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Flax fibre mats are promising and versatile biosourced reinforcements that can be used in composite parts ob-
tained using various processing routes. To optimise their impregnation and the end-use properties of composites,
it is crucial to better understand the process-induced evolution of their microstructure and their permeability. In
this study, flax fibre mats were subjected to in situ X-ray microtomography compression experiments. The
resulting 3D images enabled the evolution of several key descriptors of their microstructure under compression

to be determined, and the evolution of their permeability to be quantified by direct fibre scale CFD simulations.
The microstructural data were also used as input parameters of a modified directional Kozeny-Carman model,
accounting for the anisotropy and heterogeneity of mats. Only one unknown directional parameter was identified
by inverse method from permeability calculations performed on numerically generated 3D realistic fibre net-
works. The predictions of the proposed model were consistent with numerical simulations.

1. Introduction

Biosourced composites reinforced with plant-based fibres represent a
credible alternative to composites reinforced with glass or other syn-
thetic fibres that are commonly used as structural or semi-structural
parts in many industrial applications [1,2]. Several architectures of
plant-based fibres are encountered: woven fabrics, knitted fabrics, and
non-woven materials such as unidirectional veils of fibres and fibre
mats. Fibre mats are versatile fibrous materials that consist of an intri-
cate network of individualised fibrous elements such as discontinuous
fibres, or discontinuous fibre bundles or both types of elements. The ease
of their manufacturing offers the possibility to obtain various fibrous
architectures varying for instance their fibre content, areal density and
fibre orientation [3,4]. In addition, they offer a good compromise with
respect to other types of reinforcements because of their good process-
ability (e.g. large deformation properties) in several composite
manufacturing processes, and their ability to provide good reinforce-
ment effect to polymer matrices [5,6].

The manufacturing of composites parts with biosourced fibre mats
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can be done using either wet, e.g. Liquid Composite Moulding (LCM), or
dry forming, e.g. compression moulding, processes [2,7,8]. These pro-
cesses involve the deformation of these reinforcement materials and
their simultaneous or subsequent impregnation by a fluid polymer ma-
trix to obtain either a prepreg material or a composite part with the
desired shape. For plant-based reinforcement materials such as flax fibre
woven fabrics, a poor control of the deformation mechanisms of these
materials in their dry state is known to induce several defects such as
wrinkling, buckling or tearing that affect the reinforcement architecture
and integrity [9,10,11]. Similarly, the impregnation of the same re-
inforcements by fluids such as filled thermoset resins or thermoplastics
may result in voids inside and between tows [11,12]. It has been
established that the impregnation of fibrous reinforcements is mainly
controlled by their anisotropic permeability properties [13,14,15]
which are also strongly coupled with their deformation state [16]. At the
flow front, capillary effects also play an important role on the impreg-
nation phenomena [17]. Far from the flow front, in saturated zones, the
impregnation phenonema occurring in composite forming processes are
usually modelled by assuming the Darcy’s law [18], which is, strictly
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Fig. 1. SEM micrographs of the mat M1 (a) before thermolinking and (b) after thermolinking.

speaking, valid for the flow of incompressible Newtonian fluids through
rigid porous media at negligible Reynolds number. Vast research efforts
are still ongoing to reveal the links between the components of the
permeability tensor K of the Darcy’s law and the deformability of
various natural fibrous materials with more or less disordered archi-
tectures [19]. For biosourced fibre mats, the prediction of the perme-
ability components is all the more difficult to establish as the fibrous
microstructure of these materials is strongly disordered and fibres
exhibit large morphological variations [16,20,21].

Several experimental studies dealt with the determination of the out-
of-plane and in-plane permeability of biosourced fibre mats
[22,21,23,24]. The effect of the compaction was also determined and
allowed highlighting the effect of the porosity or conversely the fibre
volume fraction on the permeability properties. Some authors reported
that the evolution of the permeability components could be empirically
fitted using either empirical power-law functions of the fibre volume
fraction ¢, [14] or the Kozeny-Carman model [25,26,27]. This equation
is widely used to estimate the permeability K of isotropic porous media:
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where S, is the specific surface area, 7 is the tortuosity (defined as the
ratio between the mean flow path length and a characteristic length of
the porous media). The Kozeny-Carman model assumes that the porous
medium is equivalent to an assembly of parallel tortuous capillaries with
equal length and diameter and circular cross sections. The assembly of
capillaries has the same equivalent fibre volume fraction ¢, and specific
surface area S, as the porous medium. The parameter c can be seen as a
phenomenological corrective term to account for flows in cylinders with
any cross section geometry [25,26,27,28,29,30]. The Kozeny-Carman
model was used by Bizet et al. [23] to fit the evolution of the out-of-
plane permeability component of flax fibre mats by determining the
best value for ¢ for fitting experimental data. The parameter ¢ was shown
to depend non-linearly on the fibre volume fraction.

The Kozeny-Carman equation thus relates the permeability to some
key microstructure descriptors of the porous media and c, the parameter
coupling the fluid flow with the structure. It is thus crucial to determine
accurately these descriptors and their evolution with the deformation.
Several studies used 3D X-ray microtomography imaging techniques to
characterise the porous and fibrous architecture of biosourced mats
[21,31] and paper-like materials [32,33,34]. Thanks to the analysis of
3D images, the authors could measure several crucial descriptors such as
the mean porosity $p, the specific surface area S, and tortuosity 7. They
also used these parameters in the Kozeny-Carman equation and
compared the prediction of this model for the out-of-plane permeability
of wood-based fibre mats with results obtained experimentally or by

numerical simulation performed on 3D X-ray microtomography images
[21,35]. The chosen value of the parameter ¢ did not allow a good
prediction of the out-of-plane permeability of the studied materials [35].
Their choice was governed by considering the geometry of the pore cross
sections (circular or flat cross section of pores) that is presumably far
from the real geometry of the pores in the investigated anisotropic
fibrous networks. This shows that this parameter is critical and also
difficult to estimate using uniquely image analysis of 3D fibrous net-
works. To circumvent this difficulty, Koponen et al. [36] performed flow
simulations through the thickness of numerically generated realistic
fibrous networks with planar fibre orientation representative of the
structure of paper-like materials. Hence, they determined the out-of-
plane permeability of these materials, thereby estimating the value of
¢ by an inverse method for this particular direction. They also proposed
an empirical non-linear law for the evolution of ¢ as a function of the
fibre volume fraction ¢,.

Using high-resolution 3D X-ray microtomography images of fibre
networks appear to be a powerful approach to estimate the permeability
of fibrous materials with complex architectures
[32,33,34,37,38,39,40,41]. The current progress made in 3D X-ray
microtomography imaging allow acquiring 3D images during in situ and
in real time experiments that mimic the real forming conditions the
composite fibre reinforcements are subjected [42,43,44].

Hence, the objectives of this work were to investigate the micro-
structure and its evolution during transverse compression of thermo-
linked flax fibre mats, mimicking compaction phenomena that occur in
many composite forming processes. For that purpose, in situ compres-
sion experiments were performed using synchrotron X-ray micro-
tomography. Image analysis allowed quantifying the evolution of
several key microstructure descriptors of the mats during their
compaction. The components of the permeability tensor were estimated
by direct numerical simulations on the 3D images for the various
compression stages. Then, the microstructural data were used as input
parameters of a modified anisotropic Kozeny-Carman model. To account
for the anisotropy of the flax fiber mats, the tortuosity and an equivalent
term to the aforementioned ¢ parameter of the Kozeny-Carman model
were seen as directional parameters. Following the approach proposed
by Koponen et al. [36], the directional values of ¢ were identified by an
inverse method from permeability calculations performed using
numerically generated 3D fibre networks. Finally, the relevance of the
modified Kozeny-Caman model was discussed and tested for another
type of biosourced mat.

2. Materials and methods
2.1. Flax fibre mats

The first type of mats was made of 90 wt% of flax fibres combined
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Fig. 2. A-D: 3D cropped views of the fibrous microstructure of mat M1 during in situ compression. The sizes of the 3D images A, B, Cand D are 3.1 x 3.1 x 0.8, 3.1 x
3.1 x 0.5,3.1 x 3.1 x 0.4 and 3.1 x 3.1 x 0.6 mm?>, respectively. Graph: symbols A, B, C and D correspond to the recorded stress—strain values during the in situ
compression test. The curve shows the compression response of another specimen of mat M1 obtained using the micro-press at low compression velocity.

with 10 wt% of polypropylene fibres. These mats, denoted M1 in the
following sections, were fabricated by the Gemtex laboratory using
carding, overlapping and needle punching nonwoven technologies [45].
These mats were also consolidated using thermolinking. During thermo-
linking, the polypropylene fibres melted, allowing them to bond flax
fibres after cooling. This process is usually used to increase the me-
chanical strength of mats. Fig. 1 shows microscopic views of the mats

beforg and after thermolinking. The areal density of these mats was 241
gm -

A second type of flax fibre mat, denoted M2 in the following sections,
was also used. This mat denoted Feutralin by the supplier Ecotechnilin
(Valliquerville, France) had an areal density G of 540 g m~2. This mat
was also fabricated using carding, overlapping and needle punching
processing techniques and was only made of flax fibres.

0
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Fig. 3. (a) Segmented X-ray microtomography image of mat M1 after pre-compression showing in grey levels both the flax fibre phase and the polypropylene phase
(size of the 3D images: 3.1 x 3.1 x 0.8 mm?®). (b-c) Same images for the flax fibre and the polypropylene phases only. (d) Evolution of the mean pore volume fraction

¢, as a function of the in-plane length [ of the ROL.
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Fig. 4. Mat M1 - (a) Variation of the local volume fraction of pores ¢, along the normalised thickness. (b) Evolution of the mean volume fraction of pores Ep as a

function of the compressive strain &,,.

2.2. In situ compression experiments and 3D image acquisition

A specimen of mat M1 was subjected to out-of-plane compression
tests using a micro-press installed on a synchrotron microtomograph
(ID19 beamline, ESRF, Grenoble, France). A detailed description of this
device is given in references [43,46,47]. This micro-press was equipped
with a load cell with a maximum capacity of 50 N which allowed the
compression force F to be measured. The X-ray energy and the number
of radiographs were set to 20 keV and 2000, respectively. A voxel size of
2.8% um® was chosen to obtain accurate representation of the fibrous
microstructure of the mats. Then, 3D images were reconstructed using
the so-called Paganin procedure, which is based on the use of the phase
contrast in the images, required for so low absorbing materials [48,49].
This technique is used to obtain 3D images that exhibit a good contrast
between flax fibre and PP phases with nearly similar X-ray absorption
coefficients. The specimen, initially in the form of a cylinder with a
diameter of 10 mm, was subjected to a slight pre-compression of 0.06 N
to ensure contact with the platens. The thickness hy was about 0.8 mm.
Once a complete relaxation was reached, a first scanning experiment
(Fig. 2, step A) was performed (scanning time ~ 1 min). Then, the
specimen was sequentially put under compression up to a compression
force of 6 N using a low compression velocity (Fig. 2, step B, the image
was taken after a 10-min relaxation). The sample was further loaded to a
compression force of 15 N (Fig. 2, step C, again the image was taken after
a 10-min relaxation time). Finally, a fourth scan was carried out after
unloading and relaxation (Fig. 2, step D, the image was taken after a 10-
min relaxation). Fig. 2 also shows the stress-strain values as well as the
3D images of the specimen microstructure obtained during the
compression test. The compression stress o,, was calculated as the ratio
|F|/So with Sy the initial contact area of the specimen surface with the
compression platens. The compression strain was calculated as &, =
[In(h/ho)| with h the sample thickness measured on the 3D images.

2.3. Image analysis and morphological characterization

Thanks to the good contrast between the three imaged phases, i.e.
the flax fibre, the polypropylene and pore phases, the 3D reconstructed
images could be easily segmented. This operation was done manually
using the threshold function implemented in Fiji Software [50]. The
relevance of the thresholding operation will be discussed in section 3.1.
Fig. 3 shows the segmented X-ray microtomography images of mat M1.
Fig. 3d shows the evolution of the mean volume fraction of pores ¢, as a

function of the in-plane dimensions of the region of interest (ROI)
chosen in the 3D images. This figure reveals that ¢, was poorly affected
by the size of the ROI for I > 2000 pm. This tends to show that above this
size, the ROI’s can be considered to be Representative Elementary Vol-
umes (REV’s) [34,51]. In the following sections, the image analysis
operations were performed for ROI's with [ = 3080 pym as shown in
Fig. 2A-D.

2.4. Volume fraction of pores

The local volume fraction of pores ¢, was calculated on each hori-
zontal cross-section of the different 3D images obtained during
compression (Fig. 2A-D) by dividing the number of voxels of this phase
by the total number of voxels of the treated image. Similarly, the mean
volume fraction of pores $p was calculated on the different 3D images
obtained during compression (Fig. 2A-D) from the number of voxels of
this phase divided by the total number of voxels of the treated image. In
order to check the relevance of the thresholding operation, %, was also
estimated theoretically from Eq. (2):

- Pmar

Puat
d,=1-y
14 ! P

—
Wﬂpp

(2

where p,... = G/h, p; = 1380 kg m 3 and Ppp = 910 kg m > are the
densities of the fibrous mat, flax fibres and polypropylene, respectively.
The parameters y; = 90% and y,, = 10% are the mass ratios of flax fi-
bres and polypropylene in the studied material, respectively.

2.5. Volumetric size distributions

The volumetric size distributions of the diameters d of flax fibres,
solid phase (flax fibres plus melted polypropylene fibres) and pore sizes
were estimated using the function 3D granulometry [52,31,53] imple-
mented in the plugin Analysis 3D in Fiji [54]. These measurements were
performed using octahedron structural elements [53].

3. Specific surface area S,

A stereological technique [55,52] based on intercept lines was used
to estimate the specific surface area S, of the solid phase, i.e. flax fibre
phase plus the polypropylene phase. The specific surface area was
calculated as follows [56]:
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Fig. 5. Mat 1 — Volumetric distributions of (a) the sizes of the pores d, , (b) the diameters of flax fibres dy and (c) the thicknesses of the solid phase (flax fibres plus
melted polypropylene fibres) d;. (d) Evolution of the mean size of pores d, , mean diameter of flax fibres d; and mean thickness of the solid phase d; as a function of

the compressive strain &;.

S, =2P;, 3)

where P;, is the mean number of intercepts per unit of intercept lines.
P, was calculated from the measurements of the number of intersection
with the solid phase of 500 intercept lines the directions of which were
randomly distributed in the orientation space and crossing at the center
of the samples. For this number of intercept lines, the values of S, was
stabilized.

3.1. Directional tortuosities t;;

The directional tortuosities 7y, 7,y and 7,;, of the pore phases of the
studied mats were calculated along the directions ey, e, and e, of the 3D
images, using the plugin Tortuosity implemented in Fiji software. More
details are given in ref. [57].

3.2. Permeability estimation using 3D images and CFD simulation

The components of the permeability tensor K of the mats M1 and M2
and the virtual fibrous mats that were numerically generated were
calculated using the CFD module FlowDict of the Finite Volume software
GeoDict and the Explicit Jump-Stokes (EJ-Stokes) solver. Within this
numerical package, the localization Stokes flow equations, deduced

from the homogenization method with multiple scale asymptotic ex-
pansions [58,59,60], were solved within the pore phase of the 3D X-ray
microtomography binarised images of the different fibrous materials
(Fig. 2). The local velocity field as well as the first-order pressure fluc-
tuation field were considered as in-plane periodic. By imposing unit
macroscale pressure successively along the directions ey, e, and e, and
by solving the Stokes-like localization problem on the binarised 3D
images and considering no-slip boundary conditions at the interface
between the fluid domain and the solid phases, it was possible to
determine the components of the permeability tensor [37,61,62]. More
details about the numerical procedure are reported by Chalencon et al.
[62]. For illustration purpose, Fig. 9a shows the norm of the stationary
velocity field obtained by numerical simulation for a fluid flow along the
e, direction through the mat M1 in its initial state. Using such approach,
it can be inferred from the statistical analysis by Jeulin [63] that the
relative error for the predicted components of the dimensionless
permeability tensor (Tab. 1) is about 10% to 15%. The analysis by Jeulin
relates the relative error of a property (e.g. the components of the
permeability tensor) to the size of the volume used to calculate the
property, the number of calculations and the evolution of the variance of
the property with the size of the calculation volume. Decain [64] and
Marulier [65] used a similar approach for the predictions of the thermal
and mechanical properties of cellule-based fibrous materials and
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Fig. 6. Evolution of the specific surface area of mat M1 as a function of the
mean volume fraction of the solid phase ¢;.

confirmed the relevancy of this approach to estimate the relative error.
4. Results
4.1. Analysis of the microstructure of mat M1 under compression

4.1.1. Evolution of the pore volume fraction

Fig. 4a shows the variation of the local volume fraction of pores ¢,
along the thickness of the sample for the different stages of compression
shown in Fig. 2. This figure shows that the volume fraction of pores
decreases with the increase in the compression loading and increases
after unloading. However, in the initial state and during the deformation
of the sample, the volume fraction of pores varies slightly along the
thickness. After unloading, the volume fraction of pores is different from
that in the initial state. This type of evolution of the microstructure has
already been observed for other types of fibre reinforcements [66,67].
Fig. 4b shows that the mean value of the volume fraction of pores ¢,
calculated from the data shown in Fig. 4a decreases with the increase in
the compression strain &,;. These results also show a good agreement
with the predictions of Eq. (2). This tends to show that the thresholding
of the 3D images and the estimate of the pore volume fractions were
accurate.

4.2. Evolution of the volumetric distributions of pore, fibre and solid
phases

The evolution of the volumetric pore distributions reveals a decrease
in the pore sizes and a decrease in the width of the distributions with the
increase in the compressive strain ¢,,. (Fig. 5a). This is further confirmed
by the evolution of the mean value of the pore sizes, as shown in Fig. 5d.
This shows the densification of mat M1 with the compression loading. In
addition, the volumetric pore size distribution after unloading (stage D)
does not superimpose to that of the initial state (stage A). This phe-
nomenon has to be related to the aforementioned evolution of the
porosity and is certainly due to rearrangements in the fibre network of
mat M1. This is confirmed by the results shown in Fig. 5b and 5d which
reveal that both the volumetric fibre diameter distribution and the mean
fibre diameter remain almost unchanged during compression. This tends
to show that the fibre cross sections did not collapse during compression.
Note also that the mean value of flax fibre diameter af was around 28
um, which is accordance with the observations made from SEM images
(Fig. 1). This value is also in agreement with those reported by several
authors for elementary flax fibres [68,69]. Similarly, the volumetric
distributions that were measured on the solid phase did not vary
significantly during the compression test (Fig. 5c). As expected, the
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Fig. 7. Evolution of the directional tortuosities 7y, 7,, and 7,, of mat M1 as a
function of the solid volume fraction ¢;.

Table 1

Components of the dimensionless permeability tensor K = ;K obtained for the
N
mat M1 for the different compression stages in the (e,.e,,e;) frame shown in

Fig. 2.

Dimensionless permeability tensors

Initial state (Fig. 2A) [ 036 0.02 -0.01
K']=|0.02 041 0.00
[-0.01 000 027 |,
0.076 MPa (Fig. 2B) 0.10 0.00 0.00
[K'] = |0.00 0.11 0.00
[0.00 0.00 0.09],, .
0.191 MPa (Fig. 2C) 0.05 0.00 0.00
[K'] = |0.00 0.05 0.00
[0.00 0.00 0.05], . .
0.00 MPa (Fig. 2D) [0.17 0.01 0.00
[K'] = |0.01 0.18 0.00
10.00 0.00 0.14

mean thickness of the solid phase (flax fibres plus melted polypropylene
fibres) d; was higher than dy, i.e. close to 40 ym.

4.3. Specific surface area S,

Fig. 6 shows that the specific surface area S, increases non-linearly
with the increase in the solid phase volume fraction ¢,. The values for
S, are close to those reported for others types of fibrous materials with
similar solid volume fractions ¢, such as wood fibre mats [21,35] or
papers [34]. The increase of S, can be explained by the compaction of
the sample of mat M1 with the compression loading. The compaction
induces a decrease in the thickness h and in the volume of the sample,
which results in a higher specific surface area. The compaction effect can
be counterbalanced by the creation of new contacts between the fibres of
the mat, thus decreasing the overall surface area of the solid phase.
These two opposite effects could be at the origin of the slightly non-
linear evolution of S, with the mean volume fraction of the solid
phase ¢,. The effects of possible rearrangement mechanisms is also
visible in Fig. 6 as the value of S, after unloading (stage D) does not
superimpose to that of the initial state (stage A).

4.4. Directional tortuosities Txx, 7yy and Tz

Fig. 7 shows that the directional tortuosities 7y, 7y, and 7, increase
with increasing the mean volume fraction of the solid phase ¢, i.e. the
paths followed by a particle in the pore phase from one side to the
opposite side of the sample would become longer with the increase in
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Fig. 8. (a) Dimensionless specific surface area Sf, =
S,Ts, (b) directional tortuosities 7;,(c) dimensionless
permeability components Kf and (d) directional

values ¢; as a function of the solid volume fraction ¢,
obtained for the numerically generated REV’s of
fibrous media. Note that the REV’s were generated
numerically using the microstructure generator
FiberGeo of software GeoDict which is based on a
softcore approach. The calculations of the perme-
ability components were performed using the mod-
ule FlowDict of this software (as explained in section
2). For comparison purpose, the colored symbols
correspond to the values obtained for the mat M1.
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the compaction. The out-of-plane tortuosity 7., is higher than the in-
plane tortuosities 7, and 7y,, regardless of the mean solid volume
fraction ¢. In addition, as 7,, ~ Tyy 7 Ty, the tortuosity of mat M1 could
be considered to exhibit transverse isotropy. Note that the orders of
magnitude of the tortuosities 7y, 7y, and 7,; are in accordance with those
reported by Peyrega and Jeulin [70] for similar fibrous materials with
in-plane fibre orientation.

4.5. Numerical permeability estimates

Table 1 gives values of the components of the dimensionless
permeability tensors K = ?%K, with 7 = d; /2 = 20 pm, see Fig. 5d)
obtained by numerical simulasltion for the different compression stages of
K, and K,

mat M1. The diagonal components of K, i.e. K, -

o are greater
of at least one order of magnitude than the non-diagonal components.
The components K, and K;y are also very close to each other regardless
of the compression state. This tends to show that mat M1 initially ex-
hibits transverse isotopy for the permeability and that the directions e,
ey and e, (Fig. 2) are the principal directions of the permeability tensor.
Note that the permeability components show a decrease with increasing
the compression and that they tend to reach the same values for the
highest compression level. In this case the permeability tensor is almost
isotropic.

5 (%)
(d)

5. Discussion
5.1. Proposition of an anisotropic Kozeny-Carman permeability model

Based on the previous studies devoted to the prediction of the
permeability properties of fibrous materials with disordered fibrous
architectures such as papers [36], boards or reinforcements for com-
posites made of discontinuous fibres [21,35,38,39,40], we propose the
following adaptation of the Kozeny-Carman (KC) model for anisotropic
porous materials where the principal components of the dimensionless
permeability tensor K; are written as follows:
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with i = ILII, IIl (no summation on i). In this expression, the terms c;
represent directional equivalent terms to the scalar parameter ¢ of the
classical KC model (cf. Eq. (1)).

Following the approach proposed by Koponen et al. [36], we propose
to identify the components ¢; using an inverse calculation method. This
method consists in (i) generating a set of Representative Elementary
Volumes (REV’s) of fibrous media with random in-plane fibre orienta-
tions and various fibre volume fractions 5% < ¢, < 60%, (ii) calculating
the principal components of the permeability tensor K; of these REV’s as
well as (iii) the directional tortuosities 7; in the anisotropy directions of
the permeability tensor, i.e. along ex,ey,e, the principal orientation
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Fig. 9. (a) Norm of the velocity field corresponding to a transverse fluid flow through the fibrous mat M1 in its initial state. (b) Dimensionless permeability
components: modified KC model and Geodict numerical simulation results. (c) Relative error between the numerical and theoretically estimated permeability
components. (d) 3D microtomography images showing the fibrous microstructure of the mat M2 (size of the 3D image: 3.3 x 3.3 x 2.0 mm®).

directions of the generated fibrous media (Fig. 8a), and the specific
surface area S, adopting the same approach to that used for the mat M1.
Finally, the directional components c¢; were identified as a function of ;.

Fig. 8a,b show that the dimensionless specific surface area S; =S,7s
and directional tortuosities 7; of the numerically generated idealized
fibrous mats are close to those measured for the mat M1. The dimen-
sionless permeability components K; (Fig. 8c) are in the same order of
magnitude as those of mat M1 (Tab. 1). These results tend to show that
the generated REV’s represent quite well the real microstructures of the
flax fibre mats. Finally, using the data obtained for the numerically
generated REV’s, it was possible to identify the evolution of the in-plane
and out-of-plane values ¢; as a function of ¢, (Fig. 8d). The following
empirical functions were determined by the least squares method to fit
the values obtained for these components:
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The values of cj; that were calculated were close to that obtained by
numerical simulation by Koponen et al. [36] for generated paper net-
works with a fibre volume fraction ¢, that ranged between 0.2 and 0.5
(cmr ~ 2.8). The slight difference is presumably due to the rectangular
geometry of the cross section of the fibres of the networks considered by
Koponen et al. [36]. Note also that these authors did not correct the
values of ¢y by accounting for the out-of-plane tortuosity 7y of the
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networks.

5.2. Model predictions and validation

The principal components of the permeability tensors were esti-
mated for the mat M1 using the modified KC model and the expressions
of ¢; obtained for the numerically generated REV’s, whereas the specific
surface area, directional tortuosities and the fibre volume fraction were
obtained from the analysis carried out in Section 3. Fig. 9b shows the
principal components of the dimensionless permeability tensor obtained
by the numerical simulation and the prediction of the modified KC
model. The relative errors between the numerical values and the KC
predictions are below approximately 18% for all the components K;, K
and Ky, (Fig. 9¢), which is fairly reasonable. Thus, both sets of values
are in accordance regardless of the fibre volume fractions reached dur-
ing the compression experiments.

Furthermore, the prediction of the modified KC model was tested for
the mat M2 (Fig. 9b,c). This mat is only composed of flax fibres and is not
thermolinked (Fig. 9d). Using again 3D X-ray microtomography images
(resolution: 6.5° pms, Tomcat beamline, Paul Scherrer Institute, Villi-
gen, Switzerland), the following microstructural characteristics were
determined: ¢, = 0.28, S, = 20.4mm™', ;; = 1.07, 7y = 1.08, 7y =
1.13andd; =d; = 54um. Both the predictions of the modified KC model
and the numerical predictions are in good agreement for this other type
of flax fibre mat.

6. Conclusion

In situ out-of-plane compression tests were performed on a thermo-
linked flax fibre mat, using a micro-press installed on a synchrotron
microtomography beamline. This technique allowed us to show that (i)
the porous phase evolved significantly as shown by the measurements of
the mean porosity, pore size distribution, and the directional tortuos-
ities, (ii) the cross sections of the flax fibres remained almost unchanged,
and (iii) the specific surface area increased with increasing the
compaction. The changes of the porous phase are not totally reversible
as shown by the analysis of the unloading stage. The 3D images were
also used as input data to numerically calculate the principal compo-
nents of the permeability tensor of the studied fibrous mats and their
evolution during compression. The simulation results showed that the
permeability is transversely isotropic with principal axes that did not
evolve during compression.

In parallel, a modified Kozeny-Carman model taking into account the
transverse anisotropy of the permeability tensor was proposed. This
model accounts for parameters such as the fibre volume fraction, specific
surface area, directional tortuosities and several directional terms c; that
are related to the heterogeneity and the variations in the porous aniso-
tropic structure that induce fluid flow perturbation. All parameters of
this model could be identified from the analysis of 3D images, except the
in-plane and out-of-plane values ¢; . To identify them a set of fibrous
mats were numerically generated for a wide range of fibre volume
fractions ¢,. Expressions of the in-plane and out-of-plane values c; were
proposed as a function of the fibre volume fraction ¢,. The permeability
values obtained by this model were consistent with those obtained by
numerical simulation for all the investigated compression states of the
thermolinked flax fibre mat. This model also allowed a good prediction
of the permeability of another type of mat with a different fibrous ar-
chitecture and only composed of flax fibres using 3D images acquired at
lower spatial resolution.

This study shows that using 3D X-ray microtomography images, it is
possible to identify nearly all the parameters of a Kozeny-Carman-like
permeability model well adapted for materials that exhibit disordered
fibrous microstructure with varying size and shape of the fibre elements
and consequently a complex porous architecture for which microstruc-
ture models do not exist. It would be interesting to test this model for a
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larger set of fibrous mats subjected to various deformation modes such
as those encountered in composite forming processes.
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