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1. General Introduction

Liquid Composite Molding (LCM) processes are
increasingly used to manufacture composite parts in
various areas such as the aerospace, automotive or
marine industries. Laminated composites have raised
interest for a long time for lightweight applications.
However, manufacturing difficulties and limitations
in  mechanical properties have prevented a
widespread usage. In fact, draping multiple two-
dimensional plies in a mold of complex shape is
difficult and low resistance to delamination [1, 2]
remains a source of problems in structural parts. On
the other hand, 3D engineering textiles woven to the
shape of a complex part can be injected in a mold to
manufacture net shape and thick components [3].
Moreover, the presence of a weave through the
thickness prevents delamination.

The ply to ply interlock is one of the most
remarkable 3D reinforcement [4, 5]. As shown in
Fig. 1, it weaving architecture is particular: several
layers of weft tows are joined in the warp direction
and through the thickness by the warp tows. This
kind of reinforcement has no third tow in the
transverse direction. Three-dimensional interlock
fabrics were devised specifically for high
performance structural composite applications.

The physical phenomena that govern the
manufacture of composite materials by resin
injection are well known in LCM processes. Mold
filling simulations are commonly used to optimize
the injection process. However, this kind of
simulation requires a good knowledge of material
properties and particularly of a key parameter, the
permeability of the fibrous reinforcement. Numerous
experimental investigations have been carried out on
permeability. Several models have also been
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proposed in the scientific literature. However,
because of the wide wvariety of fibrous
reinforcements, it is difficult to predict permeability
with a unique formula. Moreover, the stochastic
feature of nesting, a phenomenon occurring in 2D
laminate stacks and consisting of an interpenetration
of fiber tows between neighboring plies [6], makes
it difficult to come up with a general permeability
model. Thus it is necessary to rely on experiments
and so far only empirical models have been able to
predict permeability with enough accuracy as a
function of fiber volume fraction for various kinds
of fibrous reinforcement.

The good control of weaving parameters in three-
dimensional fabrics opens up the possibility of
conducting more reproducible experiments, as well
as interpreting more easily the results and thus
determining appropriate models. Indeed, on the
contrary to two-dimensional laminate stacks, the
three-dimensional weaving pattern prevents any
lateral displacement of the plies during the
preforming stage. This means that no nesting occurs.
Hence, the columns of tows remain aligned through
the thickness of the fabric even if the reinforcement
is highly compressed [7]. Consequently inter-tow
macroscopic pores are present in the whole fabrics
and create flow preferential channels along the tows.
These open channels allow the test liquid to flow
more easily in this kind of fabric than in laminates.
Hence, the macroscopic pores can be assumed to be
the main source of the pressure drop. As a matter of
fact, when liquid resin is injected under pressure
such as in the Resin Transfer Molding (RTM)
process, the macroscopic (viscous) flow between the
tows usually moves forward ahead of the
microscopic (capillary) flow in the tows.
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Researchers like Parnas et al. [8] have reported on
the high reproducibility of in-plane and through-
thickness permeability measurements for 3D
reinforcement. Numerical predictions [9-11] of the
in-plane permeability of 3D fabrics have also been
carried out, but are still not accurate. Endruweit and
Long [12] attempted to evaluate experimentally the
influence of weaving parameters on the permeability
of various 3D fabrics, but the fabrics tested were too
different to allow constructing a general model.

The aim of this investigation is to understand how
the macroscopic pores contained in the woven
structure of three-dimensional interlock fabrics
affect permeability, and thus derive a simple
analytical predictive model. The study was
conducted in three main stages:

1. Firstly, unidirectional permeability measurements
are carried out in three in-plane directions for three
different fabrics in order to evaluate the anisotropic
permeability tensor and derive the so-called
permeability ellipse [13].

2. The experimental results are then compared to
understand how the test liquid flows through the
fibrous reinforcements. A quantitative analysis is
also carried out to evaluate the average size and
distribution of the macroscopic pores in the tested
fabrics.

3. Finally, a model derived from the calculation of
the pressure drop in non circular ducts is created.
The experimental data compiled in the two previous
stages allow calculating and comparing predicted
permeability values with experimental ones.

2. Description of experiments
2.1. Fabric specifications

Three three-dimensional interlock fabrics of areal
density 11770 g/m?2 (Fabric 1), 14 564 g/m? (Fabric
2) and 11686 g/m? (Fabric 3) were selected to
analyze the influence of weaving parameters on
permeability. These fabrics possess the same
weaving pattern, the same number of interlock plies
(8 layers) and are made of the same kind of carbon
fibers. Each of the 8 plies is composed of
intersecting warp and weft tows superposed through
the thickness of the fabric.

The only different weaving parameter between
Fabric 1 and Fabric 2 is the warp/weft ratio. This
means that the overall distribution of fibers is
different. For example, a ratio of 60C/40T means
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that 60% of the mass is distributed along the warp
and 40% along the weft. However, these fabrics are
composed of the same kind of tows, i.e., with the
same number of filaments per tow and have the
same warp tow count by ply n,,,, (number of tows in
the warp direction by centimeter). Thus, as shown in
Tab. 1, the difference in directional fiber volume
fraction is achieved by increasing or decreasing the
number of tows in the weft direction (i.e., changing
the weft tow count n,,,, from the maximal tow count
Nmax)- This parameter together with the warp tow
count are weaving parameters characteristic of the
structure of a given family of interlock fabrics. Tab.
1 below specifies the relationships between the tow
counts for the fabrics.

On the other hand, the only difference between
Fabric 1 and Fabric 3 is the number of filaments of
the fiber tows in the weft direction. Fabric 3 has weft
tows composed of 72 000 fibers instead of 48 000
for Fabric 1. The identical warp/weft ratio and the
same warp tow count means that the distance
between the heavier weft tows of Fabric 3 is larger
than in Fabric 1. Hence, as displayed in Tab. 1, the
weft tow count in Fabric 3 is lower than in Fabric 1.

2.2. Permeability measurement

The permeability K of a fibrous reinforcement is
determined using Darcy’s law [14], which in the
unidirectional case connects the velocity of the fluid
v, with the pressure gradient dP/dx and the
dynamic viscosity u:

—-K 0P
Ve = ok (1)
Permeability was measured in a unidirectional flow
experiment consisting of filling a rectangular RTM
mold with a test liquid of known viscosity. The
liquid was injected at a constant pressure of 1 bar
and its velocity in time was measured by tracking
the position of the flow front. For each
measurement, the unidirectional permeability is
calculated following the approach published by
Ferland et al. [15]. Three series of measurements are
necessary to obtain the in-plane permeability ellipse
(see Fig. 2 for an example of such ellipse in a radial
injection). As described in Demaria et al. [13], tests
were conducted along the warp, weft and 45°
directions. The cavity thickness of the mold was
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adjusted with calibrated frames to achieve a fiber
volume fraction of 58% for each reinforcement.

The test liquid is calibrated silicon oil from Dow
Corning with a viscosity of 50 cSt. The Newtonian
behavior of this fluid was verified with an Anton
Paar rheometer. This fluid was chosen because its
viscosity is close to that of a typical aeronautical
RTM resin at high temperature.

2.3. Fabrication setup

In order to understand how the liquid flows through
the fibrous reinforcement, a series of fabric samples
were locked by injecting a polymeric resin, and then
cut along the warp and weft directions in order to
analyze the pore size and distribution. For each
reinforcement, samples of 100*100 mm?2 were
injected in a RTM mold at constant pressure with the
vinylester resin Derakane 411-350 from Ashland
Inc. The thickness was controlled by calibrated
shims set in the mold to get the same fiber volume
fraction as in the permeability tests. In order to
reduce the quantity of voids in the final parts, resin
was left bleeding during a few minutes [16, 17],
after which a consolidation pressure of 3 bars is
applied in the mold [18]. After demolding, the
injected parts were cut into thin lamellas following a
tow along the warp and weft directions. The cut-out
surfaces were polished and analyzed with a digital
microscope in order to evaluate the dimensions of
the cross-section of the macroscopic pores (height,
width, area). For each fabric and each warp or weft
direction, six lamellas were prepared from two
different fabricated parts.

3. Permeability results

Tab. 2 gives the effective permeability in the three
directions tested for the three fabrics considered.
Each permeability represents the average value of
three tests. The standard deviation is displayed in
brackets.

3.1. Influence of the warp/weft ratio

Fabrics 1 and 2 have a different warp/weft ratio. Fig.
3 and 4 show respectively the in-plane permeability
ellipses obtained for Fabrics 1 and 2. The large and
small axes of these ellipses are defined respectively
as the square root of the two principal in-plane
permeability values K; and K, derived from the
effective permeability following the methodology
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described in Demaria et al. [13]. Fabric 1 is clearly
anisotropic with an ellipse orientation angle of about
40°. Fabric 2 is less anisotropic; the orientation of its
ellipse is almost the same as for Fabric 1.
Comparing in Tab. 2 the experimental data in each
direction for these two fabrics, it appears that the
principal difference concerns the permeability at
90°; the permeability at 0° and 45° are close given
the scatter of the measurements in terms of the
standard deviation.

Each fabric has the same warp tow count (i.e., the
same quantity of fibers along the warp), whereas in
the weft direction Fabric 1 has a lower tow count
(i.e., less fibers). This means that the macroscopic
pores along the warp have probably the same width
for both fabrics, while in the weft direction these
pores are wider in Fabric 1. Moreover, Fabric 1 has
a lower areal density. Thus, in order to obtain a
comparable fiber volume fraction for each
reinforcement, the mold cavity (i.e., the
reinforcement thickness) must be lower for this
fabric. This indicates that the macroscopic pores
along the warp and weft in Fabric 1 have possibly a
smaller height than in Fabric 2. Thus it seems
consistent that the permeability values in the warp
direction are close for both fabrics, because their
pore sizes are slightly similar. In the weft direction,
the pores of Fabric 1 have a smaller height and they
are significantly larger than in Fabric 2. The
permeability results show that this difference
facilitates the liquid to flow in this direction.

3.2. Influence of the size of the fiber tows

Fig. 5 displays the in-plane permeability ellipse of
Fabric 3. The same anisotropy as in Fabric 1 is
observed. However, the ellipse is almost oriented in
the weft direction. When we compare in Tab. 2 the
experimental values of K, and Ko, for Fabrics 1 and
3, it appears that this change comes principally from
a difference of permeability in the warp direction. In
fact, the warp permeability of Fabric 1 is two times
higher than that of Fabric 3 while the weft
permeability values are similar. This means that the
flow in the warp direction is strongly affected by the
presence of the 72K weft tows. These tows seem to
form walls preventing the liquid from flowing from
one macroscopic pore channel to another. Since the
areal density are almost identical for these fabrics
(i.e., the fabric thickness at Vs = 58% is nearly the
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same), the height of the macroscopic pores has to be
comparable. However, larger 78K fiber tows occupy
more space than 48K tows. So the macroscopic pore
channels are probably more squeezed in Fabric 3,
thereby causing the significant reduction in
permeability observed in Fig. 5 in the warp
direction.

In the weft direction, Fabric 1 has a higher number
of macroscopic pores than Fabric 3. However, the
tow count indicates that these pores are certainly
thinner. The total volume of macroscopic pores in
this direction must be identical because both
reinforcements possess the same warp/weft ratio and
the same warp tow count. Moreover, Ko, for Fabrics
1 and 3 are nearly identical. It means in this case
that, the liquid flows with the same ease in a high
number of thinner pores than in a smaller number of
wider pores while the total volume of macroscopic
pores is identical.

4. Analysis of pore size and distribution
4.1. Effective pore distribution

The aim here is to determine the average pore size
and distribution for each fabric in each direction at a
fiber volume fraction of 58%. As shown in Fig. 6,
the lamellas fabricated permit to observe and analyse
the macroscopic pore size and distribution in each
fabric along the warp and weft directions. Pores at
45° are not studied here because they result from
complex combination of warp and weft channels.
However, permeability could be assessed in any
direction by studying the liquid flow through the
whole porous network.

As observed in the example of Fig. 6, the pore
distribution of a 3D interlock fabric is well defined.
Despite compaction of the reinforcement at 58%
fiber volume content, fiber tows (in black) still
remain in their in-plane initial positions. In this
example, it is also possible to identify the unit cell.
Indeed, the column of tows number 9 is the
repetition of column 1. The pore distribution was
mapped for each lamella and a microscopic analysis
of each pore was carried out to determine their size.

4.2. Pore analysis and modeling

The numerous pore cross-sections have various
shapes. However, the particular organisation of this
kind of fabric resulted in a nearly rectangular shape
for most of them; hence it seems natural to fit these
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cross-sections by an equivalent rectangle of identical
area. An equivalent circular or elliptical channel
could also have been selected. However, it was
found more appropriate to remain as close as
possible to the shape of the existing channels. Thus
each pore will be defined by the semi-height k. and
semi-width w, of its equivalent rectangle as shown
in Fig. 7.

In order to obtain the mean pore size (i.e., the mean
rectangle) of the fabrics in each direction, it is
necessary to analyze the images acquired with the
microscope. A Matlab routine was created to firstly
process the raw images (Fig. 8a to 8b), and then to
fit the rectangular shape (Fig. 8c). The fitted
rectangle is calculated by the least-square method.
The area of the rectangle is identical to that of the
pore. This procedure was applied to each lamella (6
lamellas for each fabric in each direction) in order to
determine the height, width and area of the pores.
An example of pore size identification is shown in
Fig. 9 for a lamella of Fabric 1.

It is now possible to calculate the average pore size
and distribution in each direction of the fabrics
considered. This information will then be used to
model with an analytical solution of Stokes equation
the liquid flow through the fibrous reinforcement.

5. Poiseuille flow in a rectangular cross-section
channel

A fully developed flow of an incompressible
Newtonian liquid in a long channel of rectangular
cross-section is governed by the following Poisson
equation:

2%y 2%y 10P
2y D12 @
dy? 0z2 u ox

The symmetry with respect to the planes y = 0 and
z =0 displayed in Fig. 7 permits to develop
equation (2) for only one quarter of the channel. In
this case, the boundary conditions can be written as
follows:

"' vy

y =0, E=0
y =W, vy =0
when (©)]
z=0, %—
z = h,, v, =0
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Since dP/dx is not function of y or z, equation (2)
can be satisfied only when dP/dx is constant. This
term can be eliminated by introducing a new
dependent variable v, wich satisfies the Laplace
equation. Thus, equation (2) can be transformed by
setting:

1 0P

vx()’:z) = _Ea(hcz - Zz) + vylc(y:z) (4)

with v, constant on the wall. Substituting equation
(4) into equations (2) and (3), we get:

%vy, n %vy,
dy? 0z2

=0 ()

with the following boundary conditions:

- vy

y =0, 3y =0
’ 1 0P 2
y =W, vxzﬁa h¢ _ZZ)
when (6)
vy
zZ = 0, E =
z = hg, ve =0

-

The above problem can be solved using the principle
of separation of variables. After various
substitutions, the fluid velocity is:

vx(y:z) =
1 0P, > z\2
—Eahc [1 — (h_c) +

cosh(;nTy) inz
— el == 7
cosh(%) cos (th) ()
Finally, by integrating the velocity profile described
in equation (7) over the rectangular cross- section,
the volumetric flow rate Q can be calculated as
follows:

32 @oo i—
;Zl:ls,s...(— D72

4-wghd (0P
Q - 3-u (E)S (8)
where
192-h; « co tanh(i-mwg/2-h;)
s = (1 - HTWCZist,s...i—s) (9)
5
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6. Permeability calculation

Considering now the liquid flowing through a
fibrous reinforcement, the velocity can be calculated
as a function of the number of pores n, and the
mean pore dimension:

vy = —2 (10)

T 4nghowe

Replacing equation (10) in equation (8) and
integrating, the pressure drop becomes:

_ 3 Coyppl,

AP == (11)

where C is a dimensionless shape factor and [, the
length of the channel. C is calculated from the ratio
between the pressure drop in a rectangular channel
and in a real shape channel. [, can be calculated
from the length of the fabric sample I¢, the channel
tortuosity 7. and the ratio between the tow count in
the direction perpendicular to the flow and the

maximum possible tow count r; (in the same
direction):
lf"L'C
lp ="— (12)

Tt

As explained in the introduction, macroscopic pores
are present along the tows. Thus the channel
tortuosity is assumed to be equal to the tortuosity of
the tows. The parameter r; permits to correct the
total length of the channel (i.e. [; - 7.) to the length
really responsible for the pressure drop. In fact,
when tows perpendicular to the flow are not in
contact, each channel is divided in multiple sections
connected between them by free spaces as shown in
Fig. 10, in which there is no pressure drop. The real
length [ of the channels with pressure drop is thus
the sum of the sections in the defined direction. It
can be calculated by dividing the total length by the
ratio ;.

Finally, by integrating equation (1) (when the
velocity of the injected fluid is constant), the
permeability becomes:

Q-ply

= pwp ()
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where hy and wy are respectively the thickness and
the width of the fabric sample. This equation permits
to connect directly the permeability of three-
dimensional fabrics with the pore size, the
distribution of the pores in a given direction and the
characteristic tortuosity of the woven structure of the
fabric.

7. Results
7.1. Effective permeability calculation

Using the dimensions of the macroscopic pores
obtained by the microscopic analysis and the
weaving parameters, equation (11) and (13) permits
to calculate the effective permeability in the warp
and weft directions of the 3D fabrics investigated.
As explained in the previous section, the
permeability at 45° is not calculated here because
the macroscopic pores are a complex combination of
warp and weft channels. In order to obtain this
value, it is necessary to model the liquid flow the
through the whole fabric, and not only in a channel.
Fig. 11 and 12 present the comparison between the
experimental and calculated permeability in the
warp (0°) and weft (90°) directions respectively. A
good correlation is observed in both directions.
These results mean that the permeability model (13)
is well representative of the fluid flow in the fibrous
reinforcements considered.

7.2. Prediction of in-plane permeability ellipses

In order to obtain the in-plane permeability ellipse, it
is necessary to determine either another value of
permeability in a third direction or the angle
between the major axis of the ellipse and the warp
direction, namely the so-called 6 angle. Our
approach is based on the existence of continuous
oriented channels along the two weaving directions,
i.e. warp and weft. There is thus a priori no third
channel orientation in the plane of the fabric. This
can make the determination of the angle 6 simpler.

This angle can be hypothetically derived from
parameters of the fabric architecture. From the
experimental permeability results obtained earlier
for these kinds of fabric, the ratio of the warp over
the weft tow counts is assumed to play a significant
role (if other weaving parameters are similar), so
that the following hypothesis can be emitted: if
Nyp /My > 2, the flow is clearly promoted in the
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weft direction; on the contrary, if n,,,/n,; <0.5,
the flow will take place mainly in the warp direction.
In these specific cases, the ellipse will be oriented
respectively along the weft (8 = 90°) or along the
warp (6 = 0°). Based on this assumption, the ellipse
orientation of Fabric 3 is defined as 90°.

Fabrics 1 and 2 are not in this configuration.
However, any identical woven fabric with a
warp/weft ratio of 70C/30T will be. Thus the
corresponding ellipse orientation will also be 90°.
Then interpolating these values of 8 for the real
warp/weft ratio of Fabrics 1 and 2 leads to:

T Myp

0= (14)

2Nyt
which gives an orientation of the permeability
ellipse of 60° for Fabric 1 and 38.6° for Fabric 2.
Once the value of K,, Koo and 6 are known, the
principal permeability values K; and K, can be
calculated by the formula [13]:

— 2-Ko'Koo
Kl - K0+K90—(K0—K90)'COS(29) (15)
and
K2 2:KoKgg (16)

- KO +K90 +(K0—K90)'COS(2 9)

Finally, in-plane permeability ellipses can be drawn.
Fig. 13, 14 and 15 show the predicted ellipses (plain
line) compared to the measured ones (dotted line)
for Fabrics 1, 2 and 3 respectively. A good
correlation is observed in the three cases.

8. Conclusion

The permeability of three three-dimensional
interlock fabrics with different weaving parameters
was measured by unidirectional injections carried
out at constant pressure in a rectangular test mold. In
a first analysis of the experimental results, the
weaving parameters appeared to be connected with
the liquid flow behavior. Based on this affirmation
and on the architecture of the 3D woven fabrics, the
macroscopic pores were identified as the main
source of pressure drop in a RTM injection. The
macroscopic pore size and distribution were
investigated via a microscopic analysis conducted on
lamellas cut out from composite samples fabricated
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by resin injection. An average pore size was then
calculated for each fabric in the warp and weft
directions.

In parallel, a model derived from the exact solution
of the pressure drop of a liquid flowing in a
rectangular channel was created. This model was
adapted for the specific case of 3D interlock fabrics
in order to connect the predicted directional
permeability to the pore size, the distribution of
pores and their tortuosity. This model was then
applied in the warp and weft directions to the three
fabrics considered using data collected from the
microscopic analysis. A good correlation between
predicted and experimental results was obtained for
permeability in the warp and weft directions.

The orientation of the in-plane permeability ellipse
was also predicted as a function of the warp over
weft tow count. This allowed calculating the
principal permeability tensor for each fabric. A good
correlation was also observed between the
experimental and predicted permeability ellipses.
This analysis shows that the permeability of 3D
interlock fabrics can be predicted. However, the
macroscopic pore size and distribution have to be
determined. The next step of this investigation
would be to find the relationship between the
weaving parameters and the pore properties in order
to predict the permeability without any experimental
analysis. Finally, this model could possibly be
generalized to other kinds of 3D reinforcements.
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Fig. 1 — Example of 3D interlock fabric.

Tab. 1 - Details of fabric weaving parameters

1 2 3 2 R 0 1 2

Areal density 11770 14564 11686

i Fig. 3 — Measured in-plane permeability ellipse of
Ratio warp/weft 60C/40T 50C/50T 60C/40T Fabric 1.

Number of

fibers/tow 48K/48K  48K/48K  48K/72K

Warp tow count B R |
(tows/cm/ply)  "'max Mmax Nmax 1

Weft tow count 2 4

(tows/cm/ply) § Nmax  Mmax 6 Nnax 0s

) E 0 1 2
Warp JK/1e10
Fig. 4 — Measured in-plane permeability ellipse of
Fabric 2.

Fig. 2 — Satin weave m-pne prmebility ellipse
observed by Endruweit et al. [19].

Tab. 2 — Effective permeability results

Ko Kys Koo
1.62(+023)e10  1.15(+0.19)e™10 1.96(+0.25)e~10

2 1.20(+£0.24)e”'® 1.35(£+0.19)e™*° 1.00(+0.05)e~1°

3 075(+0.11)e™10 1.51(+0.11)e™1® 2.18(+0.61)e~°
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PERMEABILITY ANALITYCAL MODELING OF 3D INTERLOCK FABRICS

Weft g

A5
= 0 1
Warp JK/1e"10
@ (b) - (©
Fig. 5 — Measured in-plane permeability ellipse of Fig. 8 — Pore image processing: () raw image, (b)
Fabric 3. processed image and (c) rectangular fit.

1
2
3 3
5 3
; g
8 [=]
2
Fig. 6 — Mapping of part of a Fabric 1 lamella 5
(vertical cross-section in a perpendicular direction to
the weft).
0
0 0.2 0.4 0.6 0.8
A Height {m) X 10-3
VA
7 Fig. 9 — Pore height distribution obtained for a
h. lamella of Fabric 1. The full line is the equivalent
C; > normal distribution.
X We y
Fig. 7 — Definition of the equivalent pore channel 10 S A A
dimensions. / Free space
Channels

MV/I 2

Fig. 10 — Connectivity of the pore channels.
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PERMEABILITY ANALITYCAL MODELING OF 3D INTERLOCK FABRICS

2.0E-10 - KO exp. = KO calc.

Permeability (m?)

Weft g

1.5E-10 -

1.0E-10 -

5.0E-11 - '
0.0E+00 -~ . . .

Fabric 1 Fabric 2 Fabric 3

Fig. 11 — Measured and calculated effective
permeability at 0°.

3.0E-10 ~
2.5E-10 -
2.0E-10 -
1.5E-10 -
1.0E-10 -
5.0E-11 -
0.0E+00 -

B K90 exp. K90 calc.

Permeability (m?)

Fabric 1 Fabric 2 Fabric 3

Fig. 12 — Measured and calculated effective
permeability at 90°.

Weft

Warp 1/1(’/19—10

Fig. 13 — Predicted (plain line) and experimental
(dotted line) permeability ellipses for Fabric 1.
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15 5 A |

0.5

0.5

15
-2
Warp JK/1e10

Fig. 14 — Predicted (plain line) and experimental
(dotted line) permeability ellipses for Fabric 2.

Weft 013

Warp VK/1e™10

Fig. 15 — Predicted (plain line) and experimental
(dotted line) permeability ellipses for Fabric 3.
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