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ABSTRACT: Attempts to model and to better understand permeability by studying the
build-up of textiles are widespread [1-3]. Yet, textile structure data are rarely based on
quantitative analysis of high resolution 3D-images of the composite structure at
multiple fiber volume fractions.

Within the present study, micro-computer tomography (UCT) images of glass twill
weave reinforced epoxy are analyzed. After subtracting the fibers from the images, the
geometry of the matrix space, below-named pore space, is analyzed by a process called
spherical granulometry. It was possible to directly calculate the permeability with theses
pore diameters using a combination of the Darcy and Hagen-Poiseuille formulae: the
permeability value K is proportional to the squared diameter (d%/96) of the flow
channel. As permeability-dominating pore diameters the 10 %-, 25 %- and 40 %-
quantiles of the cumulative pore volume have been determined for fiber volume
fractions from 40 % to 56 %. The calculated results are in accordance with global
permeability values determined by 2D and 3D permeability measurements.
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INTRODUCTION

For robust infusion and injection processes, the permeability should be known.
Currently, the most reliable and commonly used way to determine permeability values
is via experimental measurements. For two decades, several groups have been working
intensively on modeling the permeability of yarns and textiles. This furthers the
understanding of the principle relationships between textile structures and their
permeabilities. This can reduce laborious experimental characterization work.

3D images of composites have rarely been used to determine the geometry of fibrous
preforms and its change with increasing fiber volume fractions [4]. Published 3D textile
structures [5-8] are therefore partly based on assumptions. To overcome the inability to
accurately determine the detailed geometry of the fibrous preform, Dunkers et al.
acquired optical coherence tomography (OCT) images of a sample with a fiber volume
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fraction of 44 % and unidirectional fiber orientation. These 3D images (2 x 1.9 x 7
mmg3) were processed to binary images and input into a 3D Lattice Boltzman flow code.
Axial and transverse permeability values were determined. The influence of image
processing was shown, and agreement with experimental results was quite good.

The present study was driven by a similar motivation: The goal is to quantitatively
analyze the pore-size distribution (i.e. the space) between the fibers and to correlate
these geometrical parameters based on 3D images of a composite laminate with global
permeability values at different fiber volume fractions. The analyzed composite
consisted of 5, 6 and 7 layers of a twill weave textile. The 3D images have been
generated by micro computer tomography (UCT). The uCT data has a spatial resolution
of 2 um for small samples, in comparison to OCT images with a resolution of 15 — 30
um. The images were then quantitatively analyzed using the MAVI image processing
software developed by the Fraunhofer-Institute for Industrial Mathematics ITWM,
which has previously been used to solve similar problems, cf. e.g. [9, 10]. This software
enables quantitative 3D analysis of complex geometries. The permeability values are
obtained from unsaturated in-plane radial flow and through-the-thickness experimental
measurements. Permeability-determining quantiles of the pore-size distribution that fit
best to the experimental data for each fiber volume fraction are suggested. The
10%-quantile for a fiber volume fraction of 56 % is in accordance with Hazen [11, 12],
who as well suggested that smaller particles or pores of a porous structure determine its
permeability. To regard interconnected capillaries as a series of parallel streamlines was
validated by Williams [13]. This study is an attempt to link the microstructure of the
porous material with the observed flow behavior.

MATERIALS & METHODS

The reinforcement textile used for this study is a glass fiber twill weave textile
(390 g/m?) equipped with a finish for epoxy resin (K 506). The textile is built up
anisotropically: the linear density in weft direction is 272 tex with 6.7 yarns (picks) per
cm, the linear density in warp direction is 68 tex x 5 tO (multiple wound yarn) with 6.0
yarns (picks) per cm (Schloesser & Cramer, art. no. 3106).

These textile layers (465 x 465 mm) have been injected by epoxy resin to produce a
composite suitable for uCT analysis. To achieve three different fiber volume fractions,
5, 6 and 7 textile layers have been placed inside a 2 mm cavity of the RTM mold. Out of
these composite sheets, three smaller samples have been cut using a diamond saw, each
with sufficient dimensions for the textile to be well represented (5 x 5 x 2 mm).

The in-plane permeability was determined by a radial flow experiment as described in
[14, 15]. The permeability algorithm is based on the one developed by Douglas et al.
and Adams et al.. The through-the-thickness permeability was determined by an
ultrasound time of flight measurement described in [16]. Both measurements were
unsaturated.

The uCT images were generated with the voltage set to 100kV and the current set to
90pA. Using the gray values of the glass fibers in the image data, the fibers have been
subtracted from the 3D image such that only the matrix structure (resin) was left (Fig. 2,
right). In order to reduce effects caused by noise and limited resolution, only those
matrix areas larger than the fiber diameter (9 um) have been taken into account for the
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image analysis. Fan et al. specify the size of microscale gaps from 50 nm to 5 um [17].
Therefore microscale flow is neglected in this study.

To characterize this matrix structure, the spherical granulometry distribution known
from mathematical morphology [18] has been used: Consider the set of points attributed
to the pore space in an image, which has been determined using smoothing filters and
image binarization. That pore space (in the present case: the matrix structure) is
digitally closed using a ball with increasing diameter. By applying this sequence of so-
called closure operations, one removes the pores (matrix space between the fibers) from
an image, starting with small pores until no porosity will be left in the data. When using
a three dimensional sphere (i.e., a ball B(d) with diameter d) as in the present case, one
measures the spherical granulometry distribution function by recording the volume
fraction of the pore space that disappears during each of these sequential closure
operations. The result are cumulative distribution functions of relative pore space
volume over the local pore space diameter d as shown in Fig. 2. An alternative
interpretation of the spherical granulometry is as follows. For each point x in the pore
space, attribute x to the largest ball B(d) that can be fit into the pore space and which
covers X. By computing the histogram of points x covered by all balls of diameter d
from 0 to the maximal pore space diameter, one will again end up with the spherical
granulometry.

RESULTS

In figure 1, the results of the permeability measurement results are presented. The K1
and K2 values have been determined by a radial flow permeability measurement. The
K3 values have been generated by an ultrasound through-the-thickness measurement.
The global permeability curve is an exponential regression line of the third root of
K1*K2*Ka3.
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Fig. 1 Permeability values K1, K2 and K3 with exponential regression line.

As a meaningful way to present the results of the pore-size distribution, a cumulative
plot that adds up the pore volume fraction from left to right and shows the pore-size
diameter has been chosen (fig. 2). This plot allows statements like: For the fiber volume
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fraction of 48 %, 25 % of the overall pore (i.e., matrix) volume consists of pores smaller
than 43 pm.
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Fig. 2 left: Plot of the cumulative pore volume distribution versus pore diameter,
continuous lines are the average, dotted lines are single samples. This plot makes it
possible to read out quantiles. right: Image of the analyzed resin structure, the fibers are
subtracted of the glass fiber reinforced epoxy image.

To correlate the permeability values with the pore-size distribution, a conversion has to
be performed: Bear [11] describes the analogy between the Hagen-Poiseuille equation
and Darcy’s Law with a 3-directional capillary tube model. Following Hagen-Poiseuille
and Darcy, the permeability value K is proportional to the squared diameter (d%/96). In
the following table 1, the experimental permeability values are compared with
correspondingly computed permeability values determined by the spherical
granulometry as described above.

Table 1 Data taken from figures 1 and 2: Fiber volume fractions with corresponding
permeability values, calculated flow channel radius and pore-size distribution-quantiles.
The directly compared columns are marked in gray.

Permeabilitiy Permeabilitiy Permeabilitiy
calculated with calculated with calculated with
Global 10 % quantile 25 % quantile 40 %-quantile
experimental| 10 %- | pore diameter| 25 %- |pore diameter( 40 %- | pore diameter
Fiber volume [ permeability [ quantile (0"2/96) quantile (d"~2/96) quantile (0"2/96)

fraction [m2*107-11] | [m*107-5] [ [m#*107-11] | [m*107-5]| [m2*107-11] | [m*107-5]| [m?*107-11]
40,0% 10,18 2,55 0,68 5,62 3,30 9,07 8,57
48,0% 2,03 2,20 0,50 4,31 1,94 6,85 4,89
56,0% 0,41 1,71 0,30 2,83 0,84 4,57 2,18

The best fit with experimental data was achieved for cumulative distribution-quantiles
of 10, 25 and 40 % for fiber volume fractions of 40, 48 and 56 %, respectively. The
choice of the 10 %-quantile as permeability determining quantile at a higher fiber
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volume fraction is in accordance with Hazen [11, 12], who as well suggested that
smaller particles or pores of a porous structure determine the permeability. The
following figure 3 is showing 5 permeability curves. Curve 1-3: determined by the
cumulative distribution-quantiles of 10, 25 and 40 %; curve 4 determined by the 40 %
cumulative distribution-quantile at a fiber volume fraction of 40 %, the 25 %-quantile at
a fiber volume fraction (Vf) of 48 % and the 10 %-quantile at a Vf of 56 % (best fit
line); curve 5: the experimentally determined global permeability curve.
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Fig. 3 Plot of the global permeability (as displayed in Figure 1) and the 10 %-, 25 %-
and 40 %-quantiles. The dotted line is built up of the following interpolation points: the
permeability value calculated from the 40 %-quantile at a Vf of 40%, the permeability
value calculated with the 25 %-quantile at a Vf of 48 % and to the permeability at a Vf
of 56 % the 10 %-quantile.

CONCLUSION

The study demonstrated the possibility to determine permeability by quantitative
analysis of 3D uCT images. Good correlation was achieved with 3 samples used for
experimental characterization. Permeability values have been calculated with pore-sizes
determined by granulometry measurements. 10 %-, 25 %- and 40 %-quantiles of
cumulative pore diameter distributions have been found to be permeability-dominating
for fiber volume fractions of 40, 48 and 56 %, respectively. It can be seen in Figure 3
that permeability is overestimated at higher fiber volume fractions if the quantiles from
which permeability is calculated is not adjusted to the fiber volume fraction. The
applicability of Hagen-Poiseuille for a twill weave textile has been proven. For lower
fiber volume fractions, lower cumulative distribution-quantiles are permeability
determining. For higher fiber volume fractions, higher cumulative distribution-quantiles
are permeability determining. This study has shown the possibility to calculate the
permeability by measuring the pore diameters in a laminate. The number of results
available is not sufficient to fully validate the ‘Cumulative Pore-size Distribution —
Permeability’ correlation. But it is expected that similar relationships will hold for
different kinds of textiles.
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