are found to be well suited to natural fibre rein-
forcements (Rodriguez et al. 2004; Francucci et al. 2013).

K=a+b-exp?, 4.9

PO A Ul (4.10)
cli-gy o

Two problems commonly associated with permeability testing are mould deflec-
tion (induced by the pressure gradient on thin moulds) and uncontrolled flow (Parnas
et al. 1995). The latter may manifest in the form of fibre washing or edge effects.
Fibre washing refers to the displacement of the preform during filling, while edge
effects, also known as race-tracking, refer to the faster flow of resin at the edges due
to lower permeability resulting from a clearance between the fibre preform and the
mould edge. Indeed, such concerns have been voiced in studies on the mould-filling
process of natural fibre reinforcements as well (Fig. 4.12) (Richardson and Zhang
2000; Rodriguez et al. 2004; Francucci et al. 2010; Ho et al. 2012). Fibre washing
is more prevalent at high injection pressures and low fibre volume fractions (e.g.
fewer reinforcement layers), while edge effects are more prevalent at high fibre
volume fractions (Richardson and Zhang 2000).

4.3.1.2 Effect of Reinforcement Type

The limited research on permeability studies of natural fibre reinforcements shows
that while plant fibre reinforcements exhibit higher permeability than glass fibre
reinforcements (Fig. 4.13) (Rodriguez et al. 2004; Francucci et al. 2013), wood fibre
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b

Fig. 4.12 Resin flow in 2-layer random-mat hemp reinforcements before (a) and after (b) prob-
lems of fibre washing and edge flow were resolved. The flow front is smoother, more uniform and
quasi-1D in (b). Flow front isochrones are shown, where each isochrone represents 20 s. Mould-
filling direction is from left to right. From Richardson and Zhang (2000)
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Fig. 4.13 Comparison of the (unsaturated) permeability of sisal, jute and E-glass reinforcements.
Carman—Kozeny constants are also provided. Adapted from Rodriguez et al. (2004)

mats exhibit significantly lower (by about two orders of magnitude) permeability
than glass fibre mats (Umer et al. 2008). Table 4.3 describes permeability data of
various natural fibre reinforcements studied in literature, by showing Carman—
Kozeny constants and permeability values at specific fibre volume fractions. Notably,
n is close to 2 in most cases, implying that the fluid flow behaviour in natural fibre
reinforcements is close to the original Carman—Kozeny model, where fibre arrange-
ment can be described as parallel tubes with low tortuosity (Rodriguez et al. 2004).

Researchers have hypothesised that the higher flexibility of plant fibres in com-
parison to glass fibres may make the former more permeable (Rodriguez et al. 2004).
On the other hand, the lower permeability of wood fibre mats (in comparison to glass
fibre mats) has been attributed to the more tortuous flow paths in the less-efficiently
packed wood fibre mats, owing to the very short length of wood fibres (Masoodi and
Pillai 2011). The argument may have merit as flax yarn random mats composing of
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Table 4.3 Permeability data of various natural fibre reinforcements

Reinforcement (o n Katvy= Katy = Unsaturated or Source
[x108 m™? 0.2 (or¢= 0.5 (ore= saturated, test
0.8) 0.5) fluid, viscosity

[x108m™3] [x108m~?]

Saturated (Umer
2460 1.80  0.00394  0.000203 Mineral oil,  2008)
0.066-0.095 Pa-s
Saturated
Wood fibre ~ 4000 1.76  0.00229  0.000125 Mineral oil,  (O™er
random-mat

0.066-0.095 Pas  2008)

Wood fibre —
random-mat

Sisal — Uns_aturated_, (Rodriguez
4.8 1.48 1.30 0.104 Glycerine solution,

random-mat 1.2 Pas 2004)
Jute — Uns.aturated., (Rodriguez
plain-woven 53 1.48 1.17 0.0943  Glycerine solution, 2004)

1.2 Pas
Sisal — Unsaturateq, (Li 2006)
il 22.5  2.00 0.569 0.0222 Vinylester resin,

0.5-0.9 Pa-s

Jute — Sa.turated, . (Francucci
plain-woven 81.0 0.88  0.0335 0.00617  Glycerine solution, 2013)

0.13 Pa-s
T Uns.aturated., (Francucci
ik e 133.8  1.29  0.0357 0.00373  Glycerine solution, 2010)

0.15 Pa-s
Jute — Sat'urated, ' (Francucci
plain woven 84.6 091  0.0334 0.00591  Glycerine solution, 2010)

0.15 Pa-s

longer fibres have notably and consistently higher (saturated) permeability across a
range of fibre volume fractions (Umer et al. 2011). For instance, the permeability of
random mats with 50 mm fibre lengths was found to be 22 and 25 % higher at the
lowest (v;=0.2) and highest (v;=0.4) fibre volume fractions, in comparison to ran-
dom mats with 15 mm fibre lengths (Umer et al. 2011).

Yarn diameter (or linear density) is also known to affect the permeability of flax
yarn random mats (Umer et al. 2011). Umer et al. (2011) found that the permeability
of medium yarn diameter (0.56 mm) mats was consistently (i.e. over a range of
porosity levels) 27 % higher than small yarn diameter (0.35 mm) mats, but the per-
meability of small and medium yarn diameter mats was consistently 68-77 %
higher than large yarn diameter (0.81 mm) mats. Given that the permeability of
preforms is dominated by the characteristics of open channels and that preform
geometric parameters that describe the characteristics of the open channels include
the number of fibres in the bundle, twist angle and orientation of bundle, dimension
and cross-sectional shape of bundles and single fibres, Umer et al. suggested that
large diameter yarns were less compact and had lower twist levels. The loose fibres
on the surface (previously referred to as hairiness) of large diameter yarns restrict
fluid flow through the open channels, thereby decreasing permeability. The twist
level of yarns may also affect permeability and impregnability by altering competition



4 Compaction, Permeability and Flow Simulation for Liquid Composite Moulding... 91

between micro-flow and macro-flow (Goutianos and Peijs 2003; Umer et al. 2011;
Shah 2013a); this is discussed further in Sect. 4.3.1.5.

It is clear from Table 4.3 that experimental conditions have a notable effect on
the permeability data obtained for even the same natural fibre reinforcement (e.g.
jute plain-woven fabric). In particular, it is important to clarify (1) whether it is the
saturated or unsaturated permeability that has been measured, (2) the test fluid vis-
cosity and (3) the polarity of the test fluid. While the first two issues apply to rein-
forcement preforms in general, the latter point applies specifically to natural fibre
reinforcements. For natural preforms, saturated permeability tends to be higher than
unsaturated permeability (Francucci et al. 2010) [discussed in Sect. 4.3.1.4), and
permeability tends to be lower when measured in less viscous fluids (which is also
in agreement with Egs. (4.7) and (4.8)]. The more interesting issue is of the polarity
of the test fluid, as natural fibres, unlike synthetic fibres, absorb polar fluids and
consequently swell and soften (Umer et al. 2007; Francucci et al. 2010). This was
discussed previously in Sect. 4.2.2.4. Conceivably, fluid absorption and swelling are
important mechanisms in natural fibre preforms, due to which both saturated and
unsaturated permeability are reduced. Francucci et al. (2010) demonstrated through
absorption, swelling and permeability tests on untreated and treated jute fibre ran-
dom mats that untreated mats had up to five times higher absorption levels, up to 20
times higher transverse swelling and an order of magnitude lower permeability than
treated mats. Umer et al. (2007) show that permeability levels of wood fibre mats
measured in (polar) glucose syrup were lower than that measured in (nonpolar)
mineral oil. Fluid absorption removes fluid from the main stream, acting as a sink
component and thus decreasing flow velocity during the unsaturated flow. The
swelling of the natural fibres constricts the open flow path, reduces porosity and
increases flow resistance during saturated flow. Since natural fibres will behave dif-
ferently with different liquids, to accurately measure their permeability, the natural
fibre reinforcement should be studied with the particular resin that is to be used
during LCM as the test fluid.

4.3.1.3 Permeability Anisotropy

Random mats are quasi-isotropic reinforcements and would therefore produce
quasi-isotropic flow due to quasi-isotropic permeability. Xue et al. (2011) measured
the anisotropy ratio in permeability (K./Knin) to range between 1.08 and 1.46 for
flax random mats; cross-laid mats were more isotropic than parallel-laid mats.
Orientation distribution analysis showed that fibres were uniformly distributed in
cross-laid mats, but fibres in parallel-laid mats were oriented primarily along the
machine direction. As the preferential resin flow path (path of least resistance)
would be along the principal fibre orientation direction, permeability was much
higher in this direction, for parallel-laid mats. In cross-laid mats, due to fairly equal
paths of least resistance, flow was more isotropic. Note that interestingly parallel-
laid mats exhibited lower overall permeability than cross-laid mats compacted
under the same pressure, due to fibre nesting and consequently lower porosity in
parallel-laid mats.
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Aligned reinforcements, such as nonwoven and woven fabrics, tend to produce
anisotropic flow due to anisotropic permeability. The permeability anisotropy ratio
of plain-woven jute fabric has been estimated to be 1.24 (Francucci et al. 2013).

4.3.1.4 Saturated and Unsaturated Permeability

For synthetic reinforcements, ratios of saturated to unsaturated permeability
(K Kunsa) have been found to be greater than one, less than one or varying slightly
above one (Dungan and Sastry 2002). Various reasons are proposed in literature for
the observed result, including (1) flow channelling or fluid flow in preferential high-
porosity regions (leading to K, > Kysa), (2) capillary and wicking effects (leading
to Kunea> Kio) and (3) transverse micro-flow into tows, which occurs after macro-
flow between tows and increases penetration/impregnation times (leading to
K> Kinsa) (Dungan and Sastry 2002).

It has been observed for natural fibre reinforcements that saturated permeability
is higher than the unsaturated permeability. K,/K,, ranges between 1.2 and 1.8 for
plain-woven jute fabrics (Dungan and Sastry 2002). Like Pillai and Advani (1998)
and Dungan and Sastry (2002) argue that the jute yarns act as a ‘sink’, leading to a
delayed impregnation of the tows through transverse micro-flow, which reduces the
average macro-flow velocity, thereby reducing permeability.

An alternate explanation was provided for the high saturated permeability related
to the absorption of fluid by the natural reinforcements (Dungan and Sastry 2002).
Again, as the jute fibres and yarns act as sink components (as fibres absorb liquid,
and yarns have micropores), the unsaturated permeability is reduced. Once infusion
is complete (i.e. no more porosity within tows need to be filled and fibres cannot
absorb more fluid), the fibres and yarns are no longer sink components, and the per-
meability upon saturation is increased. Note that the swelling of the fibres upon satu-
ration does restrict flow paths and therefore the increase is only marginal. This
argument is further strengthened by the fact that the difference between saturated and
unsaturated permeability vanishes with increasing porosity (decreasing fibre volume
fraction) (Fig. 4.11). In fact, at very high porosity (¢>0.8), K/ Kyns <1 (Fig. 4.11).

Notably, the difference between saturated and unsaturated permeability is
higher in untreated jute fabrics (K /Ky =1.70—1.84) than in treated jute fabrics
(Ko Kunsae=1.21-1.40) (Dungan and Sastry 2002). This suggests that while trans-
verse micro-flow into tows may play an important role in the difference in saturated
and unsaturated permeability of natural fibre reinforcements, the polar nature of
untreated natural fibres and their tendency to absorb polar fluids and swell have a
more dominant role.

4.3.1.5 Capillary Effects and Micro-Flow Versus Macro-Flow

Preform impregnation usually involves a dual-scale flow. Resin flow between yarns
(inter-yarn) is referred to as macro-flow, while resin flow through the yarns (intra-
yarn) is referred to as micro-flow. As resin flows at low Reynolds numbers, inertial
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forces can be neglected. Macro-flow is dominated by viscous flow of the resin,
while micro-flow is driven by capillary pressure developed within the tows. Capillary
effects are important to study, not least because they play a key role in the mecha-
nism of void formation in LCM. As Fig. 4.9 highlights, at low flow velocities (and
high fibre volume fractions), capillary flow dominates leading to inter-yarn voids,
while at high flow velocities (and low fibre volume fractions), viscous flow domi-
nates leading to intra-yarn voids. This has been shown for plant fibre composites as
well (Fig. 4.9) (Shah et al. 2012b; Shah 2013a).

Capillary effects in natural fibre reinforcements have received some attention
(Francucci et al. 2012b; Sun et al. 2014), particularly due to the common (but incor-
rect) notion that the hollow structure of plant fibres may enhance capillary effects.
There is little evidence that resin can impregnate the lumen, and in most cases the
lumen has shown to remain unfilled after composite manufacture (Madsen 2004;
Shah 2013a). Investigations have revealed that the dynamic capillary pressure in
plain-woven jute fabrics was —25 and 36 kPa when measured in the glycerine solu-
tion and vinylester resin, respectively (Francucci et al. 2012b). That is, spontaneous
infiltration occurs during infusion with glycerine solution, but capillary forces act
against flow during infusion with the resin. This has significant implications on
experimental mould-filling tests as test fluids like glycerine solution may provide
deceivingly higher permeability and lower fill times.

The capillary pressure is found to increase exponentially with fibre volume frac-
tion (Francucci et al. 2012b). Notably, the jute fabrics consistently exhibited capil-
lary pressures two to three times higher than synthetic reinforcements (Francucci
et al. 2012b), implying that capillary effects and micro-flow are more dominant in
natural fibre reinforcements. Francucci et al. (2012b) also demonstrate that the mea-
sured capillary pressure may be used to determine a corrected unsaturated permea-
bility, which is found to be similar for both the test fluid and resin.

4.3.2 Flow Modelling of Natural Fibre Composites
4.3.2.1 Introduction
Darcy’s law (Eq. 4.11) and the continuity equation (Eq. 4.12) are commonly

and conveniently used to describe the flow of thermosetting resins in porous
reinforcements.

v=-Kvp, @.11)

Vv =0, (4.12)

where v is the volume-averaged fluid velocity and VP is the applied pressure
gradient.
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Fig. 4.14 Resin flow simulation conducted in RTM-Worx software for the vacuum-assisted, light-
RTM manufacture of the lower part of a flax/vinylester composite agricultural chemical storage
tank. Adapted from Kong et al. (2014)

All permeability studies on natural fibre reinforcements so far have been
conducted on the presumption of a valid 1D Darcy’s law. The mould filling of
natural fibre reinforcements has been successfully simulated and experimentally
validated using the conventional model by some researchers, including Kong et al.
(2014). They performed a resin flow analysis on the upper and lower parts of a flax/
vinylester agricultural chemical storage tank, to predict fill times (and select a
suitable injection pressure) and ensure complete impregnation. A flow simulation
of the lower part is illustrated in Fig. 4.14. The simulations were backed by
experiments.
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4.3.2.2 Models Suitable for Natural Fibre Reinforcements

During resin impregnation in an LCM process, natural fibre reinforcements, unlike
synthetic reinforcements, absorb liquid and subsequently swell. As discussed previ-
ously, the percentage absorption and swelling is dependent on the (polarity of the)
liquid; for instance, jute swells by 18-22 % in glycerine solution but by 7-8 % in
vinylester or polyester resin (Francucci et al. 2010). Due to the absorption of liquid,
natural fibre preforms effectively act as a ‘sink’, soaking up some volume of the
resin that is infused. The subsequent fibre volume change due to swelling has a
twofold, time-dependent, ‘source-like’ effect: (1) reducing porosity and thus perme-
ability and (2) increasing flow resistance. The conventional model in Egs. (4.11) and
(4.12) is therefore inappropriate, if not ineffective, in describing the permeability of,
and resin flow behaviour in, natural fibre reinforcements as it does not take these
sink and source factors into account.

Several researchers have recently attempted to develop flow models specifically
for natural fibre reinforcements, including Languri et al. (2010), Nguyen et al.
(2014), Masoodi et al. (2009), Masoodi and Pillai (2010, 2011) and Francucci et al.
(2014). A modified continuity equation (Eq. 4.13) was initially proposed, which
incorporated a sink term S(¢) that was related to the rate of fluid absorption by the
reinforcement and a porosity term ¢’(7) that was related to the rate of decrease in
preform porosity due to increase in fibre volume upon swelling, both of which were
functions of time (Languri et al. 2010; Masoodi et al. 2009; Masoodi and Pillai
2010, 2011). However, it was later found that sink and porosity terms had to cancel
out to satisfy experimental observations (Masoodi and Pillai 2010, 2011); that is,
the rate of fluid absorption (per unit volume) had to be equal to the rate of change of
fibre volume (per unit volume). Consequently, Eq. (4.13) simplified to the conven-
tional continuity equation of Eq. (4.12).

V-7 =-5(t)-¢'(1). 4.13)

Following this, Masoodi and Pillai (2011) proposed that the permeability K,
alongside porosity ¢ and fibre diameter d, were only functions of time (Eq. 4.14),
where the subscript 0 indicates initial values (at t=0). Essentially, if the change in
fibre diameter over time (due to swelling) was measured, fitted curves could be
used to then predict the evolution of porosity with time and the evolution of perme-
ability with time. Then, if the evolution of the pressure gradient as a function of
time was known, Eq. (4.15), which is derived by resolving Darcy’s law (Eq. 4.11)
with the continuity equation (Eq. 4.13), could be used to predict the evolution of the
flow front.

L e g0 1140
K= g e #0100,

and d(t)= aexp(%j, (4.14)
c
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(1) = ﬁ [AP(1)K (1) d. *.15)

The above model has been used with much success by Masoodi et al. (2009),
Masoodi and Pillai (2011) and Languri et al. (2010) in predicting the flow in natural
fibre reinforcements. This particularly demonstrates the importance of tracking the
evolution of permeability as a function of time in natural fibre reinforcements.

4.3.3 Conclusions

Permeability studies and data are imperative to understanding and modelling the
mould-filling stage in LCM of composites. Plant fibre reinforcements demonstrate
higher permeability than glass fibre reinforcements, while wood fibre reinforce-
ments exhibit lower permeability than the latter. Permeability of natural fibre rein-
forcements increases with porosity and can be modelled by conventional models
such as the modified Carman—Kozeny equation. Yarn diameter (linear density),
length and twist level are all found to affect preform permeability. Fluid absorption
and swelling are key mechanisms in natural fibre preforms, due to which both satu-
rated and unsaturated permeability are reduced.

For natural preforms, saturated permeability tends to be higher than unsaturated
permeability, although the difference vanishes with increasing porosity (decreasing
fibre volume fraction). Moreover, capillary effects and micro-flow are more domi-
nant in natural fibre reinforcements than in conventional synthetic reinforcements.
Importantly, as natural fibres behave differently with different liquids (viz., absorp-
tion, swelling and capillary pressure), to accurately measure their permeability, the
natural fibre reinforcement should be studied with the particular resin that is to be
used during LCM as the test fluid.

To accurately model the mould-filling stage in LCM of natural fibre reinforce-
ments, researchers have proposed experimentally validated Darcy’s law-based mod-
els, which specifically incorporate effects of liquid absorption and subsequent fibre
swelling on preform porosity and permeability as a function of time.
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