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Abstract: The chapter is focused on ﬁbre-reinforced thermoplastics. The
ﬁbre reinforcement improves their mechanical properties but the ﬁbre
orientation which results from the injection moulding process has a major
inﬂuence. The chapter contains results of experimental observations of
ﬁbre length distribution, concentration and orientation for complex enough
situations in order to describe problems encountered in real industrial
processes. Then, the models which allow describing the evolution of ﬁbre
orientation in a ﬂow motion are exposed. Finally, computations are made
with an injection moulding simulation tool (Rem3D) in which these models
are available. The comparison with experimental data concerning ﬁbre
orientation prediction gives information on the validity and the inﬂuence of
various parameters associated with these models.
Key words: thermoplastic composite, reinforced polymers, ﬁbre orientation,
ﬁnite element computation.

20.1

Introduction

The chapter is focused on ﬁbre-reinforced thermoplastics. There are two
types of materials. Short ﬁbre-reinforced pellets are obtained by mixing glass
ﬁbres and a thermoplastic matrix, polypropylene or polyamide for instance.
The ﬁbre content is usually between 30 and 50 wt%. The ﬁbre length is
distributed around a mean value of 500 mm. Long ﬁbre-reinforced pellets
are obtained by continuous impregnation of a ﬁbre, by a pultrusion-like
process. After solidiﬁcation, the impregnated ﬁbres are cut at a length around
10 mm. The ﬁbre length is the same as the pellet length. Both materials
are semi-product, adapted for fast production processes such as injection
moulding or extrusion.
As with any composite, their properties are a function of the properties of
the matrix, the ﬁbres and the interface between matrix and ﬁbres, but also of
the ﬁbre microstructure. This notion covers ﬁrst the ﬁbre orientation. Indeed,
ﬁbres get oriented by the ﬂow, and their properties are anisotropic. It also
covers the ﬁbre length: it depends on the initial ﬁbre length in the pellet,
but also on the plasticising and injection steps of the process. Lastly, there
is the ﬁbre concentration, which is usually around 30–50 wt%, that is, about
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half in volume for glass ﬁbres, according to the glass and polymer densities.
But the transport of the ﬁbres by the polymer may be heterogeneous and
ﬁbre-rich or ﬁbre-poor regions may be found.
The second section of this chapter reviews the experimental observations,
and the variations of ﬁbre length distribution, ﬁbre concentration and
orientation are discussed. The experimental procedures giving these data are
also brieﬂy described. The third section presents the models describing the
evolution of ﬁbre orientation in the ﬂow motion. The most recent models
which deal with concentrated suspensions are also discussed, as well as the
coupling with the rheological behaviour. Finally, numerical computations are
performed on three typical examples and the inﬂuence of various parameters
encountered in the models is analysed. Then, the limitations of these models
for real parts are discussed.

20.2

Observations

20.2.1 Fibre length distribution
As mentioned before, ﬁbre length in the moulding depends on the initial
ﬁbre length in the pellet, and on the ﬁbre degradation in the screw-barrel
system of the plasticising unit and in the mould cavity.
Most methods for measuring ﬁbre length are destructive (Kamal et al.,
1986; Chin et al., 1988; Franzen et al., 1989; Gupta et al., 1989; Denault
et al., 1989; Akay et al., 1995; Avérous et al., 1997; Davidson and Clarke,
1999). The composite matrix is dissolved or burnt out. The ﬁbre lengths are
measured by image analysis of microscope pictures. The number of ﬁbres
is large (nearly 3000 per mm3 for 30 wt% and ﬁbres 300 mm long and 15
mm in diameter!) and a careful representative selection must be made. The
image analysis technique must be able to take into account a large length
distribution.
Glass ﬁbre breakage is more important in the plasticising unit (Gupta et
al., 1989) than downstream in the runner and mould cavity. It is a function
of ﬁbre concentration (Denault et al., 1989; Akay et al., 1995; Tremblay et
al., 2000).
Vincent (2009) measured the ﬁbre length distribution in a plaque mould
for two reinforced polypropylenes, containing 30 wt% of short glass ﬁbres
and 30 wt% of long glass ﬁbres (Fig. 20.1). The average length of the long
ﬁbres, initially 12 mm, reduces to 0.87 mm. The short ﬁbre length, initially
0.56 mm, reduces to 0.41 mm. Fibre breakage for the long-ﬁbre composite
is important.
Figure 20.2 shows a plaque 150 ¥ 150 ¥ 3 mm, with seven ribs 25 mm
apart from each other. The rib thicknesses from the entrance to the tip are
1, 3, 3, 2, 2, 3 and 3 mm. The rib heights are 9, 12, 9, 12, 9, 12 and 9 mm.
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20.1 Fibre length repartition in a 30 wt% long and short glass fibrereinforced polypropylene moulded plaque.

20.2 Geometry of the plaque with seven ribs: the size is 150 mm ¥
150 mm ¥ 3 mm and the ribs are spaced at 25 mm.
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The material is a 40 wt% long glass ﬁbre reinforced polypropylene (pellet
length 12 mm). Table 20.1 shows the average length at different positions
for two mould ﬁlling ﬂow rates. There is not a large difference between the
rib and other regions in the part. The average length reduces by about 20%
along the ﬂow direction. The sensitivity to the ﬂow rate is negligible.

20.2.2 Fibre concentration
Most authors have found small variations along the ﬂow direction, around 1
to 2 wt% for a total amount of ﬁbres of 30 wt% (Hegler and Menning, 1985;
Kubat and Szalanczi, 1974). In the thickness directions, the ﬁbre concentration
is higher in the core than in the skin of the moulding, especially for a high
ﬁbre loading of 50 wt% (Kamal et al., 1986; Akay and Barkley, 1991).
For the same part shown in Fig. 20.2, and with the same material, Fig.
20.3 shows the ﬁbre concentration. The concentration is higher in the ribs,
except in the ﬁrst one, than in the plaque, but overall the deviation from the
concentration of the semi-product, 40 wt%, is not very large.

20.2.3 Fibre orientation
Fibre orientation depends on the type of ﬂow. In a shear ﬂow, a single ﬁbre
rotates, but spends most of the time aligned with the ﬂow direction. In a
Table 20.1 Average length in mm for different positions in the part shown
in Fig. 20.2
Position

Q = 9 cm3 · s–1 Q = 122 cm3 · s–1

First rib
Plaque near first rib
Plaque between fourth and fifth ribs
Plaque near fifth rib
Fifth rib

1200
1200
1000
900
1000

37.4

40.8

41.8

42.4

1300
1300
900
1000
1000

44.8

43.5

39.4

39.4

38

40
37.3

40
38.8

39
39.2

39.9
39.6

38.9
40.4

39.9
39.5

41.6
40.8

20.3 Fibre weight concentration (wt%) in the part shown in Fig. 20.2.
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highly concentrated suspension, when ﬁbres are interacting, ﬁbres are mostly
oriented in the ﬂow direction. In an elongational ﬂow, ﬁbres get oriented in
a stable position either parallel to the ﬂow with a positive elongation rate, or
perpendicular with a negative elongation rate. Interactions with neighbouring
particles may disturb this orientation. In a real cavity ﬁlling situation, the
ﬂow is a complex combination of shear and elongation. Shear reaches a
maximum in the skin, and elongation in the core. Elongation always occurs
at the junction between the sprue or runners and the cavity itself, because
the cross-section of the ﬂow increases. This is why a skin–core structure is
often observed in this region. Downstream, if the ﬂow is shear dominated,
ﬁbres in the centre are reoriented in the ﬂow direction, but the core region
may appear again in case of increase of cross-section.
Figure 20.4 shows polished cross-sections of long glass ﬁbre mouldings.
In the surface, ﬁbres appear mainly oriented in the ﬂow direction, whereas
in the centre, they are perpendicular to it. They are mostly parallel to the
plan of the part. Short ﬁbre composites show the same type of orientation.
When the ﬁbres are long enough, more than around 500 mm, they can be
slightly curved. Otherwise, they appear as straight rods.
In order to be precise about the orientation, it is necessary to quantify it.
The ﬁbre orientation distribution function ] (p, t) is deﬁned by the probability
] (p, t) dp of ﬁnding a ﬁbre oriented between p and p + dp, where p is a
unit vector aligned with a ﬁbre (Prager, 1957). The second-order orientation
tensor a2 is easier to use in comparing two orientation patterns (Hand, 1961).
It is deﬁned as the spatial average of the double tensorial product of p, and
it is symmetrical and positive deﬁnite:
aij

Úp y (p, tt)pi p j dp

20.1

The trace of the tensor is equal to 1. For random orientation in space, the
diagonal terms are equal to 1/3, and for random planar orientation, to 1/2.
For perfect orientation in direction i, aii = 1, and the other diagonal values
are zero. A diagonal tensor means that the reference frame axes are the
principal axes of the tensor.
In order to obtain the orientation distribution function ] or the secondorder orientation tensor components, each ﬁbre orientation in a given volume
must be determined. Several techniques can be used (see, for instance,
Clarke and Eberhardt, 2002 for a review), but the most widely used is to
observe carefully polished cross-sections, such as those shown in Fig. 20.4.
Cylindrical ﬁbres making a certain angle with respect to the cutting plane
appear as ellipses. The measurement of the orientation and length of the
semi-axes of the ellipse leads to the vector p components in 3D. The image
analysis technique must be accurate enough to separate touching ﬁbres or
to measure nearly circular ﬁbre cross-sections, and corrections must be
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20.4 Pictures of a short fibre-reinforced polymer moulded plaque.
The thickness is in the vertical direction: (a) flow direction
perpendicular to observation plane; (b) flow direction parallel to
large side of picture.

applied for long ﬁbres for which the probability of intersecting the edge
of the observed ﬁeld is higher. Another important correction is necessary
because the probability of observing ﬁbres perpendicular to the observation
plane is higher than when they are parallel to it (Bay and Tucker, 1992).
Other techniques can be used, such as confocal laser scanning microscopy
(Eberhardt and Clarke, 2001) and X-ray microtomography (Shen et al., 2004).
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This last technique allows the 3D reconstruction of the ﬁbres in a given
volume. It is very powerful, as not only ﬁbre orientation but also length,
local concentration and eventually curvature can be evaluated.

20.2.4 Skin–core structure
A review of observations in various part geometries, such as plaque or centre
gated discs, with different composites can be found in Papathanasiou (1997).
The skin–core structure is often observed, the relative thickness of the skin
and core layers depending on the processing conditions. At the ﬂow front,
ﬁbres are mostly tangential to the front. This is why weld line regions exhibit
weaker mechanical properties.
Figure 20.5 shows the gapwise evolution of the orientation tensor component
in the ﬂow direction, in a 50 wt% glass ﬁbre reinforced polyarylamide
plaque, for four cavity thicknesses (Vincent et al., 2005; Vincent, 2009).
The skin–core structure exists for the two largest thicknesses, but vanishes
for the smallest ones. The shape of the plaque entrance, where the core is
created, and the high shear rate generated by a small ﬂow gap are responsible
for this difference.

20.3

Models

20.3.1 Fibre orientation: Jeffery theory
Jeffery (1922) considered a single rigid ellipsoidal particle with very small
dimensions. Thus, rate of deformation can be considered as homogeneous
1
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20.5 Orientation tensor component in the flow direction for four
plaque thicknesses from 1.1 to 5 mm (after Vincent, 2009).
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around the particle, and he supposed that this particle was immersed in a
Newtonian ﬂuid. The following time evolution equation of the unit vector
p aligned with the particle axis was thus obtained:
dp
= W p + l [e& p – (e& : p
dt

p) p]

20.2

where e& is the rate of strain tensor and W is the vorticity tensor, both deﬁned
as functions of v, the velocity ﬁeld:

e& (v) = 12 (—v + — t )

20.3

W((v) = 12 (—v – —vt )

20.4

P is a function of the aspect ratio of the particle F = L/D, with L the length
and D the diameter of the ﬁbre:

l=

b2 – 1
b2 + 1

20.5

Typically, short ﬁbres have a diameter between 10 and 20 mm, and a length
between 100 and 500 mm, so that F is of the order 5 to 50, and P is larger
than 0.92.
In this theory, a particle rotates periodically in a simple shear ﬂow, with
a period of rotation of
1ˆ
Ê
Tf = 2&p Á b + ˜
b¯
e Ë
where e&

20.6

2 S e&ij2 is the is the magnitude of the strain rate tensor. This
i, j

relation has been experimentally validated (Moses et al., 2001). If the
particle is inﬁnitely long (slender body), the particle does not rotate any
more but tends to orient in the ﬂow direction. In elongation ﬂows, equation
20.2 shows that a particle tends to a stable equilibrium position, parallel or
perpendicular to the ﬂow direction when the elongational rate is positive or
negative, respectively. The kinetics of orientation are almost independent of
the ﬁbre aspect ratio when it is high. Later, Bretherton (1962) theoretically
demonstrated that any rigid body of revolution has a motion in shear ﬂow
identical to an ellipsoid, meaning that the theory could be extended to ﬁbre
motion.

20.3.2 Fibre orientation: Folgar–Tucker model
Jeffery’s equation is valid for dilute suspensions, when the ﬁbre volume
fraction J  1/F2. In the semi-concentrated regime, 1/F 2  J  1/F,
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hydrodynamic ﬁbre interactions occur, whereas in the concentrated regime
(J 1/F), ﬁbre–ﬁbre contacts also appear. Fibre-reinforced thermoplastics
are often in this latest regime.
Since in the concentrated regime one cannot follow each ﬁbre, the
orientation distribution function, ](p, t), deﬁned in the previous section, is
used. The equation of conservation of ] is of the Fokker–Planck type and
is written (by neglecting ﬁbre Brownian motion, in the dilute case)
∂y
Ê dpˆ
+ ∂ y
=0
∂t ∂p Ë dt ¯

20.7

For concentrated regimes, one introduces a pseudo-Brownian diffusion,
giving
∂y
∂2y
Ê dpˆ
+ ∂ y
= Dr 2 = 0
∂t ∂p Ë dt ¯
∂p

20.8

The distribution function is a complete and accurate representation of
the orientation state. However, solving this equation requires signiﬁcant
computational resources, and for industrial applications, it is better and
easier to use the second-order orientation tensor, a2, deﬁned in equation
20.1. Passing from an orientation distribution function ](p, t) to a2 implies
a loss of information. Thus, one may use higher-order tensors, such as a4,
the fourth-order orientation tensor:
a4 =

Úp

p

p

p

p y ((p ) dp

20.9

and may reconstruct ](p, t), as suggested by Advani and Tucker (1987),
from both tensors.
To directly solve orientation motion based on the second-order orientation
tensor, Lipscomb et al. (1984) provided the following equation, after volume
averaging:
da2
= Wa2 – a2 W + l (e&a2 + a2 e& – 2e&: 4 )
dt

20.10

For concentrated solutions, Folgar and Tucker (1984) chose a phenomenological
approach. They added a term to Jeffery’s equation using an analogy with
rotary Brownian diffusion to account globally for these complex interactions.
They obtained:
da2
= Wa2 – a2 W + l (e&a2 + a2 e& – 2e&: 4 ) + 2CI & (I – 3a2 )
dt

20.11

where CI is an empirical constant called the interaction coefﬁcient.
This model has been extensively used, and is the standard model. Two
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questions arise when treating this equation: how to compute a4 from a2?
And what are the admissible values for CI?
Closure approximations
The fourth-order tensor a4 appears in the time evolution equation for a2,
thus a closure approximation is needed to approximate a4 as a function
of a2 (since to compute a4, one needs also a6). Tests carried out in simple
ﬂows (shear, elongation, or a simple combination of both) showed that the
closure approximation has a large inﬂuence on the quality of the result. The
simplest approximations are the quadratic closure (which gives exact results
when ﬁbres are perfectly aligned) and the linear closure (exact for random
orientation). The hybrid approximation is a linear combination, depending
on the orientation, of the two previous ones (Advani and Tucker, 1987).
One other class of closure approximations includes ﬁtted parameters in
simple ﬂows, like the orthotropic (Cintra and Tucker, 1995; Wetzel and
Tucker, 1999) or the natural closures (Dupret and Verleye, 1998). In these
approaches, the fourth-order tensor is written as a linear function of the
invariants of the second-order orientation tensor. Coefﬁcients of the different
functions corresponding to each approximation are obtained by ﬁtting to
the analytical solution of the steady-state orientation distribution function
for several ﬂow situations: shear, elongation and combinations of both.
Performance studies of closure approximations in shear ﬂows show that linear
closures may provide non-physical oscillations, which does not happen with
quadratic or hybrid closures. The transient state is generally overestimated
(with longer times), whereas the stationary one is underestimated (with
shorter times); ﬁbre alignment prediction is very unidirectional. In elongation
ﬂows, linear closure may also give unrealistic values, whereas quadratic or
hybrid approximations provide better results, even if they overestimate the
transient region. Orthotropic closures always provide the best results and
are the most commonly used.
Interaction coefﬁcient: theoretical, numerical and experimental
determination
For shear ﬂows, the interaction coefﬁcient value is very important in making
good predictions of the steady-state solution of the orientation tensor: if CI
is high, the orientation becomes isotropic, whereas for a weak CI, ﬁbres tend
to align in the ﬂow direction. On the other hand, in elongation ﬂows, CI
inﬂuences the orientation transient solution: if CI is high, ﬁbre orientation
attains the steady state more rapidly than for lower values.
In a shear ﬂow, when CI is around 10–4, a11 is close to 1, meaning that
ﬁbres are very well oriented in the ﬂow direction. When CI increases, a11
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decreases, and for CI = 1 the orientation becomes nearly isotropic (a11 =
1/3). The ﬁbre aspect ratio F has a negligible inﬂuence on the steady-state
attained value, even though Hinch and Leal (1973) showed that for very weak
diffusion (a very small interaction coefﬁcient) it may become important.
The value of CI can be determined through theoretical, numerical or
experimental ﬁtting. In this last case, it can be difﬁcult to ﬁnd only one CI
that ﬁts in the whole ﬂow range. Bay and Tucker (1992) used an empirical
approach, based on experimental values for injected discs and plaques for
different polymers and concentrations, to propose:
CI = 0.0814e–0.7148 JF

20.12

On the theoretical side, Ranganathan and Advani (1991) proposed a relationship
between the interaction coefﬁcient and the distance between ﬁbres, h:
CI

KL
h

20.13

where K is a constant determined experimentally and L is the ﬁbre length.
Direct numerical simulation has also been used to estimate CI values.
Yamane et al. (1994) modelled ﬁbre–ﬁbre interaction for a Newtonian
ﬂuid in shear ﬂow using lubrication forces. The authors obtained very low
interaction coefﬁcients (10–7 < CI < 10–4). Fan et al. (1998) developed a
numerical approach to take into account ﬁbre–ﬁbre interactions, leading to
an interaction coefﬁcient that has a tensorial form, which will be discussed
in the next section. Phan-Thien et al. (2002) extended the previous approach
by using the trace of the interaction coefﬁcient tensor, and they proposed
the following form for CI:
CI = 0.03(1 – e–0.224 JF)

20.14

The values obtained seem of a good order of magnitude (10–3 < CI < 10–2).
Furthermore, one obtains the interesting result that the interaction coefﬁcient
increases with the ﬁbre volume fraction and the ﬁbre aspect ratio. This
is a point of discussion, since high volume fractions do not often lead to
isotropic orientations, which are the result of Folgar and Tucker’s model
when one considers a high CI. The models discussed in the next section will
enlighten this fact.

20.3.3 Fibre orientation: recent models with anisotropic
fibre interaction
In the previous standard model, an isotropic rotary diffusion term was added
by Folgar and Tucker. The diffusivity is proportional to the magnitude of
the rate of deformation (scalar), through the constant CI. Experimental data
has shown that, for concentrated suspensions, the kinetics of orientation are
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much slower than are predicted by Folgar and Tucker’s standard model. To
avoid this effect, Wang et al. (2008) introduced the reduced strain closure
(RSC) model. The authors write a2 as a function of its eigenvalues Li and
eigenvectors ei, and suppose that the eigenvalue kinetics are slowed by a
factor of O and that the eigenvector kinetics are unchanged. The tensorial
material derivative of a2 is then recalculated, resulting in the following
variation of the Folgar and Tucker model:
da2
= Wa2 – a2 W
dt
+ l (e&a2 + a2 e& – 2e& ::[[a4 + (1+
+ k )(
)(l4 – m4 a4 )]) + 2k CI & (I – 3a2 )
20.15
The fourth order tensors l4 and m4 are functions of the eigenvalues and
eigenvectors of a2:
3

l4 = S L i (e i e i e i e i )
i =1

20.16

3

m4 = S (e i e i e i e i )
i =1

20.17

Parameter O is determined by ﬁtting experimental data. For short ﬁbre
reinforced thermoplastics, it ranges from 0.05 to 0.2 (Wang et al., 2008).
To avoid the use of closure approximations, Wang et al. (2008) have also
derived a Fokker–Planck equation including this slow kinetics phenomenon.
Nevertheless, it remains computationally expensive when compared with
the tensorial form.
Using a different approach, Férec et al. (2009) obtained a similar model.
The authors have considered that orientation kinetics become slower with
semi-concentrated suspensions because of hydrodynamic and ﬁbre–ﬁbre
interactions. The force generated by ﬁbre interactions was modelled using a
linear hydrodynamic friction coefﬁcient proportional to the relative velocity
at the contact point and weighted by the probability for contacts to occur.
Starting from this point, the authors obtained the following orientation
evolution equation:
da2
= Wa2 – a2 W + l (e&a2 + a2 e& – 2e&: 4 )
dt
± (e&b2 + b2 e& – 2e&:b4 ) + 2 f f M
±q e& (I – 3a2 )
+ fM

20.18

± is a parameter related
where f is the average number of contacts per ﬁbre, M
to drag, and q is a dimensionless interaction coefﬁcient. b2 and b4 are the
second-and fourth-order interaction tensors. b2 is given by
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b2

3p a – a : a )
4 2
8 2

20.19

and the fourth-order interaction tensor, b4, is computed from the second-order
one through a quadratic closure approximation. Férec et al. (2009) have
demonstrated that their model can be rewritten as a RSC model type.
Globally, the RSC model behaves well for short ﬁbre reinforced materials.
For long ﬁbre thermoplastics, it quantitatively generates higher ﬂow aligned
ﬁbres which do not agree with the experimental values. Thus, rotary diffusion
models have been lately developed (Ranganathan and Advani, 1991; Fan et
al., 1998; Phan-Thien et al., 2002; Koch, 1995; Phelps and Tucker, 2009).
Ranganathan and Advani (1991) proposed a model in which the interaction
coefﬁcient is inversely proportional to the average interﬁbre spacing. Diffusion
is isotropic and not really applicable to long ﬁbre reinforced materials. Fan
et al. (1998) and Phan-Thien et al. (2002) developed a rotary diffusion
anisotropic model by replacing the interaction coefﬁcient CI by a secondorder tensor C, computed by performing direct numerical simulations of a
REV of a concentrated suspension undergoing a simple shear ﬂow (Beaume,
2009). C was then determined using the steady-state solution, not exploiting
dynamic behaviour. Koch (1995) obtained also an expression for the tensor C
using a mechanistic approach, by considering the inﬂuence of hydrodynamic
ﬁbre–ﬁbre interactions on the orientation development in the semi-dilute
regime. This tensor is of the form
C=

nL3 [b (e& : a :e& ))II
1
6
e 2 ln 2 b

b2 (e&: a6 :e& )]

20.20

where n is the number of ﬁbres per unit volume, b1 and b2 are parameters
computed by ﬁtting with analytical orientation values in elongation ﬂows,
and a6 is the sixth-order orientation tensor. The author was then led to the
following orientation equation:
da2
= Wa2 – a2 W + l (e&a2 + a2 e& – 2e&: 4 )
dt
+ e& [2C – 2 (t
(trr C )a2 – 5(Ca2 + a2 C ) + 10 a4 :C ]

20.21

Since the sixth-order tensor needs to be computed, the Koch model is more
computationally costly. It does not provide better results than Folgar and
Tucker’s model for long ﬁbre reinforced thermoplastics, and the quality of
results is also dependent on the ratio between b1 and b2 (if b1 is much larger
than b2, diffusion becomes mostly isotropic and the model close to Folgar
and Tucker’s one).
Recently, Phelps and Tucker (2009) developed a phenomenological
anisotropic rotary diffusion model, using also a second-order tensor to describe

© Woodhead Publishing Limited, 2011

Modelling short fibre polymer reinforcements for composites

629

interaction, by allowing the diffusion term to depend on the orientation state
and on the rate of deformation tensor, using the ﬁnal expression
C

b1 I

b2 a2

b
b
b3a22 + &4 e + 52 e& 2
e
e&

20.22

The ﬁve scalar parameters b1, …, b5 are ﬁtted in order to get steady-state
orientation solutions in simple shear ﬂow and various elongation ﬂows, ensuring
stable-steady state positive eigenvalues, as well as physical solutions. The
so-called ARD-RSC (anisotropic rotary diffusion – reduced strain closure)
model is thus written:
da2
= Wa2 – a2 W + l (e&a2 + a2 e& – 2e& :[a4 + (1 – k )(l4 – m4 a4 )])
dt
+ e& (2[
( C – (1–
( k ) m4 :C ] – 2 ((tr C ) a2 – 5 (Ca2 + a2 )
+ 10[a4 +(1–
+(
)(l4 – m4 a4 )]:C }

20.23

This latest model has been shown to be predictive for long ﬁbre thermoplastic
composites, even though there are a large number of parameters to ﬁt.

20.3.4 Rheological models
Generic form with rheological coefﬁcients Np and Ns
In the most general case, we consider that the extra stress tensor is the sum
of the contribution of the ﬂuid and of the particles (Batchelor, 1971), and
that a reinforced polymer is a suspension of rigid particles in a Newtonian
ﬂuid. In this case, most theories have derived the following expression for
the stress tensor (Tucker, 1991):

s

pI + 2hI [e& + N p e& : a4 + N s (e&a2 +

2 e& )]

20.24

where LI, Np and Ns are parameters depending on the ﬂuid viscosity, ﬁbre
aspect ratio, ﬁbre orientation and ﬁbre concentration. They can be obtained
from rheological experiments that are difﬁcult to perform in the concentrated
case. On the other hand, theoretical expressions obtained for each of these
parameters depend on the concentration domain. It is most often the dilute
and semi-concentrated regime which limits greatly their wide application.
Three type of approaches are used in the literature to obtain Np and Ns: the
slender body theory, where a particle is considered as an inﬁnitely thin ﬁbre
(of negligible thickness) (Batchelor, 1971; Dinh and Armstrong, 1984; Shaqfeh
and Fredrickson, 1990); the derivation of known results for suspensions of
ellipsoidal particles, valid for ﬁnite ﬁbre aspect ratios (Hinch and Leal, 1973;
Lipscomb et al., 1988; Hand, 1961); and the approximation based on the
theory of Doi and Edwards for concentrated suspensions, where the Brownian
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motion of the suspension is not neglected and a diffusion coefﬁcient appears
in the stress tensor expression. In all the above theories, Np is larger than
Ns for high aspect ratios.
Slender body approximation and ellipsoidal particle theories
In the approximations based on the slender body theory, LI is equal to the
ﬂuid viscosity and Ns = 0. They are valid for dilute (for J  1/F2) (Batchelor,
1970) or for semi-concentrated suspensions (Batchelor, 1971; Dinh and
Armstrong, 1984; Shaqfeh and Fredrickson, 1990). For dilute suspensions,
Batchelor (1970) proposed the following expression:
Np =

b 2f
3ln (b )

20.25

To extend the approach to the semi-concentrated regime, authors have
considered hydrodynamic and ﬁbre–ﬁbre interactions, as well as lubrication
forces. Hence, Batchelor (1971) gave
Np =

b 2f
È
˘
Ê
fˆ
9 Ílln (2
2 b ) – ln 1 + 2b ˜ – 1.5˙
p¯
Ë
Î
˚

20.26

whereas Dinh and Armstrong (1984) considered the inﬂuence of orientation
by providing Np as
Np =

b 2f
Ê 2 hˆ
3ln Á ˜
Ë D¯

20.27

where h represents the characteristic distance between two neighbouring ﬁbres,
a distance that depends on the particles’ orientation. A similar expression
has been obtained by Shaqfeh and Fredrickson (1990). Ranganathan and
Advani (1991) proposed a modiﬁcation to the Batchelor (1970) model using a
corrective factor function of the ﬁbre aspect ratio, providing better results but
very sensitive to this correction. Other expressions are based on ellipsoidal
particle theories (Lipscomb et al., 1988; Hinch and Leal, 1973) where Ns is
different from zero but much smaller than Np, and LI is different from the
ﬂuid viscosity. For dilute suspensions, they take the form:
Np =

f
b2
1 + 2f 2[ln (2b ) – 1.5]

Ns =

f 6 ln (22b ) – 11
1 + 2f
b2
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LI = L(1 + 2J)
Extensions of this model have also been proposed, to improve the results
when going towards the semi-concentrated regime.
Model with interaction tensor for concentrated suspension
Based on the work of Dinh and Armstrong (1984) for slender ﬁbre suspensions,
Férec et al. (2009) have derived the following expression for the total stress
tensor, including a term that is a function of the interaction tensor:

s

pI + 2hI [e& + N p e& :a4 + N b e :b4 ]

20.29

Np =

f D2 XA
12 p

20.30

Nb =

2f 2 D 2 K
3p

with

where XA is the parallel drag coefﬁcient to the ﬁbres, dependent on the nature
of the ﬁbre–matrix contact, and k is a dimensionless geometric factor. For
very low ﬁbre volume fractions, Nb becomes insigniﬁcant and the total stress
reduces to the Dinh and Armstrong (1984) model.

20.4

Computation of fibre orientation in injection
moulding

We present computational examples of ﬁbre orientation in injection moulding
for which experimental data exist. The various moulds are geometrically
complex enough to describe problems encountered in real industrial
processes. In the ﬁrst example, we check whether the skin–core effect is
accurately computed in a rectangular plaque. Moreover, the inﬂuence of the
orientation–rheology coupling and of the interaction coefﬁcient CI is analysed
by computing the orientation near the inlet gate. The second example is a
U-shape with thin walls and ribs, which is used in the automotive industry.
It shows the ability to compute the appearance and location of weld lines.
The third example is the plaque with seven different ribs (see Fig. 20.2)
which gives information on the orientation state in small parts.
First of all, the numerical methods are brieﬂy described. The methodology
is that used in Rem3D software and is based on an Eulerian approach (the
whole injection cavity is meshed) and a stabilised Galerkin method, using a
continuous approximation of the orientation tensor coupled to ﬂow (generalised
Stokes behaviour), the thermal equation, the ﬂow front evolution (using a
level set method) and ﬁbre orientation equations.
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20.4.1 Numerical methods
A weakly coupled approach is used, meaning that the problem is solved in
two steps. The ﬁrst step involves the solution of the mechanical problem,
assuming that the polymer is incompressible and neglecting gravity and
inertia:
— · W = 0, — · v = 0

20.31

with an isotropic orientation at the ﬁrst step or an orientation tensor determined
at the previous time step for the other instants. The orientation is taken into
account through expression 20.24 or 20.29. A classical mixed ﬁnite element
method (Pichelin and Coupez, 1998) is used, in which the orientation tensor
is implicitly considered.
The ﬂuid is assumed to follow an incompressible shear-thinning behaviour,
represented by Carreau–Yasuda and Arrhenius laws for the viscosity L:

h

È Ê & ˆa ˘
h0 (T ) Í1 + h0 e ˙
ÍÎ Ë t c ¯ ˙˚

m –1
a

, h0 (T ) = h0 (

ref )

È Ê
ˆ˘
exp bT 1 – 1 ˙
Ë
T
T
ref ¯ ˚
re
Î
20.32

The parameters occurring in these laws are given in Table 20.2 for the ﬂuid
studied.
As viscosity depends on temperature, the energy equation resolution is
coupled and solved:

rC p

Ê ∂T
Ë ∂t

u —T

ˆ
¯

— · (k —T )

he& 2
h

20.33

where V is the volume density, Cp the speciﬁc heat, kT the thermal conductivity,
and the last term represents the viscous dissipation. These parameters are
Table 20.2 Parameters used in equations 20.32 and 20.33 for PAA50,
Stamax P30YM240 and P40YM243: Cp is the specific heat, k is the thermal
conductivity

Xc
L0(Tref)
E
m
Tref
FT
kT
Cp
V

PAA50

P30YM240

P40YM243

0.154 MPa
570 Pa.s
0.55
0.3
549 K
7764 mole.K
0.3 W/m.K
1766 J/kg.K
1522 kg/m3

0.0411 MPa
252 Pa.s
1
0.22
523 K
4450 mole.K
0.25 W/m.K
2180 J/kg.K
1000 kg/m3

0.02626 MPa
636.6 Pa.s
1
0.271
493 K
4450 mole.K
0.15 W/m.K
3100 J/kg.K
1000 kg/m3
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considered to be constant. Finally, heat conduction towards the mould walls
and viscous heating are also taken into account.
The second step involves the computation of ﬁbre orientation with velocity
ﬁeld obtained in the previous step, through the resolution of the evolution
equation 20.11. Numerical resolution of Folgar and Tucker’s equation has been
performed by Kabanémi and Hétu (1999) using the fourth-order Runge–Kutta
method, by Martinéz et al. (2003) with the method of characteristics, and
by Pichelin and Coupez (1999) and Redjeb et al. (2005) with a space–time
discontinuous Galerkin scheme. Miled et al. (2008) have proposed a standard
Galerkin method associated with a RFB or SUPG stabilisation, which prevents
inaccurate oscillations due to the hyperbolic character of this equation. A
moving interface (such as ﬂuid/air) is also calculated at each time step by
solving a convection equation (Ville et al., 2010) associated with a signed
distance function which deﬁnes the ﬂuid domain (its value is positive in the
ﬂuid and negative in the empty region):
∂a + v · —a = 0
∂t

20.34

Finally, all parameters and equations are extended to the whole computational
domain, as the weak formulation of the ﬁnite element method ensures the
continuity of stress, velocity, orientation tensor and temperature (Batkam
et al., 2004).

20.4.2 Representation of orientation
The problem is now to get practical information from the computed
orientation tensor. In an orthonormal Cartesian basis, the diagonal term aii
of the orientation tensor quantiﬁes the ﬁbre alignment along the main axis.
As already mentioned in the ﬁrst section, a11 = 1 means that all the ﬁbres
are oriented along the direction i1. Moreover, a11 = 0 indicates that all the
ﬁbres are perpendicular to the axis i1, that is, they belong to the plane. (i2,
i3). The components aij with i ≠ j quantify the asymmetry of the distribution
of orientation relative to the direction ii or ij. For isotropic orientation in 3D,
the components are aii = 13 while aij = 0 for i ≠ j.
Another way to describe the computed orientation is to plot the ellipsoid
associated with the eigenvalues, ,i, and eigenvectors, ei, of the orientation
tensor a2 (Advani and Tucker, 1987; Altan et al., 1990). The eigenvectors
and eigenvalues of the orientation tensor give, respectively, the direction
and length axes of the ellipsoid as shown in Fig. 20.6.
In order to determine the degree of anisotropy, a von Mises effective
orientation, av, can also be computed:
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3
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l2 e 2
l3 e 3

20.6 Ellipsoid representation of orientation tensor a2.

av =

(a
a11

a22 )2 + (aa22

a33 )2 + (aa11
2

2
2
2
a33 )2 + 6 (a12
+ a13
+ a23
)

20.35
It is null for an isotropic orientation and 1 if all ﬁbres are oriented along a
principal direction.

20.4.3 Rectangular plaque with inlet gate
We consider the injection moulding of a three-dimensional plaque (Fig.
20.7(b)), and in particular we study the orientation development near the
injection gate. Dimensions of the plaque are given in Fig. 20.7(a). Only
half of the plaque will be considered in the simulation, since the geometry
presents a symmetry plane.
The polymer is a polyarylamide (Solvay Ixef 1022) reinforced with 50%
weight (31.6% volume) glass ﬁbres. The ﬁbre aspect ratio is considered
constant and equal to 10. The injection is done at a ﬂow rate of 20 cm3/s
and the initial polymer temperature is 270°C. The mould temperature is
kept constant at 130°C, and the mould is ﬁlled in 2.70 s. The computational
time step is 0.002 s. The orientation distribution is analysed after 1300 time
iterations, almost at the end of cavity ﬁlling.
In order to reduce the computational time, the long circular channel has
not been taken into account. The inlet of the cavity is just after the last curve
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x1 = 111
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Position C Position D
x1 = 1015
x1 = 94

20.7 (a) Mould schematic view and (b) zoom on the inlet with
positions of sensors.

of the feeding channel. The computations are made on a half-mould with
symmetric boundary conditions on the plane (i1, i2). The problem is now
to impose an initial orientation at the cavity inlet as we do not take into
account the cylindrical channel. Usually one considers an isotropic initial
orientation. But the ﬂow in the channel is dominated by shear deformations,
which are known to orient ﬁbres mainly in the ﬂow direction (namely the
i1 axis) at the entrance of the triangular gate. Nevertheless, the two curves
in the cylindrical channel can disturb this orientation. So, computations are
made for two different initial conditions (isotropic case, aii = 13 ; unidirectional
case, a11 = 1) and a hybrid closure approximation. Moreover, two values
of the interaction coefﬁcient (CI = 0.001 and 0.04) and two values of the
rheological coupling coefﬁcients (Np = 0, 100 and Ns = 0) will be tested.
Figure 20.8 shows cross-sections in the (i1, i2) plane at the end of ﬁlling
and the distribution of the diagonal orientation tensor components. We notice
that the tensor is almost diagonal, so the (i1, i2, i3) axes are the principal
axes of the orientation tensor. Also, the skin–core effect initiated at the end
of the gate is preserved until the end of the plaque. Computed values of a22
are very small, except at the junction between the divergent region and the
plaque. This means that ﬁbres are parallel to the (i1, i3) plane in the areas
where experimental observations are made. This is in agreement with the
observations, and we will focus on the a11 component which quantiﬁes the
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1

a11

0.9
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a22

0.7
0.6

a33
0.4

Vpmax
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0.2
0.1
0
2
3

1

20.8 Isovalues of a11 at the end of filling in a cross-section (i1, i2, i3
= 0) for the PAA50 with isotropic initial orientation, Np = 0 and CI =
0.001.

degree of alignment with the ﬂow direction. The triangular gate region is
divergent in the plane (i1, i3) and convergent in the plane (i1, i2) (see Fig.
20.7). The negative elongation rate along the i3 axis dominates over the
positive one along the i1 axis and an orientation perpendicular to the i1
direction develops in the core. This orientation is transported at the junction
between the gate and the plaque so that at the entrance of the plaque, we
obtain a skin/core orientation, with a skin oriented in the ﬂow direction, and
a core perpendicular to it. These calculations show how a gate can lead to
a skin/core structure in moulded parts. The computations are qualitatively
in agreement with the observations.
In Fig. 20.9, the evolution of a11 with x2, the plaque thickness, is shown
at the four positions A, B, C and D where the experimental measurements
were made (see Fig. 20.7(b)). Computations were performed with an isotropic
initial orientation, showing the following:
1. A skin/core structure is rapidly formed in zone A, and it remains even
in D after the junction gate-plaque. As shown in the experiments, the
skin/core structure is less signiﬁcant for position C than for position
D.
2. For a partially coupled calculation (Np = 0), when the interaction
coefﬁcient CI increases, near the surface ﬁbres are less oriented in the
ﬂow direction. For example, in the ﬁrst position A for the lower wall (x2
= 2.5 mm), one gets a11 ~ 0.7 for CI = 0.04 and a11 ~ 0.9 for CI = 0.001.
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20.9 Values of orientation tensor coefficient a11 for the four sensors A
(a), B (b), C (c), D (d) for PAA50 and isotropic initial orientation: CI =
0.001, 0.04; Np = 0, 100.

© Woodhead Publishing Limited, 2011

Composite reinforcements for optimum performance
1.0
0.9
0.8
0.7

a11

0.6
0.5
0.4
0.3
CI = 0.001; Np = 0
CI = 0.001; Np = 100
CI = 0.04; Np = 0
CI = 0.04; Np = 100

0.2
0.1
0.0
2.5

3.0

3.5

4.0
X1
(c)

4.5

5.0

5.5

1.0
0.9
0.8
0.7
0.6
a11

638

0.5
0.4
0.3
0.2
0.1
0.0
–2.5

CI = 0.001; Np = 0
CI = 0.001; Np = 100
CI = 0.04; Np = 0
CI = 0.04; Np = 100
–2.0

–1.5

–1.0

–0.5

0.0
X1
(d)

0.5

1.0

1.5

2.0

2.5

20.9 Continued.

This can be explained by the fact that shear is dominant near the walls,
and it tends to orient ﬁbres in the ﬂow direction. The interaction term
tends to disorient ﬁbres, and its effect increases with CI. The orientation
in the core does not really change when CI varies.
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3. An increase of Np from 0 to 100 (that is, comparison between coupled
and partially coupled calculations) leads to complex tendencies in the skin
regions. In the lower skin region, that is for x2 = 2.5 mm, a11 decreases
in positions A and B, but the change is negligible in positions C and
D. At the opposite skin, there is no noticeable effect for positions B
and D. The trends are opposite in region A (a11 increases) and C (a11
decreases), which points out the complex coupling effect on the ﬂow
velocity.
4. In the core region, taking the rheological coupling into account leads to
a small increase of a11, except in position D for CI = 0.04. In position
D, the lowest value of a11 is for Np = 100 and CI = 0.04.
Computations realised with unidirectional initial orientation (see Fig. 20.10)
show that:
1. For the weakly coupled calculations (Np = 0) and CI = 0.04, a skin/core
structure is formed as for the isotropic initial orientation. Nevertheless,
the core is less oriented perpendicular to the ﬂow direction: we get
a11 around 0.3–0.4 for positions A, B and C, instead of 0.2–0.3. The
behaviour is completely different for CI = 0.001: orientation is in the
ﬂow direction on the whole thickness at positions A and B. a11 begins
to decrease a little in the core in position C, and in D the orientation is
isotropic (a11 = 0.5).
2. When Np goes from 0 to 100, in the skin and core regions, a11 decreases
a little, or remains nearly constant, depending on the position and the
value of CI.
3. The inﬂuence of the initial orientation is not very important in the last
probe D, especially at the surfaces, except for CI = 0.001 and Np = 0 in
the core: orientation is 2D isotropic in plane (i1, i2) for a unidirectional
initial orientation (a11 = 0.5), whereas a transverse orientation is formed
with an isotropic initial orientation (a11 = 0.25).
Numerical results have been compared to the experiments (Redjeb, 2007).
The measured points are in between the results obtained with both initial
orientation, but the agreement is better for the unidirectional initial orientation.
This is not surprising, as a circular channel orients ﬁbres mainly in the ﬂow
direction. In the skin regions, the agreement is quite good with CI = 0.04 for
the four locations A, B, C and D. The coupled calculation does not improve
the quality of the agreement signiﬁcantly. In the core region, agreement is
better for CI = 0.001. These results show that the interaction coefﬁcient may
depend on the orientation. However, the computed skin/core orientation
at the beginning of the plaque remains more important with respect to the
measurements.
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20.10 Values of orientation tensor coefficient a11 in the four areas A
(a), B (b), C (c), D (d) for PAA50 and unidirectional initial orientation:
CI = 0.001, 0.04; Np = 0, 100.
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20.10 Continued.

20.4.4 U-shaped part with thin walls and cross-ribs
The studied part is presented in Fig. 20.11(a). The computations have used a
mesh generated by a topologic mesher (Gruau and Coupez, 2005, or Coupez,
2010) governed by a natural metric in order to capture the thin walls. This
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(a)

(b)

20.11 (a) Geometry of a cross with thin walls; (b) focus on the weld
line located on the wall.

metric takes into account, for each area of mould, a speciﬁed mesh size in
each principal direction, ensuring an appropriate number of elements in the
whole thickness of the part. The injected material is a polypropylene referenced
as STAMAX P30YM240. This material is modelled by a Carreau–Yasuda
law for the rheology and an Arrhenius law for thermo-dependency (the
parameters are given in Table 20.2). The polymer is injected at 250°C and
we assume that the mould is fully regulated at 40°C. Initially, the air inside
the cavity is also considered to be at a temperature of 40°C.
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To compute the ﬁbre orientation, one takes a ﬁbre aspect ratio F = 10,
an interaction coefﬁcien CI = 0.001, a hybrid closure approximation and
a weakly coupling (Ns, Np = 0). The orientation is analysed after a total
ﬁlling time of 3.7 s. The time step is 3 ¥ 10–4s. The dynamics of ﬁlling are
important because it helps to understand the dynamics of ﬁbre orientation.
The ﬂow is fully symmetrical and it starts from the inlet to ﬁll the bottom,
the walls and the crossing central ribs simultaneously. In the beginning, the
wall ﬁlling is slightly delayed compared to central ribs. This delay disappears
and is reversed as soon as the cavity is half-ﬁlled.
The cross-ribs have two weld lines as fronts from the ﬂank and ribs
intersect twice. The ﬁrst weld line is located on the sidewall after crossing
the ﬁrst rib. The second weld line is located at the second row of crossing
ribs, as the ﬂow front from the sidewall is faster and has time to penetrate
the rib.
We focus now on the ﬁrst weld line which is easily detected by the
computation. Figure 20.11(b) is a photograph of the part showing the weld
line. The injection gate is located at the bottom right and the presence of
ﬁbres at the surface allows seeing this line which is located in the middle
of the wall. This line is slightly oriented in the direction of ﬂow.
Tracing the isosurfaces of components of the orientation tensor (see Fig.
20.12), it is possible to ﬁnd this weld line. The orientation on the side wall
becomes unidirectional along the i1 direction: a11 increases while a22 remains
relatively low. At the intersection of the two fronts in the region where the
ribs are connected to the wall, we can observe a decrease of component a11
along the entire weld line and an increase of component a22. Therefore, the
weld line is well located and predicted where there is a disturbance of the
orientation tensor.

20.4.5 Rib-shaped part with thin walls
The studied part is presented in Fig. 20.2. It is a plaque with seven ribs and
it is ﬁlled from one side. The variation of ﬁbre concentration inside the part
described in the second section is not considered in our model although it is
important in terms of mechanical properties. The part has a plane of symmetry
and computations are made on only half of the cavity. These computations
are made for aspect ratio F = 30, CI = 0.023 and Ns, Np = 0. The ﬂuid is a
Stamax P40YM243 composed of a polypropylene matrix and 40% of glass
ﬁbres. The total ﬁlling time is around 1 s. Finally, computations are compared
to experimental observations.
In Figs 20.13 and 20.14, the ellipsoids associated with the orientation tensor
are plotted and are more or less elongated according to ﬁbre orientation. They
are also coloured by a von Mises scalar (equation 20.35) in order to give
information on the anisotropy of ﬁbre orientation. In Fig. 20.12, the skin/
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(a)

(b)

20.12 Isovalues of a11 and a22 on the wall where the weld line is
located.

core phenomenon is observed in plaque as shown in experiments. However,
with the Folgar and Tucker (1984) model, an isotropic orientation is obtained
in the core instead of an orientation perpendicular to the ﬂow motion in
the experiment. In the skin region, the orientation along the ﬂow motion is
observed in both experiments and computations.
For the ribs, the orientation changes during ﬁlling: ﬁrst during rib ﬁlling,
a core/skin orientation is observed; secondly, there is a ‘disorientation’ of
ﬁbres once the rib is ﬁlled. Finally, only the base of the rib maintains a
non-isotropic orientation.
In Fig. 20.13, we compare the simulation with the experimental observation
when the mould is fully ﬁlled (the experimental picture is slightly larger than
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20.13 Ellipsoids representing orientation tensor coloured by von
Mises scalar for the plaque with ribs: isotropic orientation (white),
unidirectional orientation (black).

the image obtained by the simulation). We deduce that the simulation allows
reproducing the increase of the thickness of the core area at the base of the
ribs. Moreover, the numerical model reproduces the arch drawn orientation.
As in experimental observations, a homogeneous orientation is recovered
inside the rib. However, this orientation is isotropic in simulations, whereas
the ﬁbres are oriented in a direction parallel to the rib in experiments.
Moreover, the arch orientation depends on the time of packing, which was
not taken into account in our simulations.
Finally, Rem3D software recovers reasonably faithfully the orientation
encountered in the experiments. Only the areas having an isotropic orientation
are not in agreement with the experiments. To overcome this discrepancy,
a tensorial interaction coefﬁcient CI has to be introduced as prescribed by
anisotropic rotary diffusive models. In this way, the anisotropy of the plaque
will be taken into account (the vertical direction is smaller with respect to
the two others).

20.5

Conclusions

Fibre structure in reinforced moulded components is directly related to the
process. Fibre length degradation takes place mostly in the plasticising unit
but the ﬁbre length distribution is not yet considered in our modelling. Fibre
concentration can be considered as constant to a ﬁrst approximation even
though, in the plaque with ribs, we measured some important ﬂuctuations
inside the part. Therefore the evolution of ﬁbre concentration may have
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(a)

(b)

20.14 (a) Final arch drawn orientation near the third rib; (b)
comparison with the experiment.

an inﬂuence on the evolution of ﬁbre orientation during the process. Fibre
orientation varies a lot throughout the part, especially in the thickness. A core
region with ﬁbres transverse to the ﬂow direction is almost always created
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in the gate region, because of high elongation rates. Near the surfaces, ﬁbres
are predominantly oriented in the ﬂow direction.
Quantiﬁcation of ﬁbre orientation is time consuming, with several causes
of errors. Modelling of ﬂow-induced ﬁbre orientation is usually carried out
supposing an equivalent viscous behaviour for the composite. This gives
valuable information for mould design, and especially gate location. The
closure approximation has a larger inﬂuence on the results than does the
interaction coefﬁcient. Full 3D computations give a precise kinematics
description in the gate, at the ﬂow front, which increases the precision of the
orientation calculation. Coupling between rheology and orientation becomes
important, raising the issue of the validity of constitutive equations based
on dilute or semi-dilute Newtonian suspension, and of the determination of
rheological parameters. The numerical computations describe reasonably
well the orientation encountered in the experiments. The discrepancy
could be overcome by making the model more complex, but the number of
parameters increases and there is no simple way to get them. Then, both the
experimental setup and numerical procedures (inverse analysis) have to be
developed to identify these parameters for the polymers used in industrial
processes.

20.6
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Modelling composite reinforcement
forming processes
P. B O I S S E and N. H A M I L A, Université de Lyon, France

Abstract: In this chapter various ﬁnite element approaches for the
simulation of woven reinforcement forming are presented. Some are based
on continuous modelling, while others, known as discrete or mesoscopic
approaches, model each yarn of the fabric. The intermediary semi-discrete
approach is also examined. During this approach the shell ﬁnite element
interpolation formula maintains the continuity of the displacement ﬁeld, but
the internal virtual work is obtained as the sum of tension, in-plane shear
and bending cells, of all the woven unit cells within the element. When
using continuous approaches, the necessity of taking the strong speciﬁcity
of the ﬁbrous material into account causes difﬁculties. The main goal of the
hypoelastic and hyperelastic constitutive models presented in this chapter is
to describe this speciﬁc mechanical behaviour. During discrete and semidiscrete approaches the directions of the yarns are ‘naturally’ followed
because the yarns themselves are modelled. The advantages and drawbacks
of the different approaches are also discussed.
Key words: fabric, textiles, preforming, draping, meso/macroscopic
approaches, hypoelasticity, hyperelasticity.

21.1

Introduction

Textile composites offer a number of attractive properties; they possess
a high capacity to conform to complicated contours, they are suitable for
manufacturing components with complex shapes, and they offer a greater
ﬂexibility in processing options compared to metals and even to their nonwoven counterparts. A double curved composite preform shape can be
accomplished through the forming of an initially ﬂat ﬁbrous reinforcement.
This reinforcement can be dry (i.e. without resin) such as in the preforming
stage of liquid composite moulding (LCM) processes (Advani, 1994; Parnas,
2000). These processes, especially the resin transfer moulding (RTM) process,
can be used to manufacture highly loaded composite parts for aeronautical
applications such as helicopter frames (Dumont et al., 2008) and motor blades
(de Luycker et al., 2009). During these LCM processes the resin is injected
into a preform which can be doubly curved such as those shown in Fig.
21.1 (Woven Composites Benchmark Forum, 2004) and Fig. 21.2 (European
project ITOOL (ITOOL, Allaoui et al., 2011)). In the case of thermoset or
651
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21.1 Preform analysed in the double dome international benchmark.

21.2 Tetrahedral shape form.

thermoplastic prepregs, the resin is present within the reinforcement during
the forming stage, but exists in a weak state. In thermoset prepregs this is
because the resin it is not yet polymerized, and in thermoplastic prepregs it
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is because the process is performed at a high temperature. The resin is not
hardened and the forming is mainly led by the reinforcement. The in-plane
shear strain of the woven reinforcements can be very high during the forming
of double-curved parts. The orientation and density of ﬁbres in the deformed
shape directly inﬂuences the permeability of reinforcement and becomes
crucial in predicting the mechanical behaviour of the ﬁnal part (Hammami
et al., 1996; Loix et al., 2008). The yarns are made up of several thousands
of ﬁbres and their mechanical behaviour is very singular and speciﬁc. In
order to develop the composite forming simulation codes, therefore, large
deformations of the textile reinforcements are subject to a sustained effort
to simulate and model them.
The approach chosen to model the forming of textile composite
reinforcements depends on the scale at which the analysis is made. The
analysis of the deformation can be made by considering and modelling
each of its yarns (or ﬁbres) and their interactions such as contact with
friction. Approaches made using this level of analysis are called discrete
or mesoscopic. The disadvantage of these approaches is that the number of
yarns (and even more so the number of ﬁbres) is high and the interactions are
complex. The alternative continuous approaches consider a continuous medium
juxtaposed with the fabric, the mechanical behaviour of which is equivalent
to those of the textile reinforcement. The disadvantage of using continuous
approaches is that this mechanical behaviour is complex. It concerns large
strains and strong anisotropy and evolves a great deal during the forming.
Throughout this chapter continuous and discrete approaches for composite
reinforcements forming simulations will be introduced. First a mesoscopic
approach during which each yarn of a woven cell is modelled with shell
elements with contact and friction is presented, followed by two continuous
approaches based respectively on a hyperelastic and a hypoelastic model.
Finally a semi-discrete approach, which is an intermediate method between
the continuous and discrete approaches, is presented. The advantages and
drawbacks of the different approaches are also discussed.

21.2

A mesoscopic approach

In mesoscopic approaches, the modelling measures each ﬁbre bundle (yarn).
This approach can also be described as a discrete approach since there are a
discrete number of yarns in the preform. The modelling of each yarn must be
simple enough to render the simulation of the whole reinforcement forming
possible. The interactions between warp and weft directions are precisely
taken into account by considering the contact and friction caused by relative
motions between the yarns (Pickett et al., 2005; Duhovic and Bhattacharyya,
2006). This modelling could be performed at the microscopic level, i.e. by
considering each ﬁbre as a beam. Nevertheless, the massive number of ﬁbres
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per yarn (some thousands in the case of composite reinforcements), and
therefore the huge amount of contacts with friction which have to be taken
into account, lead to a very costly computation. For this reason, although
this approach is promising, only very small elements of the fabric have
been modelled to date (Durville, 2005; Miao et al., 2008). The mesoscopic
approach considers the continuous behaviour of each yarn. This continuous
behaviour must take the ﬁbrous nature of the yarn into account in order to
ensure that rigidities in bending and transverse compression remain very small
in comparison to the tensile stiffness. The modelling of the woven unit cell
must be as accurate as possible but simple enough to allow the computation
of the forming process of the entire reinforcement.
Figure 21.3(a) shows the ﬁnite element model used for discrete simulations
of forming processes (216 degrees of freedom (DOF)). It is compared to
another FE model of the unit cell used in Badel et al. (2008) (Fig. 21.3(b))

(a)

(b)

21.3 Modelling of a unit cell of a plain weave at the mesoscopic
level: (a) 216 dof FE model; (b) 47214 dof FE model.
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to analyse the local in-plane shear of a plain weave unit cell (47214 DOF).
A simulation of the forming of a composite reinforcement can be based on
the model of Fig. 21.3(a), but not on those of Fig. 21.3(b) because of the
computational cost. In the simpliﬁed unit cell (Fig. 21.3(a)) each yarn is
described by few shell elements and the contact friction and possible relative
displacement of the yarns are considered. The bending stiffness of the yarns
is independent of the tensile rigidity and very much reduced in comparison
to the results given by plate theories. The membrane behaviour is based on
a hypoelastic model. A stress rate S— is related to the strain rate D by a
constitutive tensor C. To avoid rigid body rotations which can affect the
stress state, the derivative S— , called the objective derivative, is the derivative
for an observer who is ﬁxed with respect to the material. Because this
requirement is not uniquely deﬁned there are several objective derivatives.
This objective derivative is often based on a rotation Q characterizing the
rotation of the material.
The rate constitutive equation (or hypoelastic law) has the form:
S— = C:D

21.1

with
S—

Q

(

)

∑
Êd
ˆ
QT S Q ˜ · QT = S + S · 6 – 6 · S
Ë dt
¯

21.2

∑

and 6 is the spin corresponding to Q , i.e. 6 = Q · QT .
It has been shown (Badel et al., 2008) that the rotation Q must be the
rotation of the ﬁbre & in the case of ﬁbrous materials. This is speciﬁc to
ﬁbrous materials and differs from common objective derivatives such as
Green–Naghdi (Green and Naghdi, 1965) and Jaumann (Dafalias, 1983).
The current ﬁbre direction can be determined from the gradient tensor
F . Assuming that the initial position of the ﬁbre is f 10 e10 :
f1 =

F e10

21.3

F e10

The other basis vectors f 2
f 3 of the orthonormal frame {f i} are obtained
from the material transformation of e 02 :
f2 =

F e 02 – (F
F e 02 · f 1 f 1
F e 02 – (F
F e 02 · f 1 ) f 1

, f 3 = f 1 ¥ f 2 & = f i ƒ e 0i

21.4

The transverse properties of the shell are identiﬁed through a picture frame
test (Gatouillat, 2010). Figure 21.4 shows the results of a hemispherical
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21.4 Simulation of a hemispherical forming using the unit cell model
of Fig. 21.3(a).

forming simulation based on the modelling of the unit woven shell shown in
Fig. 21.3(a). This meso modelling has been used in Gatouillat (2010) for the
simulation of a ‘double dome’ benchmark (Woven Composites Benchmark
Forum, 2004) and to form simulations where the continuity of the textile
reinforcement is no longer ensured because of strong loads on the blank
holders.

21.3

Continuous approaches

Continuous approaches consider the ﬁbrous material as a continuum in
average at the macroscopic scale. The purpose is to make use of the standard
ﬁnite element codes for the analysis of ﬁbrous media (Spencer, 2000; Peng
and Cao, 2005; ten Thije et al., 2007). The formulations employed within a
commercial code, i.e. ABAQUS/Explicit, for stress calculations are presented
comprehensively in the following. The algorithm adopted and the formulations
used within a user material subroutine VUMAT are then shown.

21.3.1 Hypoelastic model
The equations governing the mechanical behaviour are given in equations
21.1–21.4. They use the rotation & of the ﬁbre. A membrane assumption is
used. The Green–Naghdi’s frame (GN) is the default work basis of ABAQUS/
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Explicit. Its unit vectors (e1, e 2 ) in the current conﬁguration are updated from
the initial orientation axes, (e10, e 02 ), using the proper rotation R:
e1 R · e10 , e1 = R e 20

21.5

In the current conﬁguration, the unit vectors in the warp and weft ﬁbre
directions are respectively:
f1 =

F f 10

F f 02

F f1

F f 02

, f2 =
0

21.6

(e10, e 02 ) and ( f 10, f 02 ) are assumed to coincide initially (Fig. 21.5). Two
orthonormal frames based on the two ﬁbre directions are deﬁned: g (g1, g 2
with g1 = f1, and h (h1, h 2 ) and with h 2 f 2 (Fig. 21.5).
The strain increment db from time tn to time tn+1 is computed by the code
in the GN frame. It is expressed in the two frames g and h:
d = degab ga ƒ gb

h
deab
h a ƒ hb

21.7

where a and b are indexes taking value 1 or 2. The ﬁbre stretching strain
and the shear strain in the two frames are calculated:
g
g
de11
= g1 · db · g1 de12
= g1 · db · g 2

21.8

g
deg22 = h 2 · db · h 2 de12
= h1 · db · h 2

21.9

The axial stress component and shear stress components are then
computed:
g
g
g
g
ds11
= E g de11
ds12
= Gde12

21.10

e20

e20=f20

g2

e2
f2=h2

q2

e10=f10

e10
q1

f1=g1
e1

h1

21.5 Fibre axes and GN axes in initial state and after deformation.
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h
h
ds h22 = E h de h22 ds12
= Gde12

21.11

where Eg and Eh represent the tensile stiffness in the warp and weft ﬁbre
directions and G is the in-plane shear stiffness of the fabric. (They are not
constant; G especially depends strongly on the in-plane shear.) The stresses
are then integrated on the time increment from time tn to time tn+1:
n +1/2

g n +1
g n
g
(s12
) = (s12
) + ds12

n +1/2

h n+
h n
h
(s12
) +1 = (s12
) + ds12

g n +1
g n
g
(s11
) = (s11
) + ds11
h n +1
h n
h
(s11
) = (s11
) + ds11

n +1/2

n +1/2

21.12
21.13

The addition of the stresses in the warp and weft frames gives the stress in
the fabric at time tn+1:
S n +1 = (Sg )n +1 + (S h )n +1

21.14

More detail on this approach can be found in Khan et al. (2010). This approach
is used to simulate the forming of a double dome shape corresponding to an
international benchmark (Woven Composites Benchmark Forum, 2004). An
experimental device has been constructed in INSA Lyon in order to perform
this forming (Fig. 21.6). The woven fabric is a commingled glass/polypropylene
plain weave which was tested in the material benchmark study conducted
recently (Cao et al., 2008). The computed and experimental geometries after
forming are compared in Fig. 21.6. The measured and numerical draw-in
and shear angles agree (Figs 21.7 and 21.8) (Khan et al., 2010).

21.3.2 Hyperelastic model
For this approach (Aimène et al., 2010) a potential is deﬁned which aims
to reproduce the non-linear mechanical behaviour of textile composite
reinforcements. The proposed potential is a function of the right Cauchy
Green deformation tensor and structural tensor invariants deﬁned from the
ﬁbre directions. This potential is based on the assumption that tensile and
shear strain energies are uncoupled, and is the sum of three terms:
W

W (I1 )

W 2 (I 2 )

W (I12 )

21.15

This assumption (that tensile and shear strain energies are uncoupled) is made
for the sake of simplicity. The independence of tensile behaviour relative
to in-plane shear has been shown experimentally (Buet-Gautier and Boisse,
2001). The other hypotheses are probably less true, but there is very little
data available on the couplings.
The structural tensors L ab are deﬁned from the two unit vectors in the
warp and weft directions f10 and f 20 in the reference conﬁguration:
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21.6 Location of points for material draw-in and shear angle
measurement.
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21.7 Comparison of material draw-in for the draped double dome.
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21.8 Comparison of shear angle of numerical and experimental
outputs.

L ab = f a 0

fb0

21.16

The two ﬁrst terms W 1 and W 2 are the energies created by the tensions
in the yarns. They are also functions of invariants I1 and I2 respectively
themselves, depending on the right Cauchy–Green strain tensor C = F T · F
and the structural tensors L aa :
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l12 I 2 = ttrr (C · L 22 ) = l22
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21.17

where PE is the deformed length of a ﬁbre with a unit initial length in the
direction E.
The third term W S is a function of the second mixed invariants of C .
I12 = 1 tr
t (C · L11 · C · L 22 ) = cos2 q
I1 I 2

21.18

The second Piola–Kirchhoff stress tensor is derived using this equation for
the potential:
I
I1 ∂W ˘
È
˘
È
S = 2 Í∂W – 12 ∂W L11 + 2 Í∂W – 12
L
∂
I
I
∂
I
∂
I
I 2 ∂I112 ˙˚ 22
1
1
12
1
2
Î
˚
Î
È I
˘
+ 2 Í 12 ∂W ˙ (L
L12 + L 21 )
I
I
∂
I
Î 1 2 12 ˚

21.19

The potential has to vanish in a stress-free conﬁguration. Polynomial
functions of the invariants are discussed in this chapter. The global form of
the proposed potential energy is given by:
r

1
(
i =0 i + 1

W (C
(C) = S

s

i +1
1

– 1) + S

t

1 B (I j +1 – 1) + S 1 C I k
k 12
j +1 j 2
k =1 k
21.20

To determine the constants Ai, Bj and Ck, three experimental tests are
necessary: two tensile tests in the warp and weft directions and one in-plane
pure shear test.
The proposed hyperelastic model is implemented in a user routine
VUMAT of Abaqus/Explicit and it is then applied to membrane elements.
The simulation of a hemispherical punch forming process is performed in
the case of strongly unbalanced twill. The warp rigidity is 50 N/yarn and the
weft rigidity is 0.2 N/yarn. The experimental results in terms of a deformed
shape are shown in Fig. 21.9(a) together with the results of the simulation in
Fig. 21.9(b) and (c). The hyperelastic model is described in detail in Aimène
et al. (2010).

21.4

The semi-discrete approach

This approach (Boisse et al., 1997; Hamila et al., 2009), which is relatively
intermediate between the continuous and discrete approaches, obtains the
textile composite reinforcement from a set of unit woven cells which bear
the loads of their neighbouring cells (Fig. 21.10).
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21.9 Deformed shape of an unbalanced fabric with an initial
orientation of fibres 0°/90): (a) experimental shape; (b) Simulation
without shear rigidity; (c) Simulation with shear rigidity.

f1

f2

21.10 Loads on a unit woven cell.

∑

∑

∑

The tensions T1 and T2 are the resultants of the respective loads on
warp and weft yarns in the directions f1 and f 2 of these yarns (Fig.
21.11(a)).
The in-plane shear moment Ms is the moment resulting from the loads
on the unit woven cell at its centre, in the direction normal to the fabric
(Fig. 21.11(b)).
The bending moments M1 and M2 are the moments resulting from the
loads on the warp and weft yarns respectively (Fig. 21.11(c)).

Figures 21.10 and 21.11 have been drawn to represent a plain weave for
simplicity, but the type of weaving can vary.
In any virtual displacement ﬁeld h such as h = 0 on the boundary with
prescribed displacements, the principle of virtual work compels the virtual
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21.11 Load resultants on a unit woven cell.

inertial work to be equal to the difference between virtual internal and
external works:
Wext ( h) Wint ( h) = Wacc ( h)

21.21

with
t
Wint (h ) = Win
intt (h )

s
Win
intt (h )

b
Win
intt (h )

21.22

s
b
where Wint t ( h), Win
intt ( h) and Wint ( h) are the virtual internal works of tension,
in-plane shear and bending respectively:

Wint t ( h)
Wins t ( h)
Winbt ( h)

ncell

S p e11 ( h) pT1 p L1

p =0

p

e 22 ( h) pT2 p L2

21.23

ncell

S pg ( h) p M s

21.24

p =1
ncell

S

p

p =1

c11 ( h) p M 1 p L1

p

c 22 ( h) p M 2 p L2

21.25

where ncell denotes the number of woven cells, L1 and L2 the lengths of unit
woven cells in the warp and weft directions, e11 ( h) and e 22 ( h) the virtual
axial strain in the warp and weft directions, g ( h) the virtual in-plane shear
angle, i.e the virtual angle variation between warp and weft directions, and
c ( h) and c 22 ( h) represent the virtual curvatures of the warp and weft
directions. The quantity A is denoted pA when it concerns the unit woven
cell number p. e11 ( h), e 22 ( h)), g ( h) c11 ( h) and c 22 ( h) are functions of the
gradient of the virtual displacement ﬁeld. T1, T2, Ms, M1 and M2 are the load
results on the woven cell as presented above and in Fig. 21.11.
Experimental tests speciﬁc to textile composite reinforcements are used to
obtain these mechanical properties. The biaxial tensile test gives the tensions
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T1 and T2 as functions of the axial strains I11 and I22 (Kawabata et al., 1973;
Buet-Gautier and Boisse, 2001); the picture frame or the bias extension test
gives the shear moment Ms as a function of the angle variation K between
warp and weft yarns (Wang et al., 1998; Potter, 2002; Potluri et al., 2006;
Lomov et al., 2006; Launay et al., 2008; Cao et al., 2008); and the bending
test gives the bending moments M1 and M2 as respective functions of G11 and
G22 (Kawabata, 1986; de Bilbao et al., 2010). Virtual tests, for example 3D
simulations of the deformation of a unit woven cell submitted to elementary
loadings such as biaxial tensions or in-plane shear (Badel et al., 2008, 2009)
are an alternative to these experimental tests.
The approach presented in equations 21.1–21.5 assumes that the internal
load state in the material is given by the membrane and bending resultant
loads. It is restricted to thin reinforcements. This is true for a large section
of composite reinforcements.
The ﬁve load resultants T1, T2, Ms, M1 and M2 can depend on the ﬁve
kinematic quantities I11, I22, K, G11 and G22. Such knowledge is generally
not available (and probably not often necessary). When considering in-plane
shear, some studies have shown that the shear force can depend on the
tension state (Lomov and Verpoest, 2006; Launay et al., 2008). Such data
is not usually available, however, and it is assumed that the picture-frame
(or the bias-extension test) gives Ms only depending on K.
A three-node shell ﬁnite element M1M2M3 made up of ncell woven cells
is shown in Fig. 21.12. The vectors k1 = AM2 and k2 = BM3 in the warp and
weft directions respectively are deﬁned. The internal virtual work of tension
on the element (equation 21.23) deﬁnes the element nodal tensile internal
forces Fintet :
ncell

S p e11 (h ) pT1 p L1 + p e 22 (h ) pT2 p L2 = HeT Fininttet

21.26

p =1

M5

M3
k2
k2

M2

k1

A

Ms

k1
M6

M1

B
M1

k1

T1

M4

21.12 Three-node finite element made of unit woven cells.

© Woodhead Publishing Limited, 2011

M2
T2

Modelling composite reinforcement forming processes

665

The internal tensile force components are calculated from the tensions of
T1 and T2:
(Fintet )ij

Ê
ˆ
L1
L2 ˜
Á
= ncell B1ij T1
+ B2ij T2
2
2˜
Á
k
ÁË
k ˜¯
1
2

21.27

where i represents the index of the direction (i = 1 to 3) and j is the index
of the node (j = 1 to 3). B1ij and B2ij are strain interpolation components.
They are constant over the element because the interpolation functions are
linear in the case of the three-node triangle.
The internal virtual work of in-plane shear on the element (equation 21.24)
deﬁnes the element nodal tensile internal forces Finset :
ncell

S

p

p =1

g (h )

p

s=

se
HeT Fin
int

21.28

The internal in-plane shear force components are calculated from the inplane shear moment:
(Finset )ij = ncell Bg ij M s (g )

21.29

In order to avoid supplementary degrees of freedom and consequently
to improve numerical efﬁciency, the bending stiffness is taken into account
within an approach without a rotational degree of freedom (Onate and Zarate,
2000; Sabourin and Brunet, 2006). In these approaches the curvatures of the
element are computed from the positions and displacements of the nodes of
the neighbouring elements (Fig. 21.12). The internal virtual work of bending
on the element (equation 21.25) deﬁnes the element nodal bending internal
forces Finbet :
ncell

S

p =1

p

c11 ( h) p M 1 p L1 + p c 22 ( h) p M 2 p L2 = HeT Fibe
n
nt

21.30

The internal bending force components are calculated from the bending
moments M1 and M2:
Ê
L
L ˆ
(Finbet )km = ncell Á Bb1km M 1 1 2 + Bb2km M 2 2 2 ˜
ÁË
k1
k 2 ˜¯

21.31

The details of the calculations of the internal loads can be found in Hamila
et al. (2009).
Figure 21.13 shows the simulation of the deep drawing of a woven
reinforcement with a cylindrical punch (Boisse et al., 2011). It uses the
semi-discrete approach presented above. Height-independent blank holders
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(d)

21.13 Forming with a cylindrical punch: (a) geometry of the tools; (b)
tensile stiffness only; (c) small bending stiffness; (d) higher bending
stiffness.

are shown in Fig. 21.13(a), and Fig. 21.13(b) shows the computed deformed
shape of the reinforcement when only the tensile stiffness is taken into
account. There is no wrinkle and the computed shear angles are very large.
They reach 70°. Figures 21.13(c) and 21.13(d) show the computed deformed
shape when all the rigidities (tensile, in-plane shear and bending) have been
considered. The bending stiffness is 10 times larger in Fig. 21.13(d) than in
Fig. 21.13(c). There are many wrinkles in both cases, especially between the
blank-holders. These wrinkles are less numerous and their size is moderately
larger when the bending stiffness increases.
The simulation of the hemispherical forming of a very unbalanced fabric
is shown in Fig. 21.14 (Boisse et al., 2011). There is a 250° ratio between
the tensile stiffness in the warp and weft directions. A 6 kg ring was used
as blank-holder to avoid reinforcement wrinkling in the curved zone (Fig.
21.4(a)). The experimental shape obtained after forming is shown in Fig.
21.14(e) (Daniel et al., 2003). In the warp-direction image, large fabric sliding
is observed relative to the die, whereas, contrastingly, in the weft direction
(the weaker direction) no edge movement is depicted and the yarns were
subjected to large stretch deformations. A 6 kg ring was used as blank-holder
to avoid reinforcement wrinkling in the curved zone (Fig. 21.14(a)).
The shapes after forming are shown in Figs 21.14(b), (c) and (d) for
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Punch R = 60 mm
Square fabric
Side = 330 mm

Blank holder
15 mm
170 mm

R = 15 mm
Die

Die

121 mm
(a)

(b)

(c)

(d)

(e)

21.14 Forming of an unbalanced textile reinforcement: (a) geometry
of the tools; (b) tensile stiffness only; (c) tensile and in-plane
shear rigidities; (d) tensile + in-plane shear + bending rigidities; (e)
experimental forming.

different types of simulations. The tensile stiffness is taken into account
only in Fig. 21.14(b). There is no wrinkle, but the asymmetry of the shape
in the warp and weft directions is correctly obtained. In Fig. 21.14(c) tension
and in-plane shear strain energies, but not bending stiffness, are taken into
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account. A great number of small wrinkles are depicted. The wrinkles are
much bigger in Fig. 21.14(d) where the bending stiffness is added. The shapes
of these wrinkles conform fairly well with the expectations of the experiment.
Near the central point of the preform, squares drawn on the fabric prior to
forming become rectangles with a length:width ratio of 1:8 (Fig. 21.14(e)).
This extension ratio is correctly computed in the three cases shown in (Fig.
21.14(b), (c) and (d)). It depends on the tensile rigidities which are taken into
account in all three cases. Interestingly, a ﬁshnet algorithm which ignored the
mechanical properties would lead to the same deformation in both warp and
weft directions and the ratio in the central part would remain equal to 1.

21.5

Discussion and conclusion

The discrete (or mesoscopic) approach is both attractive and promising.
The very speciﬁc mechanical behaviour of the textile material due to the
contacts and friction between the yarns and to the change of direction is
implicitly taken into account. If some sliding occurs between warp and weft
yarns, they can be simulated. This is not possible when using the continuous
approaches, which consider the textile material as a continuum. This is
an important point because it can be necessary to prevent such a sliding
in a process. Nevertheless, the main drawback of the discrete approach is
the necessary compromise that must be made between the accuracy of the
model of the unit woven cell and the total number of degrees of freedom.
The modelling of the unit cell must be accurate enough to obtain a correct
macroscopic mechanical behaviour, but the number of degrees of freedom
of each cell must remain small in order to compute a forming process for
which there will be thousands of woven cells. The continuous approach is
the most commonly used method in composite reinforcement forming today.
Its main advantage is that standard shell or membrane ﬁnite elements can
be used. It is only the mechanical behaviour which has to be speciﬁed in
order to take the very particular behaviour of textile materials into account.
Many models exist, but none of them are clearly deﬁned yet. The semidiscrete approach aims to avoid the use of stress tensors and directly deﬁne
the loading onto a woven unit cell using the warp and weft tensions and by
in-plane shear and bending moments. These quantities are simply deﬁned
on a woven unit cell and above all they are directly measured by standard
tests on composite reinforcements.
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