]

Formability of multiaxial warp-knitted tabrics

Abstract: The understanding of the unique behaviour of multiaxial warp-
knitted (MWK) fabrics during forming and the practical viability of
various forming processes 1s crucial in assessing their utilization and
applicability. In this chapter, a model for the prediction of the
formability of an MWK fabric to a 3-D surface 1s described. For this
purpose, a detailed characterization of the forming behaviour of MWK
fabrics containing two bias inserting yarns (TBMWK fabrics) is made. A
mathematical model is established for predicting the deformations of
TBMWHK fabrics during the hemisphere-forming process. The shape of
flat TBMWK fabric that can yield the corresponding hemisphere during
the forming process as well as local deformations can be calculated
through this model.

Key words: multiaxial warp-knitted (MWK) fabrics, formability of MWK
fabrics, deformation mechanisms, two-bias MWK (TBMWK) fabrics,

modelling formability of MWK fabrics, hemisphere.

7.1 Introduction

Over the past decade, there has been a significant amount of research
interest 1in the field ot composites, especially in 3-D tabric-reintorced
sheet materials. The understanding of the unique behaviour of these 3-D
tabrics during forming and the practical viability of various torming pro-
cesses 18 crucial in assessing their utilization and applicability. A relatively
recent innovation in this field 1s the use of MWK fabrics as the reintorce-
ment. Knitted fabrics offer a number of potential advantages over woven
tabrics: they can be stretched in both directions during forming, thus
increasing the potential for torming complex and deeply curved compo-
nents (Mayer et al., 1998; Mouritz et al., 1999; Savci et al., 2000), they
have excellent impact, fracture toughness and energy absorption proper-
ties and (in the case of 3-D knits) they exhibit improved out-of-plane
mechanical properties.

So far, the bulk of the literature has concentrated on characterizing the
mechanical properties of both thermosetting and thermoplastic-based
knitted composite materials. Modelling of the mechanical properties (mainly
stiffness and tensile) has also been popular. However, limited literature
exists on the forming property characteristics ot knitted fabric-reintorced
thermoplastics (Lim et al., 1998; Takano et al., 2001) and their processing
properties are still poorly understood. In fact, most of the literature on
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Formability of multiaxial warp-knitted fabrics 175

forming properties deals with unidirectional, mostly woven and, to a lesser
extent, braided reinforcements, rather than knitted remnforcements.

Although the actual mechanism of sheet forming can be quite complex,
a general understanding ot the process and material characteristics can be
gained through a series of simple experiments including hot-tension, dome-
forming, cup-drawing, V-bending and picture-frame experiments. They are
designed to subject the material to selective modes ot detormation, allowing
a more systematic approach to the analysis. One way of obtaining a physical
measure of the forming behaviour is to develop kinematic models based
purely on geometrical changes. These changes can be measured using grid
strain analysis (GSA) where grid points before and after the forming
process are used to calculate forming strains. The experiments not only
provide a general understanding, but also serve as a check for any predictive
work (Duhovic and Bhattacharyya, 2005).

When sufficient data regarding the material and other processing param-
eters are available, numerical simulations can provide time-saving predic-
tions of the forming behaviour. For materials with complex reintorcing
structures, such as knitted fabrics, the material model must be able to
accommodate the most important parameters, so that the material can be
simulated accurately. Since the forming behaviour of textile composites 1s
governed by their reinforcing structures, the examination ot the reinforce-
ment can identity these important parameters. It has been shown that the
best results can be achieved using a low-viscosity matrix, 1.e., when the
lubricating etfects are significant. Therefore, the understanding of the defor-
mation behaviour ot the reinforcing structure alone 1s of critical importance.
To 1investigate these parameters physically would be very ditficult, because
of the scale and level of detail required; however, using advanced numerical
simulations, a large quantity of information may be obtainable.

Textile composite materials offer an attractive alternative to metals in
the automotive and aerospace industries. However, fibre and yarn move-
ment during fabric forming can cause adverse ettects such as wrinkling and
thinning, which will lead to a decrease ot the mechanical properties of the
finished composite (Kaufman, 1991). In addition, the high level of waste
generated by subsequent trimming operations 1s unacceptable. Hence there
exists a need to establish a model to predict the deformation and possible
wrinkles of MWK fabrics during the forming process in order to enable
waste-free design and detect predictability. Before doing this, an under-
standing of the detailed characterization of the forming behaviour of
multiaxial warp-knitted (MWK) fabrics containing two bias inserting yarns
(TBMWK fabric) is very important.

In this chapter, a model for the prediction of the formability of a multi-
axial warp-knitted (MWK) fabric to a 3-D surface has been described. For
this purpose, a detailed characterization of the forming behaviour of MWK
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176 3-D fibrous assemblies

fabrics containing two bias inserting yarns (IBMWK fabric) was made.
Through experimental observation, it was found that the two bias inserting
yarns always tend to gather along the wett direction. The angle between the
two bias yarns has a linear relationship with the perpendicular distance
from the measured points to the longitudinal axis of the hemisphere during
the forming process. The slope of this linear relationship 1s also linear with
the magnitude ot the radius of the pressing hemisphere, provided that the
radius 1s larger than 7 cm.

Based on the above finding, a mathematical model 1s established for
predicting the detormations of TBMWK fabrics during the hemisphere-
forming process. The shape of flat TBMWK {fabric that can yield the corre-
sponding hemisphere during the forming process as well aslocal deformations
can be calculated through this model. The hemisphere-forming experiments
show that the present model 1s workable and accurate. The results from
both the model and experiments suggest that the shape of flat TBMWK
fabric that can yield the corresponding hemisphere 1s close to rectangular,
not square as presented by woven fabric.

The method developed in this chapter has laid a foundation for further
modelling of the forming behaviour ot MWK fabrics onto other 3-D sur-
taces. More importantly, 1t 1s of great value to tind that the two bias inserting
yarns always tend to gather along the weftt direction of the fabric, which is
a starting point for modelling of the forming behaviour of MWK fabrics.

7.2 Textile composite deformation mechanisms

In thermotforming textile composite materials, it 1s useful to understand the
deformation mechanisms that take place inside them, so that the forming
process can be optimized to produce parts of the best quality. The experi-
mental observations and measurements are helptul for a general under-
standing, but do not provide enough detail to reveal the actual mechanisms.
The following sections attempt to investigate these mechanisms in more
detail.

The hierarchy of deformation modes for this family of composite mate-
rials can be divided into three categories: prepreg flow mechanisms, macro-
level fabric deformation modes, and micro-level fabric deformation modes,
each of which contains a number of different mechanisms.

/.2.1 Prepreg tlow mechanisms

When the textile tabric reinforcement 1s combined with the matrix to form
the composite prepregs, a set of deformation modes are introduced, which
may be referred to as top-level deformation modes since they involve the
movements of the reinforcement (macro- and micro-level fabric deforma-
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/7.1 Macro-level fabric deformation modes.

tion mechanisms) and the matrix. They are in fact the conformation modes
of the composite prepreg sheet or group of sheets, as is usually the case,
during the forming process. The hierarchy of the top-level deformation
modes consist of transverse tlow, resin percolation, interply shear and intra-
ply shear, as summarized by Cogswell (1992) and revisited by Martin et al.

(1997).

7.2.2 Macro-level fabric deformation modes

The four types of macro-level fabric deformation modes, as shown in
Fig. 7.1, describe the deformations observed when looking at the fabric as
a whole. However, the way in which each tabric complies to these modes 1s
different and can be attributed to the deformations occurring within the
textile structure itself. These sub-structure or micro-level detormation
modes are the real mechanisms behind textile deformations and need to be
identified in order to understand the material’s behaviour.

/.2.3 Micro-level fabric deformation modes

Micro-level tabric detormation modes exist through the interaction ot
structured yarns within the fabric. Figure 7.2 shows what are generally
believed to be the eight micro-level detormation modes for textile fabrics.
Inter-yarn slip, as shown in Fig. 7.2(a), occurs when the yarns that construct
the fabric move over one another. It 1s one of the modes of detormation
belonging almost exclusively to knitted tabrics. In this mode ot detormation,
the triction between the yarns becomes important since it determines where
the onset of buckling will take place, as well as the magnitude of the forming
forces required. Fortunately, the matrix and fibre chemical sizing (coatings)
usually lubricate the yarn to help this mode of deformation.

Inter-yarn shear is a common mode ot detormation in many woven
tabrics. This 1s where the yarns rotate about their crossover points to accom-
modate the required deformation, as shown in Fig. 7.2(b). In fact, this type
of mechanism has been reported to occur in multilayered continuous fibre-
reinforced composites also, as outlined by Krebs and Bhattacharyya (1998),
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7.2 Micro-level fabric deformation modes.

Martin et al. (1997) and Christie (1997), and 1s commonly referred to by
many researchers as the ‘trellising ettect’. In knitted fabrics, depending on
the orientation of the reintorcement, large in-plane tension and in-plane
shear can be accommodated, but not in the same direction.

The yarn bending or ‘straightening’ shown in Fig. 7.2 1s in many cases the
most significant deformation mode in many textiles. It 1s the most influential
mode in knitted fabrics because of the knit loop geometry. Straightening
also occurs to a lesser extent in woven and braided tabrics depending on
the amount of crimp or yarn undulation present in the tabric structure. Out
of all the different detormation modes, fibre buckling 1s the only untavour-
able one since the material movement through this mode creates what 1s
considered as detects, although 1t 1s quite ditficult to observe with complex
structures, such as knits and braids. Out-of-plane buckling usually occurs
when the inplane modes cannot accommodate the required deformation.
In-plane buckling can also occur, but 1s less likely due to in-plane geometric
constraints — see Fig. 7.2(d).

The intra-yarn slip shown in Fig. 7.2(e) coupled with yarn bending,
Fig. 7.2(c), are the biggest contributors to a textile fabric force—displace-
ment curve. Intra-yarn slip 18 where the continuous fibres within the yarn
slide past one another along the length of the fibre because ot changes in
fibre curvature during bending and unbending. The yarn stretching,
Fig. 7.2(f), while not so prominent in the early stages of fabric deformation,
1s certainly present and contributes significantly to the deformation at larger
strains.

Another fabric deformation mechanism to consider 1s yarn compression,
Fig. 7.2(g), where forces at yarn crossover points compress the filaments in
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the yarn and cause them to flatten out and conform to the curvature of
perpendicular yarns. Like fibre stretching, this can also be considered rela-
tively msignificant; it only starts to contribute to the load—extension curve
once the atorementioned mechanisms have been exhausted.

Finally, the yarn twist, Fig. 7.2(h), which has been observed in knitted
fabrics and not so much in woven fabrics, imparts further resistance to the
tabric detormation. This 1s where the yarn i1s subjected to one full turn
during the manutacture of the fabric in order to create the looping structure
of the knit. The twist creates a resistance to the increase in yarn curvature
during fabric deformation.

7.3  Structure of multiaxial warp-knitted fabrics

The basic structure of MWK fabrics has been discussed in previous chapters
(e.g. Chapter 3). The typical structure of an MWK fabric is illustrated in
Fig.7.3. A variation of this structure contains two bias inserting yarn systems,
hereafter called TBMWK fabric, which 1s the main concern of this chapter
and will be introduced 1n later sections.

MWK fabrics may still be categorized as 2-D reintorcements even though
there 1s a stitching system (chain or tricot loops) which partly orients along
the thickness direction and accordingly improves the through-thickness
strength as well as the interlaminar shear resistance. This kind of tabric thus
can be applied for contforming to a 3-D surtace, which 1s called the forming
process. There have been many papers (Mack and Taylor, 1956; Robertson
et al., 1981, 1984; Heisey and Haller, 1988; Amirbayat and Hearle, 1989;
Bassett and Postle, 1990; Bergsma, 1993; Aono et al., 1994, 1996; Laroche
and Vu-Khanh, 1994; Long, 1994; Hu et al., 1998) published on the forming
behaviour of woven tabrics, most of which are based on the main and
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/.3 Typical structure of an MWK fabric.
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180 3-D fibrous assemblies

important assumption that the two interlaced yarn systems in a plain weave
are pin-jointed together at crossovers.

In the 2-D tabric forming process, the main detormation modes usually
include in-plane tension, transverse compression, in-plane shear and out-
of-plane bending, of which the in-plane shear is the most important. It can
be regarded as the dominant factor which dictates whether the desired 3-D
surface can be formed or not.

7.4 Deformation characteristics of woven
fabrics during the forming process

For woven fabrics, the in-plane shear deformation directly determines the
magnitude of the locking angle (Bergsma, 1993), which determines the
jamming state during forming. It can be seen according to experiments that
woven fabrics are formed into a 3-D surface just through the changes of
the original right angle between the warps and wefts, as illustrated in
Fig. 7.4 (a woven fabric with yarns of glass filament bundles). This has also
been shown by many other authors (Mack and Taylor, 1956; Robertson
et al., 1981, 1984). This means that, under the assumption of inextensibility
of the constituent yarns, the in-plane shear deformation (trellis effect) plays
the leading role in the forming process of woven tabrics. It the tabric can be
sheared to a great degree, which means the locking angle is sutficiently
small, better forming will result and a more complex 3-D surtace may be
tormed. Once the locking angle 1s exceeded, wrinkles or buckling will occur.

1.5 Deformation characteristics of multiaxial
warp-knitted fabrics during the forming process

For MWK {fabrics the situation 1s quite different due to the different geo-
metrical structures. Our earlier study (Hu et al., 1998) suggests that the
typical structure of an MWK fabric (Fig. 7.3) presents an isotropy in the
in-plane tensile properties, which 1s the unique mechanical advantage of
this kind of tfabric. However, this 1s at the same time a disadvantage owing
to the possibility of deformation during the forming process. The dotted

90"

0'< 90Q°

(a) Undeformed (b) Deformed
state state

/.4 Trellis effect of the woven fabric.
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square marked in Fig. 7.3(a) represents a unit cell which can never be
sheared easily no matter how the in-plane shear force 1s exerted, since 1n
all situations there will be one or more systems of inserting yarns stretched
by the shear torce. This means that the typical structure of MWK fabric 1s
more difficult to deform, 1.e. to conform to a 3-D surface. As 1llustrated in
Fig. 7.5(a), the hemisphere pressing experiment gives a proof to this analysis
in which wrinkles occur. However, a variant structure of MWK {fabric (as
shown in Fig. 7.6) shows quite good conformability, as suggested by

(a) Typical structure (as shown in Fig.

7.3, Inserting yarns are glass fibre
bundles)

Ll o | R . ™
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(b) MWK tabric with only two bias
iInserting systems (as shown In Fig.
7.4)

/.5 Hemisphere-pressing experiments on MWK fabrics.

(a) Tricot structure (b) Chain structure

/.6 A variation of MWK fabric (TBMWK) containing only two bias
Inserting yarn systems.
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182 3-D fibrous assemblies

Fig. 7.5(b), in which the inserting yarns come gathered together along the
weft direction.

It can be inferred trom Fig. 7.5 that the typical structure of MWK tabric
1S more suitable tor plate or low-curvature-shell composite material, and
the structure shown in Fig. 7.6 (hereafter in this chapter called two-bias
multiaxial warp-knitted (TBMWK) fabric) has great potential in forming
3-D complex pretorms. In the subsequent sections ot this chapter, discus-
sions will be concentrated on detormations of TBMWK fabrics.

7.6 Deformation behaviour of two-bias
multiaxial warp-knitted fabrics

/.6.1 Relative movement of two inserting yarn systems

As shown 1n Fig. 7.6, the TBMWK fabric contains only two bias inserting
yarn systems. Since the inserting yarn systems are not interlaced as the
woven fabric but overlapped together, there are obviously tewer frictional
constraints at the contact area. This means that the relative movement
between the two inserting systems will be easier. Actually, the angle between
the two systems can nearly approach 0° after detormation, as illustrated in
Fig. 7.7(a), in which both inserting yarn systems become nearly parallel to
the weftt direction. However, the analogous phenomenon, that both insert-
ing yarn systems become nearly parallel to the warp direction when the
exerted forces change direction, does not occur as might be expected, as
denoted in Fig. 7.7(b).

Figure 7.7 gives the deformations of the TBMWK tabric with tricot
loops (Fig. 7.6(a)). The other structure, TBMWK fabric with chain loops
(Fig. 7.6(b)), presents a similar deformation, as shown in Fig. 7.8.
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(a) Undeformed Deformed state
state

~, K

(b) Undeformed Deformed state
state

/.7 Deformations of a TBMWAK fabric with tricot loops.
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/.8 Deformations of a TBMWK fabric with chain loops.

/.6.2 Roles of stitching loops on the deformation
of two-bias multiaxial warp-knitted fabrics

The inserting yarns always being gathered along the weft direction is the
unique detormation characteristic of TBMWK tabric, which 1s quite ditter-
ent from woven tabrics. The deformation of woven tabric should be similar
under the exerted force conditions of Fig. 7.7(a) and (b) or Fig. 7.8(a) and
(b), 1.e. the yarns will tend to orient along the +45° directions (measured
from the warp or weft direction). This has been proved from the experiment
of Robertson ef al. (1981) of shaping cotton cheesecloth around a bowling
ball. Apparently, this special deformation behaviour of TBMWK fabric
mustresult from the stitching system—tricot loops or chains. Microphotographs
of detormations of these two kinds of stitches under stretching force can
clearly explain this deformation characteristic, as shown in Fig. 7.9,
Although the tricot fabric can extend in both the wett and warp direc-
tions, the tabric elongation along the warp direction 1s much smaller than
that along the weft direction (Fig. 7.9(a)). The extensibility of the chain
loops (Fig. 7.9(b)) is also much smaller (3% or so for polyester filament
yarn of 15 Tex). As shown in Figs 7.7(b) and 7.8(b), when the inserting yarns
in the TBMWK {abric tend to orient along the warp direction, the stitching
system (just being stretched 1n the same direction) constrains their move-
ment. From this point of view, when the TBMWK fabric contorms to a 3D
surface, the quick and easy response of the inserting yarns 1s to orient along
the weft direction, as justified by Fig. 7.5(b). This deformation behaviour of
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(b) Deformation of chain loops

/.9 Deformations of tricot loops and chains.

TBMWHK fabric 18 of great importance as tar as the design of the forming
process 1s concerned.

/.6.3 Hemisphere-pressing experiments

Hemisphere-pressing experiments were conducted on three sample tabrics
in order to study the torming behaviour of TNMWK fabric. Specifications
of the samples are listed below:

Sample 1: TBMWK {fabric, consisting of two bias (+45°) inserting yarn
systems (glass filament bundles, count of 300 Tex, density of 6.8 yarns
per cm, yarn width of 0.98 mm), held by tricot loops (polyester filaments,
count of 15 Tex).

Sample 2: TBMWK {fabric, consisting of two bias (+45°) inserting yarn
systems (glass filament bundles, count of 250 Tex, density of 10.3 yarns
per cm, yarn width of 0.96 mm), held by chain loops (polyester filaments,
count of 15 Tex).

Sample 3: plain woven tabric, consisting of two interlaced yarn systems
(glass filament bundles, count of 300 Tex, density of 11 yarns per cm,
yarn width of 0.86 mm).

A series of hemispheres ot different radu ranging from 5 to 15 cm are
chosen 1n order to study the ettect of the magnitude ot the radius on the
forming results. The angle changes between yarns are measured along
the wett direction for TBMWK fabrics or along the +45° directions for
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/.10 lllustration of measurement.

the plain-woven tabric. In addition, comparisons are also made between the
patterns of tlat TBMWK fabric and plain-woven fabric that can yield
the corresponding hemisphere surface.

/.0.4 Theoretical analysis

As shown in Fig. 7.10, we assume that the centre point O (assumed to be
some crossover point) of the original flat sample fabric happens to touch
the pole of the pressing hemisphere after forming. Measurements are made
of angles (denoted B in degrees) as well as the corresponding distances
(denoted D in cm). Angles [ are between the two bias inserting yarn
systems along the weftt direction for Samples 1 and 2, and between warps
and wetts along the £45° directions tor Sample 3. D 1s the distance trom the
measured point (such as P) to the longitudinal axis of the hemisphere. In
Fig. 7.11, the relation between D and B i1s presented for hemispheres with
radii of 7.5 and 11 cm.

In order to consider comprehensively the ettect of the magnitude of the
radius of the pressing hemisphere on the relation between D and 8, more
pressing experiments (the radius of the pressing hemisphere ranging from 5
to 15 cm) were carried out on Sample 1. In Fig. 7.12, the relation between
the slope of the trendline for the plot of D versus 8 and the radius of the
pressing hemisphere, as well as the relation between the correlation coetti-
cient of the trendline for the plot of D versus f and the radius of the pressing
hemisphere, are presented. It can be inferred trom Figs 7.11 and 7.12 that:

e The plot between D and [ basically possesses good linearity, and the
larger the radius ot the pressing hemisphere, the higher the linearity.

e The slope of the trendline for the plot of D versus [ 1s linear with the
radius of the pressing hemisphere, and the larger the radius, the smaller
the absolute value of the slope.
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/.11 The relation between D and [ for hemispheres with radii of

7.5 and 11 cm.

e The correlation coefficient of the trendline for the plot of D versus [ 1s
also linear with the radius of the pressing hemisphere, and the larger
the radius, the larger the correlation coefficient (close to unity).

e The inserting yarns of TBM WK fabrics tend to become gathered always
along the weft direction since the slope for the plot D versus [1s always

negative.

e The plots of D versus j for Sample 3 along the —45 and +45° directions

are just analogous.
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/.13 Schematic diagram of the flat patterns of both TBMWK fabric
and woven fabric that can yield a hemisphere of diameter 7.5 cm.

Other hemisphere-pressing experiments show that the plot of D versus [
is non-linear and the correlation coetficient of the trendline decreases below
0.8 when the radius of the pressing hemisphere 1s less than 7 cm. It 15 also
impossible to represent the relationship between D and [ by a sitmple equa-
tion under this condition.

Figures 7.11 and 7.12 just provide proots to the foregoing analysis of
the deformation behaviour of TBMWK fabrics as well as the woven
tabrics. In addition, it can also be seen from the schematic diagram in
Fig. 7.13 that the two inserting yarn systems of a TBMWK fabric tend
to become gathered along the weflt direction during the hemisphere-
pressing process. Figure 7.13 gives the schematic flat patterns of both
TBMWAK tabric and woven tabric that can yield a hemisphere ot diameter
7.5 cm, in which pattern (a) is close to rectangular while pattern (b) is close
to square.
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7.7 Modelling the formability of two-bias
multiaxial warp-knitted fabrics

As suggested by Fig. 7.11, the relation between D and [ presents very good
linearity and the slope of the trendline 1s not sensitive to the diameter of
the pressing hemisphere provided that the radius of the pressing hemi-
sphere 18 more than 7 cm. Accordingly, it 1s reasonable to use one linear
equation to represent the relation between D and [ for a specified radius
(more than 7 cm) of the pressing hemisphere. Based on this point of view,
a model tor predicting the detormation of TBMWK fabrics during the
hemisphere-forming process 1s established. The model makes two main
assumptions: (1) the distance between any two adjacent crossovers along
any single inserting yarn remains unchanged; and (2) the relative slippage
between the two inserting yarn systems 1s 1gnored 1n consideration of the
constraints of the stitching system.

/.7.17 Modelling the forming process of two-bias
Mmultiaxial warp-knitted fabrics

An 1illustration of the vertical view of the sample tabric after deformation
1s given in Fig. 7.14, 1n which the xOy coordinate system simply corresponds
to that in Fig. 7.10.

It we use the equation o= Kx + o to represent the relation between D
and B (Fig. 7.10), the coordinates of point A (1,1) in the 3-D Cartesian
coordinate system (Fig. 7.14) are

‘A.(1,1) = Lo *J(cos*(cy /2)— Lo> | 4R?)
1A, (1,1)=—-L, *sin(a, /2)
A, (1,1)= L /2R

(0.2)

(0,0 ‘
O
(1
A

v y (warp)

/.14 lllustration of the vertical view of the sample fabric after
deformation.

)
Bl
(2,1

0 ‘(2=0) ‘ ,
)
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in which o corresponds to angle AOA’. Then the coordinates of the sym-
metrical point A” of A about plane xOz can be obtained. To locate the
node point E (1,0), we consider the points of intersection of three spheres:
one centred at A (1,1) of radius L,, another centred at A" (1,1) of radius
Ly, and the third the hemisphere of radius R. These three spheres will
intersect at two points: O (0,0) and E (1,0). Here and in each subsequent
step we will choose the point furthest trom the pole. According to the angle
BEB’ (E, (1,0)K + o) and the coordinates of point E, the locations of B
and B’ can be determined. Following these steps, the locations of all the
node points O, E, F, G,...and A, B, C, D, ...can be calculated. The coor-
dinates of all the other points can also be obtained through the same
method, 1.€. solving the group of equations of three spheres. For example,
to locate the node point H (0,2), we consider the points of intersection of
three spheres: one centred at A” (1,1) of radius L, (A” is the symmetrical
point of A about the plane yOz), another centred at A (1,1) and the third
the hemisphere of radius R. To locate the node point P (3,2), we consider
the points of intersection of three spheres: one centred at C (3,1) of radius
Ly, another centred at D (4,1) of radius L,, and the third the hemisphere
of radius R.

Since the angles between the two inserting yarn systems along the wett
direction can nearly become 0° (as shown in Figs 7.5(a) and 7.6(a)), we have
reason to use the distances (dc) between the pairs of symmetrical points
(AA’, BB’, CC’, DD’, .. .) as criteria to determine whether wrinkles occur
or not. If d- becomes less than the width of a single inserting yarn during
theoretical calculation, we assume that wrinkles occur.

/.7.2 Verification of the model

In Fig. 7.15, the calculated vertical view (xOy plane) and side view (yOz
plane) of Sample 1 after deformation in the hemisphere-pressing experi-
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/.15 Calculated vertical view and side view of Sample 1 after defor-
mation in the hemisphere-pressing experiment (Sample 1, R=7.5 cm).
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21cm

18.1 cm 18.5¢cm
(a) Calculated results (b) Experimental results

/.16 Comparison between the calculated flat shape and the experi-
mental one.

ment (R = 7.5 cm) are given. As far as Sample 1 TBMWK {abric is con-
cerned, no wrinkles occur even at the equator area of the hemisphere. In
Fig. 7.16(a), the calculated flat shape of the fabric (Sample 1) which can
yield the hemisphere (R = 7.5 cm) is shown. It fits the experimental result
(Fig. 7.16(b)) very well since the differences between them are only about
2% and 4% along the length and width directions respectively. The results
for Sample 2 are similar to those of Sample 1.

According to the model established betore, all crossover points on the
2-D fabric can be transtormed to 3-D coordinates. Therefore, the local
detormations, 1.e. the local angle changes between the two bias inserting
yarn systems, can also be predicted. In Fig. 7.17, comparisons between the
calculated and measured local deformations are illustrated, in which the
radius of the pressing hemisphere 1s 11 cm. As shown 1n Fig. 7.10, if the z-
axis minus 1S described as the north direction, then Fig. 7.17(a) represents
latitude 60°N, and Fig. 7.17(b) represents latitude 30°N. All calculated or
measured angles are from the +45° inserting yarn system to the —45° insert-
ing yarn system. It can be noted that the calculated local deformations fit
the experimental ones very well.

7.8 Summary

Based on the characterization of the detormation behaviour of TBMWK
fabrics during the hemisphere-pressing process, a model for predicting pos-
sible wrinkles as well as the tlat shape of tabric that can yield the hemi-
sphere was established. Comparisonbetweenthe theoryandthe experimental
results suggested that the model fits the experimental results very well.
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/.17 Comparisons between the calculated and measured local
deformations.

It was found that the typical structure of MWK tabric does not possess
satistactory contormability, which 1s suitable for plate or low-curvature shell
materials. TBMWK tabrics, however, possess much better conformability. It
was noticed that the two bias inserting yarn systems tend to become gath-
ered together always along the weftt direction during the hemisphere-
forming process, which is quite different from that of woven tabrics in which
the yarns tend to orient along the £45° directions. In addition, the angle
between the two bias inserting yarn systems can reach nearly 0° during
detormation; the woven fabrics, however, possess some locking angle, which
1s usually much larger than 0°.

An important phenomenon was found that the angles between the two
bias inserting yarn systems in a TBMWK fabric along the weft direction
during the hemisphere-forming process are basically linearly related to the
perpendicular distances from the measured points to the longitudinal axis
of the hemisphere, provided that the radius of the pressing hemisphere 1S
larger than 7 cm. The larger the radius, the larger 1s the correlation coetti-
cient (close to unity). The slope of the trendline is also linearly related to
the magnitude of the radi of the pressing hemispheres, and the larger the
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radius, the smaller the absolute value of the slope. In addition, the shape of
tflat TBMWK {fabric that can yield the corresponding hemisphere is close to
rectangular, not square as presented by the woven fabric. In addition, the
predicted local deformations of a TBMWK {fabric during the hemisphere-
pressing process also fit the experimental results very well.
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Permeability of multilayer woven tabrics

Abstract: In this chapter, a comprehensive study on the permeability
modelling of multilayer woven (MLW) fabrics is presented. A
framework for flow permeability measurement 1n resin transfer
moulding 1s described. The Darcy law 1s used to model the flow through
the reinforcement fibres where permeability 1s a measure of the
resistance of the fibres to the flow. Two types of woven fabrics, one
fabricated using monofilaments so as to eliminate the effects of other
factors such as fibre bundle on the permeability, and the other by using
multifilament yarns, are used for modelling. Two models are developed
to explain the permeability of these two different varieties of multilayer
woven fabrics.

Key words: multilayer woven (MLW) fabrics, permeability of MLW
fabrics, Darcy’s law, modelling permeability of MLW fabrics, fractal
permeability model.

8.1 Introduction

Permeability 1s a geometric characteristic related to the structural features
of the textile at several length scales. It 1s an important property that atfects
the comtortability of tabric. In the manutacture of composites with textile
reinforcement, the permeability plays a key role (Guangbiao Xu and Fumei
Wang, 2005). It is the most important parameter influencing the flow through
the porous medium and relates the velocity of the tlow to the pressure
oradient within the medium. In other words, permeability 1s a measure of
the ability of the resin to tlow through the pretorm. In the Liquid Composite
Moulding (LCM) process, such as Resin Transter Moulding (RTM) and
Reaction Injection Moulding (RIM), for fibre composites, the flow charac-
teristics, such as the permeability and flow pattern, of the fibre reintorce-
ments play a crucial role in the fill process and finished properties of the
composites. Thus, if the permeability of the reintorcements can be acquired,
the fluid progress and fill ttme during the injection process may be accu-
rately predicted to obtain an artistically finished product with minimum
void content.

The prediction of textile permeability 1s important due to the often
encountered problems of non-uniform impregnation, which may even
involve void and dry spot formation. Permeability can be highly directional
(anisotropic), a serious concern for mould design in terms of the placement

194
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of 1nlets, and vents, and 1s directly attected by the amount of compaction ot
the pretorm in the mould as well as the pretform architecture.

One of the key 1ssues 1in the manutacture of polymer composites is the
resin infiltration of the fibrous preform. The resin transfer moulding (RTM)
method 1s generally used to manutacture composite parts. In this method,
the reinforcing fibres are placed in a mould cavity and the resin is injected
to fill up the empty spaces. After the resin cures, the mould 1s opened and
the part ejected. The resin must infiltrate the whole preform and displace
the air between the fibres within the time limits dictated by its processing
parameters and pressures limited by the equipment and mould design. This
1S not necessarily easy to accomplish. To predict the necessary pressures and
filling times and the proper locations tor the inlet ports for resin injection
and of the vents for air ejection, it 1s necessary to model the resin infiltration
process. A key to this modelling 1s permeability which characterizes the
resistance ot fibres to the tlow of infiltrating resin.

It is apparent that the permeability of a textile preform (transport of
resin) 1S a key aspect of fibre-reinforced plastic composite fabrication pro-
cesses such as RTM. As one of the elemental perftormances of fibre mater-
1als, the importance of the permeability lies in the fact that, firstly, it can
determine the filling and packing time in injection, and mould design, locate
the injection port and exhaust port, thus becoming a critical parameter for
numerical simulation; secondly, 1t can determine fluid flow attribute, and
degree of impregnation, thus becoming a key factor in the manufacture of
high-performance products.

Problems related to the permeability include the formation of dry spots
or voids within the preforms. These dry spots and voids will have an adverse
etfect on the performance of products, so it 1s important to eliminate them.
But this problem 1s not easy to solve, particularly when the pretorm is
composed of multiple layers of reinforcement. Only after analyzing the
relationship between fabric permeability and fabric construction 1s it pos-
sible to eliminate dry spots and voids to improve the performance of the
products.

Studies of the permeability of textile preforms have been reviewed by
Lee (1997) and Rudd et al. (1997).The preform permeability can be obtained
by experiments, empirical and analytical equations, and numerical simula-
tions (Skartsis et al., 1992; Berdichevsky and Cai, 1993; Wang et al., 1994).

For resin flow through the interstices and between layers of fibre beds,
the Newtonian flows 1n macroscopically homogeneous domains were
described originally by Darcy (1856), who developed the constitutive
description by observing water flow through beds of sand. Application of
Darcy’s model to composite processes, from laminates to moulded mater-
1als, 1s widespread. The percolation flow 1s generally applied to thermoset-
ting resins 1n autoclave (laminate) or liquid moulding processes.
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. . _ K .
The tamiliar Darcy model may be written v =——VP , where v 1s the
[l

average fluid velocity, u 1s the tluid viscosity, K 1s the permeability of the
porous medium, and VP 1s the pressure gradient and can be written in ten-
sorial form for anisotropic pretorms, where up to three scalar permeabilities
are required 1n the plane case. Such implementations thus require determi-
nation of the permeability or components of a permeability tensor, by
experimental or theoretical means. In application to actual processing,
various factors are commonly used to account for flow ‘tortuosity’, or cir-
cuitousness of the path that must be traversed to penetrate the material,
the shape ot the particles, material anisotropy, and the average volume frac-
tion. Several modifications to Darcy’s law have thus been proposed in the
polymer processing arena and in other areas of fluid—structure interaction;
for example, Kozeny (1927) treated a permeated porous medium as a
bundle of capillary tubes and obtained a relationship to adapt Darcy’s law
to include capillarity effects with an empirical relation; Blake (1922) derived
a stmilar expression. Carman (1937) modified Kozeny’s work by defining §,
the specific surface with respect to a unit volume of solid, instead ot a unit
volume of porous medium. The ‘Kozeny—Carman relationship’ arose
through these sequential contributions. Carman experimentally determined
a range of ‘Kozeny constants’ for a variety ot packing schemes and
geometries of remnforcements.

Such relations have commonly been used to model polymeric flow 1n
composite materials in the last 20 years (Coulter and Guceri 1988). Williams
et al. (1974) considered the flow of several fluids through aligned reinforce-
ments, both dry and presaturated with liquid. They obtained higher perme-
abilities for saturated than for unsaturated reinforcement, as did Martin
and Son (1986). Many authors since the late 1980s have specifically studied
the permeability of tibrous pretorms for liguid moulding. More recent work
has focused on complex geometries. Rudd et al. (1996) established a ‘perme-
ability map’ for complex geometries. Smith er al. (1997) related permeabili-
ties of sheared fabrics to ply angle. Lai and Young (1997) related similar
experimental data to a geometry-based tlow model.

Other closed-form modifications to Darcy’s law have been developed to
relate volume fraction and geometric or empirical constants such as the
maximum packing fraction to the permeability of a periodic medium com-
prised of parallel cylinders. Gebart (1992) derived an equivalent permeabil-
ity based on the assumption of hexagonally arranged fibres. Cai and
Berdichevsky (1993) extended a classic self-consistent approach, wherein a
heterogeneous element was assumed to be embedded 1n an equivalent
homogeneous medium. The homogeneous medium was constructed such
that the total flow and dissipation energy remained the same. Use of a
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no-slip boundary condition at the fibre surtace and zero velocity gradient
in the radial direction at the domain boundaries resulted 1n an equivalent
permeability value. The improved self-consistent method took into account
an additional parameter V,, the maximum packing capacity of fibres, to
increase the accuracy of the model.

Bruschke and Advani (1993) developed a closed-form solution for per-
meability by matching the lubrication solution for low porosities and an
analytical cell model solution for high porosities. They found agreement
between their hybrid, arrangement-specitic closed-torm solution and a
numerical solution of the Navier-Stokes equations for flow around both
hexagonal and square arrangements of cylinders (using a simulation
package, POLYFLOW). Van der Westhuizen and Du Plessis (1996) used
phase-averaged Navier-Stokes equations to calculate the permeability of
representative unit cells, and reported agreement with experimental in-
plane permeabilities. Their model did not assume any particular arrange-
ment of fibres tor longitudinal permeability, but used the maximum packing
capacity ftor different arrangements of fibres to create an ettective volume
fraction for transverse permeability. Wang (1996) developed a similar rela-
tion for an array of rectangular packed fibres.

Computational fluid dynamics software can be used to solve the tull
Navier-Stokes equations to determine tlow progression, although in prac-
tice this can be done only for small domains. Several workers have devel-
oped intermediate special-purpose codes to model fluid flow 1n tabrics that
account for etfects such as capillarity, race tracking, saturation, etc. For
example, Advani and co-workers developed ‘LIMS’ (Pillai and Advani,
1998), which 1s able to simulate edge effects by implementation of a mass
sink to the continuity equation to account for saturation. Chang and Hourng
(1998) developed a two-dimensional model for tow impregnation, taking
into account micro/macroscopic flow and void formation. Ambrosi and
Preziost (1998) developed a model for flow dynamics in an elastically
deforming environment.

Flow 1n tows versus gaps or voids has been specifically studied by a
number of workers. Shih and Lee (1998), for example, used six different
types of glass fibre reinforcements to determine the ettect ot fibre architec-
ture on apparent permeability. The reinforcements included four-harness
woven, plain weave, random fibre and stitched fibre mats. They argued that
the gap size between the tows and the connectivity of the gaps control
permeability. Kolodziej et al. (1998) proposed a theoretical model which
accounted specifically for gaps as caverns or fissures inside the bundle of
fibres. Both diameter ot fibres and also diameter ot gaps inside the fibre
bundles were incorporated in the model. They reported that tow hetero-
genelty can decrease or increase tow permeability, depending on the critical
dimensionless radius of these gaps. Heterogeneity was identified as the
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probable cause of deviation of permeabilities from permeability models,
which assume uniformity inside the fibre bundles.

The numerical simulation 1s usually made by the finite element analysis
(Berdichevsky and Cai, 1993), finite difference (Gebart, 1992) and control
volume methods (Lee, 1997) for idealized and/or simple preform structures.
Regarding woven fabric, Rebenteld and his students investigated the effec-
tive permeability 1in terms of the pore structure, weave type, tabric layering,
fibre orientation and compressibility. When considering the heterogeneity,
the combination of Navier-Stokes and Darcy equations with different per-
meability for flow 1n different portions of a pretorm extended to compli-
cated fabrics (Lee, 1997).

The flow through multilayer assemblies is complex. Adams and Rebenfeld
(1991) found that the permeability of multilayer assemblies differed from
those of their constituent layers. In the homogeneous assemblies, the inter-
layer pores can increase the ettective in-plane permeability, while in
heterogeneous assemblies the permeability and anisotropy are governed by
high-permeability layers or directions. They suggested a transverse flow
mechanism to fill the low-permeability layers and keep the fluid front mac-
roscopically uniform. Mogavero and Advani (1997) investigated the etfect
of varying the order of lay-up of a fixed number of plies and the impact of
varying the thickness of individual layers. Batch and Cumiskey (1990) inves-
tigated the interface between layers in relation to compressibility and devel-
oped a model for calculating average volume fraction for multilayer
assemblies, where 1t was tound that increasing the number of layers
decreased the permeability. They attributed this to the blocking at the
interface of adjacent layers, which created tortuous flow paths. Loos et al.
(1991) studied the permeability of carbon multiaxial warp knit preforms. It
was tound that the introduction of through-thickness fibres significantly
increased the permeability of the pretorms, especially tor the pretorms with
high volume fraction. The Kozeny—Carman equation was found to be ade-
quate to provide a quantitative relationship between permeability and the
preform porosity. But the through-thickness fibres here are still different
from those 1n 3-D multilayer woven fabrics.

Lekakou et al. (1996b) investigated the relationship between the com-
pressibility and flow permeability of woven fabric assemblies. Multilayer
assembly here means separate single-layer woven stacks. The interface 1s
related to the sloughing or nesting (Mogavero and Advani, 1997), which is
ditterent from the stitching in integrally woven multilayer assemblies. Ko
and Du (1997) reported that stitching 1n multiaxial warp-knitted fabrics can
increase the tabric permeability, but the stitching here 1s still different from
that in 3-D multilayer assemblies.

A large body of literature exists about the ettects ot tabric structures on
permeability. For 3-D multilayer woven fabrics, the key feature of stitched
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tabric 1s 1ts interbundle stitches, but very limited information is available
on the relationship between permeability and the ettect of stitches. Shih
and Lee (1998) proposed a parallel permeability model for flow through
bidirectional stitched tabrics. The tflow between the bundles 1s set by the
Kozeny—Carman equation, and the effect of stitching was not specially
mentioned. Cairns et al. (1999) developed a model that incorporates Darcy’s
law 1n fibrous bundle regions and the channel tlow equations between
bundles. This paper reported that two experimental systems, the stitched
+45 system and the stitched £45/0 system, cannot be predicted well by using
the presented model. Cairns et al. suggested that the permeability parame-
ters needed to be re-evaluated with some account for the extensive stitching
that was presented in these preforms. Loos et al. (1991) studied the perm-
eability of carbon multiaxial warp-knitted pretforms. It was found that the
introduction of through-thickness fibres significantly increased the perme-
ability of the preforms, especially for preforms with high volume fraction.
The Kozeny—Carman equation was found to be adequate to provide a
quantitative relationship between permeability and preform porosity.

Lundstrom (2000) also proposed a model for non-crimp stitched fabrics
through theoretical analysis. It has been found that the flow in the inter-
bundle channels was the most important and that the bundle tlow could
be neglected in computations of the overall flow rate and consequently
also with regard to the permeability. The results showed that the perme-
ability of the tabrics varied considerably as a tunction of the direction
of infiltration, although the geometrical variations were small. In the pro-
duction direction of the tabrics the permeability was generally two to
three times higher than it was in the perpendicular direction. On the
other hand, the spread of the results between several samples was always
measured to be higher in the high flow direction. The experiments also
revealed that a choice of larger bundles in a fabric did not necessarily
result 1n a higher permeability. The proposed simple model works well
for certain cases, while 1t overrates the permeability in other cases. This
suggests that it the real tabric should have the same geometry as the
model, its permeability would be higher. Therefore, it 1s really significant
and urgent to carry out a quantitative study on the question ot how the
inter-layer stitching attects the etfective permeability. Such a study will
be very helpful for the rational design of the stitched fabrics, the exact
pre-simulation of the moulding process, and the global optimization ot
the processing parameters.

In this chapter, a comprehensive study on the permeability modelling of
multilayer woven fabrics 1s presented. A framework for flow permeability
measurement 1n resin transter moulding will be described. The Darcy law
1s used to model the tlow through the reinforcement fibres where the per-
meability 1s a measure of the resistance of the fibres to the tlow. Two types
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of woven fabrics, one fabricated from monofilaments so as to eliminate the
ettects of other tactors such as fibre bundle on the permeability, and the
other made by using multifilament yarns, have been used for modelling. Two
models were developed to explain the permeability of these two ditferent
varieties of multilayer woven tabrics.

8.2 Fabric compressibility

Compressibility of pretorms 1s of importance in the RTM process, wherein
mould closing force and attainable fibre volume fraction are directly depen-
dent on the fabric compressibility (Padaki et al., 2006). Fabric compress-
ibility 1s very important in all RTM processes, and attects both the material
and processing properties of the part. As the tabric 1s compressed by fluid
pressure or the mould surtace the fibres get compacted and the fibre volume
fraction increases. This decreases the thickness of the part, decreases the
permeability, and decreases the porosity. Compressibility 1s possibly a more
important concept in one-sided moulding processes than in closed-mould
processes. In a closed-mould process the permeability and fabric thickness
are fixed at a certain value which 1s determined by the mould gap.
Throughout the process the permeability 1s constant and independent of
the injection pressure. In one-sided moulding processes the compaction of
the tabric can lead to several important phenomena. In processes where the
flow is in the plane of the fabric such as VARTM and SCRIMP'Y, a part
with non-uniform thickness can be created since the net compaction pres-
sure varies throughout the mould.

In processes where the resin 1s torced though the thickness, the pressure
applied to the fluid 1s also the pressure compacting the tabric. Theretore,
the permeability and fabric thickness can change throughout a process and
can depend on the pressure at which the process is taking place. This can
create an interesting competing mechanism in these types of processes.
According to Darcy’s law, an increase in pressure will increase the velocity
of the fluid though the fabric. However, increasing the pressure of the fluid
will increase the compaction pressure and lower the permeability. It could
be possible in certain cases for an increase in pressure to increase injection
time, although this 1s not common. For most tabrics the decrease in thick-
ness tends to compensate for the decreased permeability in through-
thickness flow. The etfect of compaction on permeability is very dependent
on the fabric architecture, which means some fabrics are more atffected than
others.

Fabric compaction also attects the porosity ot the tabric, which will attect
the saturation time for unsaturated flow. This fact adds yet another compli-
cation to the problem. Although permeability decreases with compaction,
the decrease in porosity can increase the velocity of the fluid through a
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pretorm. Decreasing the porosity also increases the capillary pressure.
However, in most cases these etffects are minor.

As a fabric 1s compressed there are three distinct regimes that have been
identified. The first is where the spacing in the fabric caused by the stitching
and weaving 1s compressed. This occurs at very low pressures, and results
in fibre-on-fibre contact. This region 1s also very linear in nature. In the
second regime, both the solid and the voids are compressed. This 1s the most
complex region, and 1s the most studied. Very complex models have been
generated to predict the behaviour of the fabric in this region. Although
the fibres are touching, they are still moving due to fibre bending, slippage
and nesting. The third region 1s where the tabric has been tully compressed.
Most fabrics are fully compressed with 1-2 MPa pressure. In the third
regime, all the fibres have been manipulated into a stable position and
cannot be moved any further. The only compression occurring in this regime
1s due to the solid material compressing. Many fabrics have compressed to
half their original thickness by this point.

3.3 Permeability testing

The permeability characterizes the porous material in terms of resistance
to the fluid flow for a given injection pressure. The greater the value of
permeability, the faster the resin permeates through the fibrous reinforce-
ment. In the case of an 1sotropic fabric, the permeability tensor reduces to
a single scalar. The most general situation of orthotropic reinforcement
requires three values, ki, k, and ks, for the permeability in the principal
directions of the material. However, most RTM moulded parts are thin
shells and the preform does not consist of a multilayer reinforcement. So
it 1S not always necessary to determine the through-thickness permeability
ks. Hence it 18 essential to measure the first two principal permeabilities, k;
and k,, the so-called in-plane permeabilities (Ferland et al., 1996).

For flow through the fabric, it 1s extremely difficult to calculate the
permeability constant (K) by knowing only the geometric information.
Micro-models exist for estimating the permeability of a fabric given fibre
diameters, fibre spacing and other relevant information (Simacek and
Advani, 1996; Cairns et al., 1999). However, these models are very complex
and have varying accuracy. In addition, tests must still be performed 1in
order to determine some of the parameters needed as input to the models.
The most accurate and direct way to determine the permeability 1s through
testing. By knowing the velocity, the pressure drop, and the viscosity ot
a fluid moving through a tfabric, the permeability can be calculated. Because
most RTM modelling has been done for closed-mould processes, the per-

meability in the plane of the tabric was typically of the greatest concern
(Adams and Rebenfeld, 1991; Ferland ef al., 1996; Lai and Young, 1997).
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For this reason, the majority of available permeability data is for tlow in
the plane. For the two-stage processes such as pressure bag moulding, the
most important value 1s the permeability through the thickness. This 18
because the distribution channel covers the surface of the fabric, so all
the in-plane flow occurs in the channel and the flow in the fabric 1s pri-
marily though the thickness. For a process such as SCRIMP"™ where there
may be a large spacing between the tflow channels, the in-plane permeability
would be more important. The in-plane permeability can be either higher
or lower than the through-thickness value, depending on the fabric type
and compaction pressure. Parnas ef al., have tound that in general the
in-plane permeability in the direction of the fibres 1S 6-8 times larger
than it 1s in the through-thickness direction (Parnas and Salem, 1993).
However, if the tlow in the plane 1s transverse to the tibres, the permeability
could be expected to be close to the through-thickness value or possibly
even less.

8.3.1 Saturated vs. unsaturated flow

Darcy’s law was originally intended for modelling saturated flow of water
through soil (Darcy, 1856). Because of this, it has some deficiencies when
modelling unsaturated flow though a fabric. In order to use it to model this
type of flow it must be modified slightly. In calculating the permeability, the
velocity is determined by dividing the flow rate by the cross-sectional area.
The area used 1s the total tlow area of the tabric. This means that the veloc-
ity in Darcy’s law 1s the superticial velocity, or the velocity averaged over
the whole area. Due to the presence of the tabric, the actual tlow area is
less than the total area. This means that the actual velocity of the fluid
through the pretorm i1s higher than the superticial velocity because the tlow
area 18 reduced. This reduction 1n flow area can be determined by knowing
the tibre volume fraction of the tabric. Actually, the term commonly used
is called the porosity (e) of the fabric which is one minus the fibre volume
fraction. The moditied equation becomes:

k dp

He dz

vactual —

Another additional term required to model unsaturated tlow is the capil-
lary pressure. This i1s a consequence ot the wicking behaviour ot the tabric
caused by surface tension. This tends to pull the resin along, which results
in a higher apparent pressure than the applied pressure. The —dP term
will be replaced by AP, recognizing that the pressure drop is linear, and
that the tlow occurs from high to low pressure. Darcy’s law 1s modified
accordingly.

_i(APﬂpp E:ap)
He dz

vactual =
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where:

AP, 18 the drop 1n tluid pressure
P, 18 the capillary pressure.

The capillary pressure 1s dependent on properties of the fabric and the resin.
One equation for determining the surface tension as presented is:
F l-e

P = O COS6
D; e

where:

F 1s the form factor

o 1S the surface tension

D; 1s the diameter of a fibre
cos 61s the wetting angle.

The tibre diameter, porosity and form factor are all properties of the
tabric, while the surface tension 1s a property of the resin. The wetting angle
1S a property of the resin and fabric. Its value can vary depending on the
measurement method. For the most accurate results in an infusion process,
the dynamic contact angle 1s the most appropriate (Skartsis et al., 1992). It
1s measured as the tluid 1s moving 1n relation to the solid interface. Both an
advancing and a receding angle can be determined. However, the static
contact angle gives a very good approximation for the resin systems used
in RTM, and 1s easier to measure. Fortunately, the wetting angle depends
only on the fabric material and not on the tabric architecture. Theretfore,
once the tabric properties are known for a given fabric, the capillary pres-
sure can be calculated for any resin with that fabric if 1ts surface tension
and wetting angle are known. The form factor depends on the fabric archi-
tecture and whether the tflow i1s along the fibres or transverse. Transverse
flow typically has a form factor with a value from 1 to 2. The porosity i1s
included because as the porosity decreases, the surtace area to volume ratio
increases, which increases the capillary pressure. Capillary pressure 1S not
very temperature dependent, since both the contact angle and surface
tension are very weak tunctions ot temperature.

Although the capillary pressure 1s typically much smaller than the mnjec-
tion pressure, it can change the results of a test by a noticeable amount.
Some researchers have claimed that the capillary effect was negligible in
their permeability tests while others have claimed capillary pressures had
a significant effect (Parnas and Phelan, 1991). The extent of this effect 1s
going to vary depending on the fabric, the resin and the injection pressures.
Previous researchers have conducted a study on the capillary pressures ot
a silicone o1l and a corn syrup with a couple of tabrics. The largest capillary
pressure they tound was approximately 5 kPa for the silicone o1l and less
for the corn syrup, although they did not give a specific value.

© Woodhead Publishing Limited, 2008



204 3-D fibrous assemblies

Unsaturated
fibre tow

8.1 lllustration of dual-scale flow.

Another phenomenon of unsaturated flow arises trom the fact that there
1s flow occurring between the fibre tows as well as within them. During a
saturated permeability test, the flow 1n both these regions 1s tactored into
the total permeability. Because of the presence of macroscopic channels
between tows and microscopic channels within them, a tabric 1s commonly
referred to as a dual-scale porous medium. The consequence ot this dual
nature in unsaturated flow 1s that the flow in the macroscopic channels will
advance much taster than the inside ot the tows can be saturated. Cairns
et al. (1999) found that the equivalent permeability of the channels between
tows could be an order of magnitude larger than the permeability within
the tow. This etfect 1s shown in Fig. 8.1.

This can be a problem 1in modelling as well as for part quality and the
effect on flow modelling 1s minor. This 1s mostly due to the fact that this
occurs only at the flow front, and not in the saturated regions. It was deter-
mined, however, that this could have a large impact on part quality. This 1s
why the use of a vacuum pump has become so critical in reducing porosity
in RTM processes. The use of a vacuum reduces the amount of air that 1s
trapped as the resin encircles a fibre tow.

8.3.2 Permeabillity as a function of weave type

There are hundreds of possible woven tabric combinations, which can be
divided into biaxial and triaxial woven structures according to in-plane fibre
orientation. The plane weave has the highest frequency of yarn interlacing,
whereas the satin weave has the least, with the twill weave somewhere 1n
between. Accordingly, woven fabrics have a higher level of structural integ-
rity and greater ductility due to the crimp geometry produced by yarn
interlacings. On the other hand, the satin weave has the highest level of
fibre to tabric strength and modulus translation etficiency, due to the low
level of yarn interlacing and yarn linearity. The low level of yarn integration
in satin weave also allows treedom of yarn mobility, which contributes to
higher tibre packing density and consequently a higher level of fibre volume
fraction (Ko and Du, 1997). Open weave results in higher porosity and
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Open weave Closed weave
Higher, A~ Lower, A*

8.2 Difference between open weave and closed weave.

higher permeability. However, closed weave mats are difficult to penetrate,
but ofter relatively higher strength and module. For the 3-D multilayer
woven fabric, the more porous or open preform structures have higher
values of permeability and can be more easily filled. The difference between
open weave and closed weave 1s shown 1n Fig. 8.2.

8.3.3 Direction of permeability measurement

The permeability tensor is represented by its components K,,, K,,, as the
in-plane permeabilities, and K, as the transverse permeability (Advani and
Calado, 1996). It is understood that effective (or directional) permeability
in three dimensions follows the shape of an ellipsoid. Six independent
measurements are required to determine the permeability tensor.

The first channel tlow experiment to measure principal permeability was
conducted 1n an arbitrary coordinate system x, y, z along the x-axis
(Weitzenbock et al., 1999b). For the permeability, there is some directional
character in such anisotropic preforms, and three values for the perme-
ability may be required: K,,, K,, and K_,. In 1sotropic preforms, one value
1s sufficient: K = K,, = K|, = K;.. The directional characteristics of K,,, K,,

and K., are shown in Fig. 8.3.

8.3.4 Isotropic and anisotropic permeability

For isotropic materials a circular tlow front can be observed in the radial
flow experiment, while tfor anisotropic materials the flow tront becomes
elliptic.
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Preform

In-plane directions: x and y
Out-of-plane (transverse) direction: z

8.3 Directional characteristics of K,,, K,,, K.

Isotropic permeability

To calculate 1sotropic permeability the pressure gradient within the mould
has to be determined as a function of the flow front position. This is achieved
by solving the Laplace equation in polar coordinates (Weitzenbock et al.,
1999a). If a preform is isotropic in the in-plane directions such that K, =
K,,, then the flow fronts progress as circles. Some fabrics, such as random
fibre mats, four-harness woven fibreglass mat and symmetric bidirectional
tabrics, produce 1sotropic pretormes.

Anisotropic permeability

So far only tlow 1n 1sotropic porous materials has been considered. However,
for many fabrics commonly used in RTM an elliptical flow front is observed.
As a consequence the second-order partial ditferential equation of the
pressure distribution 1S no longer a Laplace equation, where K,, and K|, are
two principal permeabilities (Weitzenbock et al., 1999a). If the preform is
anisotropic in the plane with K,, difterent from K,,, the flow fronts become
elliptic and remain elliptic throughout filling. Furthermore, this situation
can be encountered with unidirectional stitched mats.

8.3.0 Measurement of permeability

Generally speaking there are two ditferent configurations for permeability
measurement. These are the one-dimensional channel flow experiment and
the two-dimensional radial flow experiment. For isotropic materials a cir-
cular flow front can be observed in the radial flow experiment, while tor
anisotropic materials the flow tront becomes elliptic. The main attraction
of the radial flow experiment 1s that both the principal permeability values
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and their orientation can be determined in a single experiment; in addition,
no racetracking occurs during the experimental process, so it 1s widely used
by researchers (Adams et al., 1986; Hirt et al., 1987; Chan and Hwang, 1991;
Parnas and Salem, et al., 1993). For constant inlet pressure three algorithms
to calculate permeability data from flow front measurement have been
developed (Adams et al., 1988; Carter et al., 1995; Rudd et al., 1995). In all
these approaches the orientation ot the tlow tfront ellipse needs to be deter-
mined visually, since the algorithms apply only to flow front measurements
along the principal axes. For all methods permeability 1s assumed to be a
symmetric tensor. As a consequence there 1s a set of two mutually orthogo-
nal axes where all the otf-diagonal tensor components become zero.

8.4 Monofilament permeability model

8.4.1 Characterization of pore microstructures

The permeability 1s a function of the preform architecture, pore structure
and porosity, and different types of fibre preforms may have substantially
different permeability at the same fibre volume fraction. The micrograph
of fibre pretform reveals considerably complicated microstructures of mul-
tilayer woven fabrics. However, our experimental data showed that the
vari-ation in the alignment of the fibre layers and the pore size distribution
was regular. Thus it 1s possible to find an analytical solution for permeability
based on the concept of a unit cell.

Figure 8.4 displays the top view of the three types of multilayer woven
fabrics fabricated by the monofilaments. Each tabric has five layers in total,
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Stitch density 3

8.4 Schematic for three different stitch models of multilayer woven
fabrics.
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a layer being defined as containing both a warp and a wett yarn. All weaves
are designed as plain weaves and weft yarns are used as stitches to intercon-
nect adjacent layers. The ditterences between these designs are in the stitch-
ing density.

8.4.2 Permeability model of unit cell 1

From the cross-sectional view of three types of multilayer woven fabrics
(Fig. 8.5), the structure of the preform can be i1dealized as a porous medium
consisting of parallel fibres as shown in Fig. 8.6. Based on the assumption
that the major contribution to the flow resistance comes from the narrow
gap between the fibres, the permeability model therefore can be established
as follows.

The fibres are arranged 1n a periodic pattern so that we only need to
consider the flow in one ‘representative unit cell’. The pattern that we are

Unitcell2
. 5

Stitch density 1

Stitch density 3

8.5 Cross-sectional view of three types of multilayer woven fabrics
with different stitch density.

8.6 Definition sketch of the idealized monofilament reinforcement
arrangement and the representative unit cell of quadratic fibre

packing.
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ooing to consider 1s the quadratic array. Let us assume that most of the
resistance to flow which is perpendicular to the fibres comes trom a small
region close to the narrow gap formed between the fibres. If the fibres are
very close to each other they form a channel with slowly varying area
between them. Here we mean that the angle between the channel wall and
the channel centre-line 1s small at all points along the channel (Liu Yi,
2006).

For the flow 1n the slow-varying channels, the cross-sectional area varying
along the streamline direction 1s assumed to alter so slowly that inertia
effects can be neglected (in the present case this is true for all geometries,
since generally in RTM the Reynolds number of the resin 1s very small). If
a constant pressure difference 1s maintained between two stations, the pres-
sure gradient will vary slowly in the streamline direction:

2 __2 3.1
dx 2 h(x) |

where A(x) 1s the half-height of the channel, p is the pressure, u 1s the vis-
cosity of the fluid g 1s the total flow rate. The total pressure drop between
two stations a and b in the channel can be found from integration of
Equation 8.1

ik

3 b
i—— a o — — 8&2

From the definition sketch (Fig. 8.7) over the coordinate system and the
channel halt-height, the 4(x) needed in the integral can be calculated by:

4 2 A
hix)=A+R|1-,/1 . 8.3
.V R,
which for x << R can be written as
R x?
hix)=AA 8.4
(%) ) R
R
Y A
2A
. ih X)
v ot

8.7 Definition sketch in the analysis of the flow between the fibres.
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Substitution of 4(x) into Equation 8.2 gives

pb—pa=—%uqf:_

A+ R| 1-
i . VR

By integrating the above integral equation and making some simplification
based on the boundary conditions, we can get the tollowing equation:

po—p.=—2ZH SRA 8.6

which means that the pressure drop between two fibres in general can be
written as:

A_p_ OV2m ,uq[A)‘S/z ] 7
.  16L R*\R

Comparing Equation 8.7 with the Darcy law, we can get the equation to
calculate the permeability of the porous medium:

16 (A?
K, = il R 2 8.8
1 Ont2 [R)

Equation 8.8 can be rewritten in terms of fibre volume fraction if we notice
that the fibre volume traction can be calculated by:

/4
(1+A/R)°

from which we see that A/R 1S given by

Vi= 8.9

A/R:\/Vf,mﬂX/Vf —1

where V;..x 18 the maximum fibre volume fraction which 1s achieved when
the adjacent fibres touch each other (Liu Yi, 2006). Substitution of A/R in
Equation 8.8 finally yields:

16 ( [V, /2
T 8 1| R 8.10
o2 (\ V ]

8.4.3 Evaluation of V4 na

The maximum fibre volume fraction in the permeability expression of
Equation 8.10 corresponds to the maximum space occupied by the fibres in
the pretorms. The architecture of the multilayer woven tabrics considered
in the study consists of a layer to layer interlacement. For this architecture,
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8.8 Definition sketch of quadratic and hexagonal arrays.
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8.9 Permeability of three different structures of unit cells.

the maximum fibre volume fraction of these different stitch structures may
be considered to vary from the quadratic array of Fig. 8.6 to the hexagonal
array shown in Fig. 8.8.

For the quadratic array, the maximum fibre volume fraction 1s /4; for the
hexagonal array, the maximum fibre volume fraction is n/2+/3 . However,
in this experiment, the maximum fibre volume fraction of the unit cell
may be between these two values. A coefficient, C; (1< C;<2/+/3), is thus

. . . T
introduced to define the maximum fibre volume fraction V;.=Ci-—.

4
If the coeftficient C; = 1, this means that the fibres in the unit cell from a

quadratic array, and if C;=2/+/3, the fibres are arrayed in a hexagonal
model. As shown in the experimental cross-images, for the structure of
stitch density 1, C; = 1; for the structure of stitch density 3, C;=2/+3 ; for
the structure of stitch density 2, C; = 1.1.

8.4.4 Predicted permeability of unit cell 1

So, from Equation 8.10, we can get the permeability of these three
different structures of unit cell as shown 1n Fig. 8.9. This figure shows that
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8.10 Simplified model of unit cell 2.

the permeability of stitch structure 3 1s better than that of stitch structure
1. This 1s due to its easy-going pathway arrangement, and this 1s also testitied
by the subsequent experimental results as follows (Liu Yi, 2006).

8.4.5 Permeability model of unit cell 2

Unit cell 2 can be simplified as shown in Fig. 8.10. The permeability can be
obtained from the expression for the equivalent permeability of a rectan-
gular channel. In this study, the width ot channel 1s assumed to be L,; the
height of the channel 1s L,. The solution of the two-dimensional velocity
field in an arbitrary duct geometry is governed by an equation of the
Poisson form. Once the flow field 1s obtained, integration over the domain
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provides a relationship tor the average tlow rate with respect to the applied
pressure gradient. For a rectangular duct with sides of length L, and L,

— =,

2 - .
o E (d_p] | 192/, 2 tanh(zzlb 121 )
12 \dx

2
Wy s, [ |

3.11

where u 18 tluid viscosity. This result can be compared to the Darcy law 1n
one dimension:

kequ dp
u dx

= 3.12
Modelling the channel region as a porous medium of porosity 1.0, the
average volume velocity may be equal to the average velocity provided by
Equation 8.12. By comparison, we can obtain the permeability of this
duct:

K2:

ZZ

12

e

1921,

1

i tanh (il /21,)
5

l

2
JU Zb pyi

L35

3.13

38.4.6 Permeability of whole structure

As shown in Fig. 8.11, the permeability of layer » 1s represented by K, and
the height 1s represented by M,,. The total tlow rate through the multi-layer,
g, and the total height M can be expressed as tollows:

q=qi+q@+...+q,= D 4 8.14
=1
M=M+M,+...+M,=Y M, 8.15
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8.11 Schematic of multilayer laminar flow.
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The pressure difterence of each layer can be shown in the following
equation:

AP=AFR = AR == RE, 8.16
From the Darcy law,

g = Kfo'%‘ 8.17

we can get the total flow rate:

= d AP AP
QZZfo:Z;KfM::‘ T :KP'M'T 8.18

S0 the eftective permeability of a multilayer tlow channel K, 1S given by
K,=> Ki-M; | Y M, 8.19
=1 =1

Incorporating Equations 8.10 and 8.13 into Equation 8.19, we can get the

final equation to calculate the etfective permeability of multilayer woven
fabrics (Liu Y1, 2006):

KPZ(K1M1+K2M2)/(M1+M2) 820

2 5
12 \ -l n=1,3,5... ! y

. (M, +M,)

f 5/2 g / co . \
16 (\ Vi mas 1) RM 2 (1921, y tanh(z?tlb/Zla) M,

8.21

8.5 Fractal permeability model

8.5.1 Fractal characterization of pore microstructures
in fibre preforms

Figure 8.12 displays a cross-sectional view of multilayer woven preforms.
There are two types of pores, a macropore (of the order of 10~ m) between
fibre tows, and the micropores (10°-10 m) inside the fibre tows. If several
layers of fibre mats were stacked together, the macropores ot each layer
would form macro-channels with the sizes of 10~ m, see Fig. 8.11, while
micropores inside the fibre tows would form numerous tortuous micro-
channels. Both the macro-channels and the micro-channels should tollow
the fractal scaling law given by Mandelbrot and Freeman (1982):

[(A)=A"" Ly 8.22
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8.12 Micrograph of fibres and resin.

where D+ 1s the tortuosity fractal dimension, with 1 < Dt < 2, representing
the extent of convolutedness of capillary pathways for fluid flow through a
medium, A is the size of a pore channel in a fibre preform, and L, (A) is its
tortuous length along the flow direction.

For the macropores between fibre tows and the micropores inside fibre
tows, the cumulative size distribution of pores in porous fibre preforms
follows the fractal scaling law:

A )
N(szl):[ ma") 3.23
A
From Equation 8.23, it can be found that
—dN = DA AP+ d ) 3.24

Equation 8.24 describes the scaling relationship of the cumulative pore
number (Liu Yi, 2006).

8.b.2 Fractal model for permeability

This model 1s related to the architectural parameters of pretorms, the pore
area fractal dimension D; and the tortuosity fractal dimension Dr. The total
volumetric flow rate, O, through the unit cell 1s an accumulation of the flows
through all the individual pore channels, including the macroscopic pore
(gap or channel) between the fibre tows and the microscopic pores inside
the fibre tows. The flow rate through a single pore channel 1s given by
modifying the well-known lubrication flow theory (Wheatcraft and Taylor,

1988).

_ ——1/-12,2 Ap
ou L(A)

The total flow rate Q through the unit cell can be obtained by integrating
the individual flow rate, g(A4), over the entire range of pore sizes from the
minimum pore Size A = Ay, to the maximum pore size A = A, (Pitchumani
and Ramakrishnan, 1999). According to Equations 8.22-8.24, we have

8.25

q(A)
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Amax
ol = ‘me q(A)dN(4) 8.26
0= S AN Gy DA
min u

8.28

ASpD__ (1 (B )

max A
max

T 6ulP (Dr—D+1) ™ |

Q

/

Since | < Dy < 2 and 1 < D; < 2, there exist Dr — D; + 1 > 0 and

/’L | Dr—D;+1 A ‘
O<( ‘“‘“] <1 in Equations 8.27 and 8.28. Due to ( — )-—-10‘2,

ﬂ‘I'I'I»EL'J{ max
Equation 8.28 can thus be reduced to
Q=202 ___jun. 829

6uly" (Dy—D;+1)
Using the Darcy law, we obtain the permeability equation as tollows:

B HLoQ ULy " DA
APA 6u(Dr—D;+1)

Obviously, the permeability of fibre pretorms 1s mainly determined by the
macropore (gap or channel) between the fibre tows. The previous study
indicated that the permeability contribution from micropores inside the
fibre tows is negligible (Yu and Li, 2001). Thus, only the tortuosity of mac-
ropore channel pathways is included 1n the present consideration. It can be
found that the macropore channels are approximately straight: see Fig. 8.11.
Theretore, Dt =1 1s applied in this investigation, and Equation 8.30 can be
thus reduced to

8.30

2
K = Dt Ay 8.31
2 — D
in which D; can be expressed as
D, =2 LT, 3.32
ln (Amin / Ama:{)

So from this final equation, it can be predicted that with the increase of A,
both D; and K increase with it also (Liu Yi, 2006).

8.6 Conclusions

The ettects ot tabric microstructures and other properties of multilayer
woven fabrics on permeability were examined in this chapter. A permeabil-
ity model based on fractal theory has been presented to predict the
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permeability of pretorms tabricated by porous yarns. Another model based
on the unit cell of quadratic fibre packing has also been established to
predict the permeability of 3-D multilayer woven tabrics fabricated with
the monofilaments.

For the 3-D multilayer woven tabrics fabricated with the monofilaments,
the permeability model was related to the architectures of fibre preforms
and their fibre volume traction changes. It 1s evident that the permeability
of monofilament pretforms 1s mainly determined by the arrangement of the
channels between the fibre tows. At the same fibre volume fraction, fabrics
with a loose stitch array have better permeability than those with a compact
stitch array. This 1s due to the ditterent flow resistance with regard to the
different stitch array. For fabrics with loose stitch structure, the flow resis-
tance from the stitch array is less than that of fabrics with tight stitch array,
thus leading to better permeability of fabrics with loose stitch array.

For the 3-D multilayer woven fabrics tabricated by porous yarns, a fractal
permeability model was developed based on the fractal characteristics of
pores 1n the fibre preforms to describe the disordered pore structures of
pretorms. The permeability model was found to be related to the pore area
fractal dimension, the tortuosity fractal dimension, and the architectural
parameters of fibre pretorms. For fabrics with a rather large maximum pore
S1Z€, Amax, the flow resistance 1s relatively lower, hence the resin can impreg-
nate more easily within it, thus leading to better permeability and less void
formation in fabrics.
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Using multilayer woven tfabrics In
resin transter moulding

Abstract: In this chapter a detailed theoretical analysis for in-plane
impregnation in multilayer woven (MLW) fabrics is reported in order to
understand the mechanism of void formation. Unlike the previous
works, where the void 1s formed in the plane of one layer of woven
fabric, the void formation 1n the cross-section of MLW fabrics 1s
presented. Based on two simplified unit cells, which were 1dentified from
two typical multiple modes of MLW fabrics, a mathematical model 1s
developed to analyze the formation and size of voids. The flow front and
vold formation processes are also numerically simulated using the
control-volume method.

Key words: multilayer woven (MLW) fabrics, flow resistance of MLW

fabrics, void formation, flow modelling of MLW fabrics, filling properties
of MLW fabrics.

9.1 Introduction

Resin transfer moulding (RTM) is a high-performance net-shape manu-
facturing process for polymer and advanced high-performance textile
composite parts, especially in the aircraft and automobile industries due
to 1ts relatively short cycle time, low labour requirements and equipment
costs. It 1s particularly suitable for producing large and geometrically
complex parts. However, at present, part fabrication by RTM 1s a very
expensive proposition due to the typically long process development time,
limiting the potential use of the process. RTM consists of the following
steps: (a) preform fabrication, (b) preform placement inside the mould,
(¢) mould filling by resin injection, (d) curing, and finally (¢) demoulding
of the finished part. The inherent variations of the process make 1t ditficult
to predict what happens inside the mould during the filling and curing
stages and theretore what the properties ot the resulting part will be.
Both filling and curing are critical steps, though successtul mould filling
without dry spots 1s the first step to having a defect-free part (Barooah
et al., 2001).

Ideally, the resin tlow should progress so that the last part of the mould
to be filled 1s near the vents, and the preform is wetted out completely
without leaving any dry spots. The tlow pattern in the mould depends
on such parameters as preform porosity and permeability, and resin viscos-
ity. These properties are required as iput parameters for the physical

221

© Woodhead Publishing Limited, 2008



222 3-D fibrous assemblies

models used to simulate mould filling. However, the permeability and
porosity cannot be estimated accurately betorehand as compaction, preform
preparation, etc. all attect their values. A common problem is the edge etfect
called racetracking which makes the resin flow faster along the edges of the
pretorm. These random, unpredictable variations in the preform properties
make 1t extremely difficult to predict resin flow progression accurately,
which 1n turn makes 1t ditficult to design an etfective injection and venting
scheme without trial and correction cycles.

Untortunately, the fibre pretform always has complicated and non-unitform
microstructure, and hence its local permeability may differ by several orders
of magnitude between inside and outside fibre tow. These non-uniform
properties finally lead to the formation of air voids on the micro scale
(Parnas and Phelan, 1991; Patel and Lee, 1995; Chen et al.,1995).

Previous research (Yosida et al., 1986; Harper et al., 1987, Bowles and
Frimpong, 1991; Feldgoise et al.,1991; Ghiorse and Jurta, 1991) has revealed
that the presence of voids 1s highly undesirable and has a deleterious effect
on product mechanical properties including the interlaminar shear strength,
compressive strength, impact resistance and tatigue life. The research has
also revealed that the void formation and development are correlated to
injection pressure, outlet pressure, resin properties (viscosity, surface
tension), fabric characteristics (type and orientation of fibres, surface
treatment), etc. Some studies (Hayward and Harris, 1990; Chen et al.,
1995) reported that having vacuum assistance will reduce the quantities
of voids but cannot totally solve the problem. In recent years, the prob-
lem of void formation has received much attention and has been studied
extensively. However, the variety of the architectures of fibre pretorms is
too large to allow the prediction of void tormation based on one general
model only. Furthermore, void formation in RTM seems to be inevitable
and there is no proven way to eliminate voids completely (Chang and
Hourng, 1998). Hence, understanding of the void formation mechanism
i1s important and 1s necessary for the mould and fibre preform design.

As 1s well known, there are two scales of flow during RTM: one 1s the
macro flow in the gaps between/around the tows, and the other is the micro
flow within tows. Based on this concept, several investigators have devel-
oped models to predict void formation in RTM. Parnas and Phelan (1991)
developed a model to predict the air entrapment for flow through unidirec-
tional fibre mats with the global flow transverse to the fibres. Chen et al.
(1995) also developed a model similar to that of Parnas and Phelan. The
difference between these two models 1s that Chen et al. included the etfects
of capillary pressure on the impregnation of fibre tows. Also based on the
concept of the two scales of flow, Chan and Morgan (1992) developed a
model to analyze the resin flow and air entrapment during RTM of bidirec-
tional non-woven fibre pertorms. Patel and co-workers carried out flow
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visualization experiments of void formation in unidirectional stitched, bidi-
rectional stitched and four-harness woven fibreglass mat (Patel and Lee,
1995). They reported that fingering took place at the flow front because the
permeabilities 1n the fibre tows and 1n the gaps between the fibre tows were
different, and void formation was correlated to capillary number and the
liquid-fibre—air contact angle. For axial flow, the microvoids were formed at
Ca > 107, and for transverse flow, the microvoids were formed at an even
lower capillary number, ~10™*. Once formed, the microvoids were difficult
to purge and remained trapped even after bleeding the liquid at much
higher flow rates than those at which they were formed (Rohatgi ef al.,
1996).

Several researchers have carried out theoretical analyses to describe the
mechanism of void formation during RTM. Binetruy and Hilaire (1998)
developed an analytical model to describe the tow impregnation where the
olobal flow is parallel to the fibre axis. Based on the study of the contribu-
tion of the axial and transverse tlow mechanisms inside tows, this model
shows that the main tow impregnation process is transverse to the fibre axis.
A criterion has been established to indicate when the axial flow can be
neglected to simplify the tow impregnation. Kang ef al. (2000) proposed a
mathematical model to describe the mechanisms of void formation when
global flow 1s transverse to fibre tow. The model shows that for a given fibre
pretorm, the ettects ot resin velocity and capillary pressure can be described
by the capillary number. With proper calibration, it can predict the size and
content of voids within fibre tows as well as between them.

In this chapter a detailed theoretical analysis for in-plane impregnation
in multilayer woven fabrics (MWFs) is reported to understand the mecha-
nism of void formation. Unlike the previous work (Patel and Lee, 1995),
where the void 1s formed in the plane of one layer ot the woven tabric, the
void formation 1n the cross-section of MWESs has been presented. Based on
two simplified unit cells, which were identified from two typical multiple
modes of MWFs, a mathematical model 1s developed to analyze the forma-
tion and size of voids. The tlow front and void tormation processes are also
numerically simulated using the control-volume method.

9.2 Flow resistance of multilayer woven fabrics

Flow resistance 1s an important property of textile materials. Earlier research
showed that the efficiency of various processes in open-width wet textile
finishing depends mainly on the amount of tlow ot the process fluid through
the textile material. This flow depends not only on process parameters like
tabric velocity and on machine parameters like roller diameter, but also on
the flow resistance of the treated textile materials. It 1s clear that this tlow
resistance 1s a function of the geometry of the textile material, hence it
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important to establish a relation for the flow resistance ot a woven textile
fabric as a function of its geometry.

First, let us consider one layer of plain weave fabric. The typical architec-
ture is displayed in Fig. 9.1(a). As described by Simacek and Advani (1996),
there are two sub-domains within the perform. One consists of the fibre
tows (warp and weft) which are woven together to create an interconnected
network. Another 1s a network of empty pores and channels around yarns.
Due to the non-uniform permeability 1n these two sub-domains, during
RTM processes voids are formed not only in the plane of the tabric as
described by Patel and Lee (1995), but also in the cross-section of multilayer
woven fabric.

Three important geometrical parameters of this fabric are tow thickness
h, tow width /, and width ot channel between adjacent tows /.. Usually, the
ratio [y/h 1s about 5 or more for most remnforcement used 1n composites
processing, and the cross-sections of fibre tows are not circular but elliptical
as shown in Fig. 9.1(b). The present study focuses on resin impregnation
and void formation in the cross-section of MWFs. For the purpose of sim-
plicity, the configuration of the undulating yarns is approximated by linear
segments and the cross-section of the fibre tow 1s considered to be rectan-
gular; then an idealized cross-section of one-layer plain woven tabric for
in-plane impregnation along the x-direction can be obtained as shown 1n
Fig. 9.1(c).

When multiple layers ot woven fabric are stacked together, due to the
in-plane displacement, two typical modes can be observed as shown in
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9.2 Two typical multiple modes of MWFs.
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Fig. 9.2. In mode I, there 1s no displacement between adjacent layers, while
there 1s a displacement /. in mode II. The above analysis 1s strongly sup-
ported by image analysis as shown 1n Fig. 9.3. Although the actual woven
tabrics are 3-D, 1n this simulation we only consider the flow along the cross-
section of woven fabrics. So this 2-D simulation model can simulate the flow
along the cross-section of 3-D woven fabrics.

In both multiple modes, two unit cells for the void formation can be
identified as shown in Fig. 9.4(a) and (b). It can be seen that the flow
through the cross-section of the unit cell passes through not only the channel
but also the wett and warp. Most resin would flow through the channels
along the imposed pressure gradient, but it can also flow within warps
and weftts. SO we choose two paths as a representative cell, as shown 1n
Fig. 9.4. One way 1s along the weftt tow while the other 1s the flow 1n the
channel and warp. As testified in the study of Patel and Lee (1995), the
formation of voids 1s mainly due to the velocity difference of resin in dif-
ferent paths.

9.3 Flow modelling of multilayer woven fabrics

In the case ot high injection pressure, the ettect ot capillaries 1s negligible;
voids will form at the end of the warp tow as shown i1n Fig. 9.4. This will be
discussed in more detail as follows. Since the thickness of fibre tows is far
less than their width, the flow in path 1 can be simplified to flow along
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a straight fibre tow. Then the time ¢, required for the flow front to reach
position A can be approximated by

(I +1,)

T Hpa 9.1
2Ki(Py— F;)

[

where u 18 the viscosity of the fluid, K3 1s the axial permeability of the fibre
tow, and P, and P; are the pressures at the inlet and flow tront, respectively.
When the flow tront in path 1 reaches position A, on the one hand resin
will keep on flowing along the weftt, and on the other hand resin also will
flow transversely to position B due the high permeability of the channel
between tows. The time 7 for the flow front to reach position B can be
obtained from the following analysis.

For the given coordinate system (see Fig. 9.4) the transverse velocity V,
at an arbitrary point C (y, x.) between A and B takes the form

KZQZKC(PU_E)(l xc)
dt y X;

9.2

where K. 1s the permeability ot the channel, x. = [. + [, and x; 1S the x-
coordinate of the tflow front along path 1 when transverse flow reaches point
C, which is given by

X; = 2K"’(P°"B)z 0.3

\ U

Inserting Equation 9.3 into Equation 9.2 and integrating it with the
boundary conditions:

y=hyatt=T, (hy=h/2 for model I, 4 for model II)

we obtain
hg- T Z(ZC +Zb)\/i 1 (Zc"l'lb)z
2K(P,-P) = [2KiP,—P) 2Ki(P-P) 9.4
\ u
Then
( \2
[. +1
T = - - fi 9.5
2K{(Py—-P) [2K(R—-P)
C\ u \ u j

For flow 1n path 2, the fluid will alternately flow within the channel and the
fibre tows. We know that the transverse permeability 1in the fibre tow i1s
much lower than that in the channel; at the same time the width /. of the
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channel 1s always less than or equal to the width [, of the tow. Then the time
T, required for the flow front 1n path 2 to reach position B can be approxi-
mated by
(L + 1)

2Ky (P — Fr) 9.6

2

Dividing Equation 9.5 by Equation 9.6, this yields the time ratio

/ \2
Lo\ k+h M 2Ki(R, -~ P) o
T, 2K{(P,—P) [2K.(P-PF) bh(le +1y) |
N U \ H J

The above equation can be further simplified by the quantity analysis.
Noticing that the ratio of Ay/(l. + [,) is smaller (10~ to 107°) and the ratio
K./Kj is larger (10 to 10°) for most preforms used in composite processing,
the second term in Equation 9.5 1s much smaller than the first term. Then
Equation 9.7 can be simplified to

5_ (Zc_l_lb)z _2KIE(PU_H)_ZC+ZIJ_KI§
I, 2Ki(FR-F) L(l.+1) L, K;i

Usually, the ratio Ki/Ky 1s about 20 for the same fibre tow. At the same
time, [. < [,, so 1t seems that void formation in the cross-section of multilayer
woven fabric 1s mevitable. The size of void mainly depends on the ratio
Ki/K. In order to reduce the size and quantity of voids, it will be useful to
use fibre tows with higher K for warp.

According to the simplified model, the flow through the cross-section of
MWEs passes through five ditferent basic sub-domains as shown in Fig. 9.5.
In this thesis, the permeability tensors ot these sub-domains are defined
respectively as follows. For sub-domains a, b, ¢ and d, the permeability for
flow along and transverse to fibres is often evaluated tfrom the Kozeny-—
Carman equation:

i (1-Vi)
4k e

\ \ e
(a) (b)

= = |
(d) (e)

9.5 Sub-domains of MWFs.

9.8

K = 9.9
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228 3-D fibrous assemblies

where r; 1S the fibre radius, V;: 1s the fibre volume fraction, and k 1S the
Kozeny constant, which has been taken as k, = 0.5 tor flow along the fibres
and k, = 10 for flow transverse to the fibres (Williams et al., 1974; Gutowski
et al., 1987b). Since this equation cannot predict the phenomenon that the
transverse flow will stop at the maximum fibre volume fraction, a number
of further modelling studies of permeability have been performed by
Gutowski et al. (1987a), Gebart (1992) and Cai and Berdichevsky (1993).
In this study, the fibre fractions employed were lower than Vi, hence
permeability was evaluated according to Equation 9.9,

For sub-domains ¢ and f, the permeability can be obtained from the
expression tor the equivalent permeability of a rectangular-shaped channel.
In this study, the width of the channel 1s assumed to be /,, and the height of
the channel A, 1s 4 for sub-domain f and 0 to /2 or 2/ for sub-domain e. The
velocity at the boundary of these channels 1s set to the Darcy velocity of
fibre tows.

) " _
T w o k]
K. = ‘Z’ L Y 15 h""c B 112 i |y 1K" 9.10
c | U p=135. N exp(mt c )+1 we | (1-V)
: We !

in which w. = [, and

- h for sub-domain f
“ |l0tohor2h forsub-domain e

In Equation 9.10, K, and V; are permeability and volume fraction of fibre
tows, respectively.

9.4 Modelling flow and void formation

The numerical simulations using the control-volume method of the tlow
fronts and void formation in both unit cells of MWFs are presented in this
section. The pretorm in the mould is assumed to be rigid and 1s treated as
porous medium, the flow in which is described by the following Darcy
law:

U:—lK-VP 0.11

U
in which u is the viscosity of the resin. In a two-dimensional tlow field,

U = (u,, u,)" is the flow velocity vector

P PY
VP :[ : J 1S the pressure gradient vector
X )
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Kxx ny
_K}’x K}’}’_

K= is the permeability tensor.

Inserting Equation 9.11 into the continuity equation for an incompressible

fluid gives the governing equation for pressure distribution in the flow
field:

( “op )
_KX.I K.l" i Ix
v. L =g 0.12
Hl Ky Ky §_p
\ | dy |

The corresponding boundary conditions to be imposed can be stated as
follows:

At 1njection gates: P = P, (for constant pressure injection)

At the mould wall: F = ()

”wall

At the flow front: P = atmospheric pressure P; (high injection
pressure)

After the void 1s formed, the pressure in the void is assumed to obey the
ideal gas law: P, = pRT, where p 1s the density of air and R 1s the 1deal gas
constant.

It 1s noticed that Equation 9.12 1s steady state. Although the mould filling
process 1s time dependent, it can be treated as a series of steady-state prob-
lems by time increment. Within each time step, the pressure in the tflow field
can be determined by Equation 9.12. Generally, Equation 9.12 needs to be
solved numerically. In the present simulation, the control-volume method
1s used.

The entire flow field 1s first discretized into a finite element mesh. In this
simulation, a three-node triangular element 1s used. One node corresponds
to one control volume. A control volume 1s composed ot several sub-areas.
The number ot sub-areas 1s the same as the number of node-adjacent ele-
ments. The tormation ot the control volume is illustrated in Fig. 9.6 in which
the region indicated by dashed lines i1s a control volume and the shaded
region 18 a sub-area. Points i, j and k are nodes of a triangular element.
Points a and b are the midpoints ot element sides, and point o 1s the element
centroid. Connecting points a, o and b, a sub-area 1s formed as the shaded
region shown in Fig. 9.6. The procedure for forming other sub-areas is
analogous.

Integrating Equation 9.12 over a control volume can lead to
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0
e 0
. ] ' a /
9.6 Control volume.
( - p |
1 _KJ:JE KJC‘}?— X
[[[v |-~ "I av =0 9.13
1% _ny K}’}’_ _p
\ Y,
By using the divergence theorem, the above equation can be written as
( P\
1 _Kxx ny ] X
ij k. k.| p nds=0 9.14
\ Y,
Or
a
v _KYY K‘C ]
jhwﬁxmq S| I IV} 9.15
L _K}’x K}’}}_ _p
L X

in which 4, 1s the thickness of the preform, and the line C 1s along the
boundary of the control volume. It a control volume consists of 7 sub-areas,
the integration along C can be divided into m parts. For each part, by the
assumption of linear distribution ot pressure in the corresponding element,
the pressure gradient can be written as (Yong et al., 1991):

_&_p_ _ ot
ax _ L ﬁl ﬁZ ﬁ3 R, 916
§_p 2A\ Y1 Y2 Y3 P

| dy_ - -
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where A i1s the area of the element, B, =y, — v, ¥ = Xr — X;, and 7, j and k
permute 1n natural order.
Then the total integration of Equation 9.15 can be expressed as:

m K., K.l ]
Z : hz {lﬂﬂ[nx n)f’ ]Hﬂ T lbﬂ[nx n?" ]bﬂ } - ' ﬂl ﬁz ﬁ?’
2A ‘ K Kyill7v: 72 75

=1 L. &

P,
Py |r=0

1Y

where, [,, and [,, are length between points a and o, and b and o. Equation
0.17 1s a linear algebraic equation, which can be written for all control
volumes in the tlow ftield. Together with the boundary condition, the pres-
sure distribution in the flow tield can then be solved.

Once the pressure field 1s determined, the velocity can be evaluated
according to Equation 9.11; the tflow front is then advanced using the FAN
technique (Frederick and Phelan, 1997). In this method, the whole domain
is divided 1nto a fixed grid system and a scalar parameter f is introduced
for each cell to represent the ratio of occupied volume to the total volume.
As the flow front advances, all of the control volumes can be classified into
three categories (see Fig. 9.7) as follows:

f=1:filled region
0 < f < 1: tlow tront region
f=0: empty region

For a selected volume f (0 < f< 1) 1s calculated on the basis of the velocity
field. The calculated volume of resin inflow 1s added to the original volume
of resin 1n the tflow front control volume. It the total resin volume in a
control volume 1s equal to the volume of the control volume, that control
volume 1s considered ‘full’ (f=1). The time increment is selected in such a
way that one control volume can be tilled stmultaneously. This restriction
of the time increment ensures the stability of the quasi-steady-state ap-
proximation. The new flow tfront in each time step can be estimated accord-
ing to the velocity vector in the flow front and the time increment after the
pressure field 1s determined. After the value fis updated, another pressure

—— Actual flow front

- ---- Numerical flow front

I Filled region (f = 1)

| Flow front region (0 <f < 1)
Empty region (f = 0)

9.7 lllustration of the flow front advancing technique.
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computation is performed for all the control volumes with f = 1. The
procedure 1s repeated until the whole mould cavity 1s filled.

The time increment 1s determined in such a way that only one control
volume 1s fully filled during the step, then

vl G0

where V;1s the volume of control volume i, V1i(7) 1s the filled volume at time
t,and Q,(¢) is the flow rate into the control volume. Once the time increment
1s determined, the volume of fluid that flows into each control volume at
the flow front can be calculated. Then the flow front 1S advanced.

Vi(t)+ At-Oi(t)
Vi

A detailed flowchart ot the numerical implementation 1s given in Fig. 9.8.

The numerical scheme outlined above has been implemented and tested
by comparison with mould filling cases tor which analytical solutions exist.
The first case tested was boundary injection from one side of a rectangular
mould: see Fig. 9.9. For constant injection pressure, the flow front position
X; at time ¢ can be given by

filt + Ar) = 9.19

[Mesh geometry] {Determine time increment]
[Deﬁne permeability] [Update flow front]

, & W J

Initialize boundary condition
Injection node, pressure

J J

No -

[Calculate pressure field]

[Next time step}( Is filling complete? ]
ﬂ ll Yes
[Calculate velocity fnts-ldJ <EN D)
9.8 Flowchart of the numerical simulation using the control-volume
method.
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9.9 Boundary injection from one side of a rectangular mould.
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2KFt

9.20

—
I—

%
0
where P, 1s the 1njection pressure, K 1s the permeability of the pretorm, and
1 18 the viscosity ot the fluid. Simulation was conducted for P, = 200 kPa,
K=1.0x10""m*and u =0.01 Pa s. Predictions of flow front by simulation
were 1n perfect agreement with the analytical results as shown 1n Fig. 9.10.

The second case tested was point injection from the centre of a square
pretform. The resin will tlow 1n radial directions trom the centre towards the
preform edges. This results in an elliptical flow front, and the ratio a/b of
its major axis to the minor axis is always equal to \/K,/K, , where K, and
K, are the principal permeabilities of the pretorm in two directions. The

numerically ssmulated shapes of the flow tront are shown in Fig. 9.11. For
Fig. 9.11(a), there is K; = K, = 1.0 x 10" m?* for Fig. 9.11(b), there is

25 | { | | '
B | I | I .
— I I | I :
— { { : | :
o f L
B — analytical | | :
= _ * numerical } | |
B 15 [ mpm——s  ma— S .
i B | | !
Q | |
O » | | :
o 10—t — - S
=L : '
— I |
B [ e s mesfmes g mom e e i s
0 " (S |
0 0.05 0.1 0.15 0.2 0.25 0.30
Xi (M)

9.70 Comparison of analytical and numerical results of flow fronts.

0.2 0.2

[=5.128 s I t=8.581s
2./84 s | 4.269 s
1.227 s I 1.988 s
Eo f//$ 03788 E 41 oo F=S\| 05405

g &k# SR e == =iy

00 L1 1 0. L1 1 0.0 00 [ 1 0.1 N S B 0.5
X (m) X (m)

(a) Isotropic (b) Anisotropic

9.11 Flow fronts at different injection times of point injection In a
square preform.
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Ki=10x10"m’ K,=1.0x 10" m". Excellent agreement can be observed
between the numerical and analytical results tor a/b.

It 1s noted that the flow fronts by simulation shown in Fig. 9.11 are not
very smooth. The reason 1s that the tlow front is identitied by the filling
tactors on a tixed mesh, and it can be tacked to the resolution by using more
elements 1n the flow domain.

9.4.1 Void formation in multilayer woven fabrics

In this section, the mould filling process and void formation in both unit
cells of MWF's were simulated using the above numerical scheme. The fluid
employed in the simulations was silicone o1l of viscosity 0.1934 Pa s, which
was taken from the experimental study of Patel and Lee (1995).

As described 1n section 9.2, since the thickness of the fibre tow 1s far
less than the width, the unit cell of mode I (Fig. 9.4(a)) can be further sim-
plitied to Fig. 9.12, a cell with rectangular cross-section tfor both channel
and warp/wett. This simplification was used by Yu and Lee to develop an
in-plane permeability model of MWEFs (Yu and Lee, 2000). Then a symme-
try boundary condition can be imposed tor the simulation of tlow 1n both
unit cells.

In order to define different permeabilities for different sub-domains, the
flow tield was tirst meshed by sub-domain to sub-domain using software
ANSYS 5.7. In the simulation of the filling process, the boundary condition
at the inlet can be either a constant volumetric tlow rate or a constant injec-
tion pressure. Here, a constant injection pressure was taken. The pressures
at inlet and flow front were set to be 5 x 10° Pa and 1 x 10° Pa, respectively:.
The fibre tows tor wett and warp were the same with a fibre volume fraction
of Vi, = 0.45 and a fibre radius of 7 = 8 x 10° m. Then the permeabilities of
the fibre tow evaluated according to the Carman—-Kozeny equation were

=263 x10" m*and K{ =1.32 x 107> m*.

Figure 9.13 shows the numerical simulation of tlow fronts at various filling
stages. The tlow patterns in both unit cells are consistent with the analysis
in section 9.2. In both unit cells, voids were formed at the ends of warp and
the primary reason tor void formation 1s the large difference in permeability
between K., Ki and K. It can be observed that the void formed in the unit
cell of mode I 1s smaller than that of mode II for the same parameters. This
1s understandable because there is only one warp between two adjacent

9.12 Simplified unit cells for mode |.
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t=0.47 x 104 t=0.42 x 104

t=0.12 x 102 t=0.14 x 102

t=0.85x%x102 t=0.88 x 102

=013 x 101 t=0.14 x 101

(a) Flow fronts in unit cell of mode | (b) Flow fronts in unit cell of mode ||

9.13 Flow fronts at different stages of mould filling.

welts in mode I, but two for mode II. Thus, the impregnation in the warp
of mode I 1s much accelerated by the relatively high tlow velocity in adja-
cent wetts. Furthermore, the channel betfore warp in mode II 1s triangle-
shaped, which also makes the flow in path 2 of mode II slower than that of
mode I.

It 1s also noted that the simulated time for voids to be formed at the ends
of warp, namely the time tor the flow front in path 1 to reach position B, 1s
less than that predicted according to Equation 9.5. This i1s because the
impregnation in the wett between two adjacent warps 1s accelerated due
the high permeability in the channel. In Equation 9.5, this eftect 1s not
considered.

According to the analytical result for the time ratio 7,/7,, it can
be observed that Ki/K; seems to determine the size of the void. In this
study, void formation processes on different values of Kj/K, were simu-
lated. Figure 9.14 presents the effect of changing Ki/K on the void size for
both unit cells, which shows that larger Ki/K} corresponds to larger void
size. In addition, 1t seems that the size of void 1s proportional to the ratio
of Ki/K; as shown in Fig. 9.14. This agrees with our analytical result in
section 9.2.
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Area of void
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9.14 Size of void for different values of K&/K}. (a) unit cell of mode |,
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9.15 Experimental cross-sections of MWFs.

9.4.2 Experimental results

Experiments were performed to measure the formation ot voids and their
location. The reinforcement used in this experiment is plain woven fabrics.
Three plies of glass tibre mat were stacked with low tibre volume fraction.
The resin used was a two-part epoxy/amine resin, LY564/HY2954, from
Ciba-Geigy (Hawthorne, NY). LY564 is the base resin of a bisphenol, an
epoxy containing a reactive diluent. HY2954 is a hardener of 3,3’-dimethyl-
4 4’-diaminodicyclohexyl methane. The mix ratio of LY564 to HY2954
(parts by weight) was 100:35. The resin had a viscosity of 0.617 Pa s at
25°C.

Resin was injected at constant pressure (0.5 MPa) into the mould. The
longitudinal cross-section was examined using a microscope as shown in
Fig. 9.15. From these images, two typical modes of the plain woven fabric
can be clearly recognized and the formation of voids 1s mainly located at
the end of warp.
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9.5 Modelling the effect of stitch size,
distribution and position

A key teature of 3-D multilayer woven fabrics 1s their interbundle stitches,
but very limited information is available on the relationship between per-
meability and the effect of stitches. Shih and Lee (1998) proposed a parallel
permeability model for tlow through bidirectional stitched fabrics. The flow
between the bundles i1s set by the Kozeny—-Carman equation (Carman,
1937), and the effect of stitch was not specially mentioned in Shih and Lee’s
paper. Cairns et al. (1999) developed a model that incorporates Darcy’s law
within fibrous bundles and channels that exist between bundles. The paper
reported that incorporating channel flow 1s an important teature for prop-
erly modelling the RTM process. With this model, pressure profiles, resin
velocities and resin flow tronts are predicted accurately, and are available
for manufacturing process development. The same materials were com-
pared to ftully stitched preforms. It was found that although the shapes tor
resin flow are similar between the experimental and analytical results, the
stitch affects the permeability such that the unidirectional ply data do not
accurately capture the times for resin tlow.

Lundstrom (2000) also proposed a model for non-crimp stitched fabrics
through theoretical analysis. The interbundle channel was assumed to be
rectangularly shaped and the equivalent permeability 15 modelled by
Equation 9.1. A comparison between the model and experimental data
shows that this model works well 1n certain cases, while 1t fails in other
cases to predict the permeability perfectly. Lundstrom suggested that one
of the main reasons for the discrepancy was the assumption that the ettect
of stitch was negligible. LundstroOm also mentioned that study of both the
dry fabric and the impregnated samples yielded stitches that were actually
located in some of the channels. It is really important to make a quantita-
tive study of the 1ssue as to how stitches atfect the ettectiveness ot the
permeability. Such a study will be very helptul for designing stitched fabrics,
exact pre-simulation of moulding processes, and the optimization of pro-
cessing parameters.

The structure of 3-D multilayer woven tabrics 1s quite complicated and
variable. In this section, we focus on its key teature, the interbundle stitch,
and 1ts etfect on permeability. Several typical stitch structures were selected
as the basic models, and the effect of stitches on permeability of the inter-
bundle channel has been investigated through numerical simulation tfor
various combinations of the stitch size, its off-centre position, slope, array,
distribution density in the tlow direction and the average Darcy velocity in
the tibre bundle.

The results of numerical simulation are presented in this section. The
cttect of stitches on the equivalent permeability of the interbundle channel
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is presented by the value of K/K, where K and K, are the permeabilities of
the channels with and without stitches, respectively. It should be particularly
noted that K, 1s different tor different boundary conditions and geometrical
structures (Hu et al., 2003).

9.5.1 The effect of stitch size on distribution density

In this section, we consider that there i1s only one stitch 1n one representa-
tive cell, and the stitch 1s located on the centreline of the channel and per-
pendicular to the flow direction. The corresponding computational cell is
shown in Fig. 9.1(a). Based on this computational cell, the effect of stitch
on the permeability of the interbundle channel has been investigated for
various combinations of stitch size (R/a), distribution density in the flow
direction (L/W), and the ratio of V, to V,, in which V, = O/A 1s the average
velocity 1n the channel corresponding to the given flow rate.

Figure 9.16 shows the variation of K/K, with R/a tor ditterent boundary
conditions and distribution densities. As shown 1n these figures, it 1s evident
that stitches may severely influence the permeability of the interbundle
channel. For all ssimulated cases, the value of K/K, 1s less than 0.80 at R/a =
0.1, and 1s around 0.10 at R/a = 0.6. Obviously, the ettect ot stitches cannot
be neglected when establishing an effective permeability model. We also
note that there 1s similar variation of K/K, with R/a for different conditions,
but the extent of the intfluence 1s ditferent for ditfferent boundary conditions
or different distribution densities.

In Fig. 9.17, the variation of K/K, with V/V, for different values of R/a
and the same L/W 1s presented. For all simulated cases, K/K, decreases with
increasing V,/V,, especially for boundary condition BC3, where the effect
of V/V, on the value ot K/K, 1s much higher than that for BC2. The value
of K/K, 1s reduced about 50% when V./V., 1s increased from 0.1 to 0.8 for
B(C3. Thus, the etfect of stitches on the permeability of the interbundle
channel is different with different boundary conditions. It 1s known that, for
a given pressure drop Ap, the larger the average flow velocity V,, 1n the fibre
bundle, the higher the permeability.

The stitch distribution density in the flow direction 1s expressed by the
value ot L/W. It W 1s kept constant, then larger L/W means sparser distribu-
tion. The ettect of L/W on the value of K/K, 1s shown in Fig. 9.18. There 1s
a fairly linear relationship between K/K, and R/a, but the slope of change
1s difterent tor ditferent cases. For the same boundary condition, the slope
decreases with increasing R/a. This means that the effect of stitch distribu-
tion density decreases with increase ot R/a.

All the simulations are pertormed with the condition that channel height
H 1s equal to width W. Certainly, the variation of A may attect the value ot
K/K,. When H tends to infinity, the flow in the channel can be simplified
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9.16 Change of K/K, with R/a on different boundary conditions.

0.4

0.2

© Woodhead Publishing Limited, 2008



240

into a 2-D model as shown in Fig. 9.16(b). In this study, some cases based
on a 2-D model are also simulated and the results are shown in Fig. 9.19.
Comparing them with the corresponding results in Fig. 9.16, we find that
the trend of K/K, varying with R/a 1s the same, i.e. K/K, decreases with

3-D fibrous assemblies

KIK,

KIK,

9.17 Change of K/K, with V,/V, for boundary conditions BC2 and BC3.
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increasing of R/a when other parameters are kept constant.

The impregnation process for difterent stitch radiu was also simulated by
finite element stmulation. The schematic of the simulation unit cell 1s shown
in Fig. 9.20 where the effect of stitch size 1s represented by the ratio between
the stitch radius and the channel length (R/a). Based on the finite element
method, the impregnation process of resin flow through the unit cell of the

© Woodhead Publishing Limited, 2008



241

] . | _ ] [ | _

[ . I . 1 [ _ il

I | I _ 1 I I _

I = I — I I I —

||||| + - ——— - LY T P S S - —— - - ey = e
] - 1 = 1 ] | i

| H I H | I i H

s B el s i e s sl 1 0 i L o el e L e L e 1o | Lo S .
i 1 N : 1 N : : .

I - I — I I —

IIIII = III."- || — = o | RS IIII|| — lIlII.ﬂ .“.IIII IIII||
I - 4 - ....I,._. I I —

| _ ) _ - I 1 i

I — — I I -

||||| + -—-=-=-4 0l —_ | i --=-=-4 Ql : | e + P T g
! H 8y] H o I | H

" - > - > “ “ .

O T . . O, | z IW,, V...D ||||||||||||||||||||||||||||| = IW,. Ww uuuuu S . TR R S N i W— =
" . - -l - <l e / : -

| 1 H — H 2 : ; H
..... m— ' Q| TR, S— ] o QR T Ap— e
| B 00 ! g ¥ al ! -
KR = © N ™ <t . o) N ™
oo - — 000 - — © O -
1l - ol - I -
4.0y o5 bed s 1 + o G O T o LSS, | T e R 1 + oy 6% O i ssssteclla- —gloahhed
B R S S — e, == B, TR S i =
e LT LC . 5 ol i Al . gl B “ ~
AL H $ o '}
= _ _ ! _ I : =

- _ _ - I I I _ _

SEREEREN RN RN 1 W0 SR EEEE NN RN “ 1 W0 SRR RN SRR RN RN
© 1 < — © © 1w <+ o o «° © 1w 9+t O N @

o ) - ) o @) o =) @) o @) o =) o =) )

O/ Oy /) Oy /¥

Using multilayer woven tabrics in resin transter moulding

2.5

0.4)

9.18 Change of K/K; with L/W on different boundary conditions.
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9.19 Results of 2-D simulation: change of K/K, with R/a (L/W = 2.0,
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9.20 Unit cell of channel flow with different stitch sizes.

channel with stitch in the off-centre position 1s shown in the tollowing simu-
lation (Fig. 9.21).

9.5.2 The effect of stitch size on permeability

The effect of stitches on the equivalent permeability of the interbundle
channel 1s represented by the value of K/K,. The effect of stitch size on
permeability i1s shown in Fig. 9.22, in which the x-coordinate 1S R/a, where
R 1s the stitch radius and a is the channel width. As shown in Fig. 9.22, it 1s
evident that stitch size may severely influence the permeability of the inter-
bundle channel. The permeability decreases quickly with increase of stitch

radius. These simulation results also correspond with the results ot analysis
by FLUENT as shown in Fig. 9.16.
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9.21 The simulation impregnation process of resin flow through the
unit cell of the channel with different stitch sizes.
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9.23 Change of K/K, with d/a.

9.5.3 The effect of stitch off-centre position in channel

Stitches 1n the interbundle channel do not always lie on the centreline. They
are often oft-centre. In this case, the upper halt of the channel 1s selected
as the computational cell. The simulation results are shown 1n Fig. 9.23, 1n
which the x-coordinate i1s d/a where d 1s the distance between the stitch
centre and the channel centreline. For the other parameters, R/a =0.2, L/W
=2.0,and V/V,=0.4. Apparently, the ettect ot the stitch on the permeability
of the channel 1s very ditferent for ditferent off-centre positions. When d/a
increased from 0 to 0.8, 1.e. the stitch location was moved from the cen-
treline to close to the wall, the value ot K/K, increased by about 50%, in
other words, the ettect decreased by 50%. So it we want to weaken the
ettect of the stitch on the permeability of the interbundle channels, and then
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9.24 Unit cell of channel flow with stitch in the off-centre position.

to make the tlow ot resin in the channel smooth, i1t 1s better to keep the
stitch off-centre in the interbundle channel.

The ettect of the stitch otf-centre position in the channel 1s also further
testified by the simulated impregnation process analyzed by the finite
element method as tollows. A schematic ot the sitmulation unit 1S shown 1n
Fig. 9.24, where the stitch otf-centre position in the channel is represented
by the distance between the stitch centre and the channel centreline (d/a).
For the simulated case in this section, /W 1s 0.5. Based on the finite element
method, the impregnation process of resin flow through the unit cell of the
channel with stitch in the off-centre position is shown in Fig. 9.25(a)—(1).

Based on Darcy’s law, the ettective permeability ot the unit cell can be
calculated from the simulation impregnation process. The eftect of stitches
on the equivalent permeability of the interbundle channel 1s represented
by the value ot K/K,, where K and K, are the permeabilities of the channel
with and without stitches respectively. The etfect of the stitch otf-centre
position on permeability 1s shown in Fig. 9.26, in which the x-coordinate is
d/a, where d 1s the distance between the stitch centre and the channel cen-
treline. Apparently, the etfect of the stitch on the permeability of the channel
1S very ditferent for diffterent off-centre positions. When d/a increased from
0 to 0.7, 1.e. the stitch location was moved from the centreline to close to
the wall, the value of K/K, increased accordingly. These simulation results
are consistent with the results ot analysis by FLUENT.

In other cases, the stitch 1s always inclined towards the interbundle
channel. So it 1s very necessary to make clear how the stitch slope will atfect
the equivalent permeability of the channel. The angle between the stitch
orientation and the y-axis 1s defined as 6. In this section, the variation ot
K/K, with 0 1s investigated by keeping other parameters constant, such as
R/aat 0.2, L/W at 2.0, and V/V, at 0.4. As shown 1n Fig. 9.27, the permeabil-
ity of the channel at 6 = 0°, 10°, 20° and 30° 1s simulated for different
boundary conditions. The results show that K/K, decreases with increasing
0, but the difference for a unit increment of 6 1s very small when 6 < 10°.
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9.25 The simulation impregnation process of resin flow through the
unit cell of the channel with stitch in the off-centre position.
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9.26 The effect of stitch off-centre position on permeability.
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9.27 Change of K/K, with stitch slope 6.

This corresponds to the increment of surface area of the stitch in the
channel with increasing 6. Therefore, it can be predicted that K/K, will
decrease more quickly tor larger 8. Comparing with other parameters, such
as off-centre position and size, the etfect of slope on the value of K/K, 1s
relatively weaker.

9.5.4 The effect of stitch array

When there are two or more than two stitches in one representative cell,
the effect of the stitches on the permeability of the channel must be ditfer-
ent with diffterent arrays. In this section, two situations are considered.
Firstly, we consider that two stitches are located on the centreline, and
arrayed up and down along the tlow direction. We define this situation
as array-1. Then two stitches are arrayed to be bilaterally symmetrical to
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the centreline of the channel. We define this situation as array-2. In both
situations, the distance between the two stitches 1s marked as D. For all
simulated cases 1n this section, R/a 1s 0.2, LL/W1s 2.0, and V,/V, 1s 0.4.

In the case of array-1, the variation of K/K, with D/L 1s shown 1n
Fig. 9.28(a). In this case, when D/L 1s equal to 0.1, two stitches should remain
in contact with each other. The simulation results show that K/K, at D/L =

0.1 1s relatively higher, and decreases quickly at first and then slowly with
increasing D/L. When D/L 1s equal to 0.5, the value of K/K, should be the

0.5
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9.28 Change of K/K, with L/W in the cases of array-1 and array-2.
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same as in the case where there is only one stitch in the representative cell
for L/W = 1.0.

In the case of array-2, when D/W 1s equal to 0.2, two stitches also should
remain in contact with each other, and when D/W 1s equal to 0.8, the stitch
should touch the sidewall of the channel. The simulation results are shown
in Fig. 9.28(b), which shows that the variation of K/K, with D/W 1s not
monotonous. When two stitches move simultaneously from the centre to
the sidewall of the channel, K/K, first decreases when D/W is equal to
0.35-0.40, then reaches 1ts minimum, and then increases linearly. The dif-
ference between the minimum and maximum of K/K, is about three times.
Theretore, a slight change 1n stitch array will induce a distinct variation of
the permeability of the channel.

The impregnation process tor the case of array-2 was also simulated by
the finite element simulation. The schematic of the simulation unit 1s
shown 1n Fig. 9.29, where the stitch off-centre position in the channel 1s
represented by the ratio between the stitch centre distance and the channel
length (d/b).

Based on the finite element method, the impregnation process of resin
flow through the unit cell of the channel with stitch in the off-centre posi-
tion (two stitches) is shown in Fig. 9.30(a)—(g).

The etfect of stitches on the equivalent permeability of the interbundle
channel 1s represented by the value of K/K,. The ettect of the stitch oft-
centre position on the permeability 1s shown in Fig. 9.31, in which the x-
coordinate is d/b, where d is the half-length of the channel and b 1s the
distance between the stitch centers. The stitch off-centre position can be
expressed by d/b.

In this figure, when d/b 1s equal to 0.1667, two stitches should also keep
touching each other, and when d/b 1s equal to 0.8333, the stitch should touch
the sidewall of the channel. The simulation results are shown in Fig. 9.31,
which shows that the change of K/K, with d/b 1s not monotonous. When
two stitches approach closer, K/K, first decreases when d/b 1s equal to

Channel

Wallﬁ Stitch

9.29 Unit cell of channel flow with stitch in the off-centre position
(two stitches).
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9.30 The simulation impregnation process of resin flow through the
unit cell of the channel with stitch in the off-centre position (two

stitches).
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9.31 The effect of stitch off-centre position (two stitches) on
permeability.

0.4-0.5, then reaches 1ts minimum value, then with increase of d/b, K/K,
increases linearly. These simulation results also correspond with the results
of analysis by FLUENT.

9.6 Conclusions

In this chapter two simplified unit cells for in-plane impregnation in multi-
layer woven fabric have been suggested. In addition a mathematical model
has been developed to analyze the void formation in both unit cells during
RTM processes. The model recognizes non-unitorm fibre permeability 1in
different sub-domains of fibre preforms. Although a few simplifying assump-
tions have been introduced, the model still accounts for the key mechanisms
of void formation 1n the cross-section ot MWEs. The location of the void
predicted by this model agrees quite well with the experiments. The model
also shows that the ratio of wett axial permeability K to warp transverse
permeability K, largely determines the formation and size of voids.

The flows 1n both unit cells also were numerically sismulated using the
control-volume method. The presented numerical scheme was first tested
by comparing it with mould-tilling cases tor which analytical solutions exist.
The simulated results, including flow fronts and the effect of Ki/K;, agree
with the prediction according to the analytical model. The size of the void
is proportional to the ratio Ki/Ky (Hu et al., 2004).

Numerical simulations of flow 1n the interbundle channel with stitch have
been carried out, and the etfect ot the stitch on the equivalent permeability
of the interbundle channel has been revealed. The results show that stitches
may severely atfect the permeability of channels, even if their size 1s rela-
tively smaller. So this eftect has to be considered when establishing an
effective permeability model for multilayer fabrics with stitches.

The numerical simulation results also suggest that the effect of a stitch
1s quite different for different stitch size, off-centre position, slope, array,
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distribution density in the tlow direction, and average Darcy velocity in
fibre bundles. Theretore, with only one variable, usually the radius ot the
stitch, R, the permeability status of the interbundle channel 1s still very
uncertain.

The ettect of stitches on the equivalent permeability of the interbundle
channel is presented by the value of K/K,. The numerical simulation results
suggest that the etfect of stitches 1s quite difterent for ditterent stitch size,
off-centre position, slope, array, distribution density in the flow direction,
and average Darcy velocity in tibre bundles. The value of K/K, will decrease
with the increase of stitch size, slope and average Darcy velocity 1n fibre
bundles, and will also decrease with the increase of off-centre distance.
When there are two stitches 1in a representative cell, for an up and down
array (array-1), the value of K/K, will decrease with increasing space
between two stitches. For a left and right array (array-2), when two stitches
move simultaneously from the centre to the sidewall ot channel, K/K,, first
decreases to a minimum and then increases linearly.
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