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We seek to address how air entrapment mechanisms during infiltration are influenced by the wetting charac-
teristics of the fluid and the pore network formed by the reinforcement. To this end, we evaluated the behavior of
two model fluids with different surface tensions, infiltrating three carbon fiber reinforcements, by means of X-ray
radiography. We also assessed initial (dry) and final (wetted) states for each experiment by performing X-ray CT

scans. We found that the fluid characteristics strongly affect the flow front patterns and pore filling events for a
given fabric architecture. Two main promoters of snap-off events are involved in capillary dominated flows: a
very wetting system leading to corner flows and the fabric bundles oriented perpendicular to the flow acting as
obstacles, specifically in fabric architectures prone to variations in nesting. Finally, we evaluated the applica-
bility of a pore network model to further link preform architecture and void formation.

1. Introduction

Liquid composite molding (LCM) processes belong to infiltration
processes, in which the resin movement inside the open pore space of a
dry fibrous preform can be described as displacement of two immiscible
fluids inside a porous medium, a phenomenon which is found in many
natural and engineering occurrences [1]. However, despite the broad
literature on this topic, a complete understanding of flow kinetics and
morphology has not been reached so far due to the complex interplay of
several factors such as heterogeneity of the porous network, fluid
properties (viscosity, density, and surface tension), wettability, flow
displacement speeds, void formation, and transport mechanisms as well
as the considered length scales [2]. Concretely, fluid transport can be
described at the scale of a pore (micro-scale) in which parameters such
as pore connectivity, roughness, and fluid/solid interfacial properties
govern the fluid movement or at the meso- or Darcy-scale in which the
flow is defined by a continuum mechanics approach in a representative
volume element characterized by the medium porosity, permeability
and saturation. The relationship between the physical phenomena tak-
ing place in these two scales remains unclear particularly because the
pore-scale spatial heterogeneity highly affects the flow at the macro-
scale [3,4]. Inevitably, during infiltration, an unstable displacement of
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the invading fluid takes place and flow generates preferential pathways,
resulting in a non-uniform flow progression within regions sometimes
causing entrapment of the displaced fluid. In LCM, air entrapment
arising from an inefficient filling has proved to be the most common
flow-induced defect detrimentally affecting the final composite part
properties [5,6].

The flow displacement morphology in a porous medium is recog-
nized to be affected by the viscosity ratio between liquid and air and by
the capillary number Ca, defined as the ratio between viscous and
capillary forces [7]. Although several definitions for Ca have been
proposed over the years, the preferred form is the most concise one
containing the resin Darcy superficial velocity U, viscosity 7, and surface
tension y, as [8]:

Ca=—
4

@

At the flow front, a constant competition between viscous and
capillary forces takes place and researchers agree with the existence of
an optimal capillary number Ca,,, for which capillary and viscous ef-
fects compensate each other and the amount of the voids is minimal (i.e.
flow velocities are comparable in inter- and intra-bundles regions)
[9-13]. Since Ca,y is possibly influenced by textile architecture and
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Fig. 1. (a) original unidirectional (UD), (b) modified unidirectional (UDM) and (c) twill (TW) carbon fabrics.

fluid properties, it is specific for a given resin/reinforcement system and
to date, no one has been able to predict it quantitatively. Moreover,
resins are usually injected into the mold at a constant pressure, resulting
in a decrease of impregnation speed with time (triggering a wide range
of capillary numbers) and non-homogeneous patterns [14].

Owing to the presence of high-volume fraction tows in textiles,
capillary forces manifest themselves in composites processing and have
proven to be responsible of an incomplete resin filling in the fibrous
preform [15]. It is usual in composite processing to estimate the capil-
lary pressure AP, acting at the flow front, by assuming a saturated flow
(or slug-flow approach), and the capillary pressure drop acting as a
boundary condition at the location of the flow front, written as [16]:

3

where 6 is the fluid/fabric contact angle and Sy the area of fluid-fiber
interface per unit volume of fluid. By influencing the pressure profile,
AP, has an impact on the infiltration kinetics and Eq. (3) highlights the
direct impact of dynamic wettability on capillary forces. Moreover, the
dual-scale architecture of textiles with micro and meso pores respec-
tively located in the intra- and inter-tow spaces triggers a dual-scale flow
and a void entrapment mechanism [5,6]. At high impregnation speeds, it
was shown that the resin tends towards a dynamic non-wetting behavior
and viscous fingering takes place in meso-spaces, hence flow inside the
tows is delayed and micro-voids remain trapped there. Conversely, at
low impregnation speeds, fluid is driven by capillary wicking prefer-
entially filling micro-spaces inside the tows, displaying an overall wet-
ting behavior, meso-voids are in this case formed in between the tows.
Consequently, when the fluid moves with a certain velocity, the ther-
modynamic equilibrium is not respected anymore and wetting becomes
a dynamic property that depends on the resin-fabric system [14,17,18].
According to the physics of porous media, wettability is a pore-scale
property that has a significant impact on capillarity, residual trapping,
and hysteresis in porous media systems, in turn acting on the macro-
scopic Darcy scale [19]. Nevertheless, there is still some controversy
surrounding the dynamic effect of wettability on infiltration behavior in
a confined porous medium with a given spatial distribution of pores and
this topic remains to this day a major scientific challenge [17,20-23].

In composites, a good wetting between matrix and fibers is sought to
ensure good interfacial adhesion. Commonly, static and dynamic wet-
ting are characterized at the microscale with single fiber measurements
techniques (and extended to the meso-tow scale in ref. [18]) by direct

AP,
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optical visualization and the Wilhelmy method [24-28] and at the meso-
tow and macro-layer scales with wicking experiments and the Washburn
method [29-32]. The influence of wetting on the overall pressure driven
flow kinetics has seldom been addressed in LCM. Recently, Caglar et al.
[33] showed an increased dynamic wetting behavior for corona treated
glass fabrics and the related change of the flow front morphology.
Similarly, Yoshihara et al. [34], showed that wetting exerts a strong
effect on the impregnation behavior and the void processes in a single
layer of pristine and fluorine coated woven glass fabrics.

Flow studies also rely on a good description of the pore space ge-
ometry and topology. Nowadays, X-ray techniques have allowed to
image and reconstruct in 3D the porosity of fibrous preforms with un-
precedented spatial resolution [35-37]. An improved description of the
pore-network has enabled to perform numerical models to simulate,
predict and gain a better insight on flow kinetics (in LCM processes,
mainly to assess the permeability). For porous media made out of soil or
rocks, a pore network model (PNM) is frequently employed to simply
characterize the architectural features of the porous media, such as
tortuosity, connectivity, pore size distribution. The principle is to
describe the available volume as a set of pores linked with throats that
describe the connectivity [38,39]. Nevertheless, this approach is still
seldom applied in the frame of composite systems [40-42].

In Ref [43] we modelled the displacement of a model fluid into a
carbon preform by means of macroscopic saturation profiles and the
two-phase flow extension of Darcy’s law. However, these descriptions
give very little insight on the flow regimes at the pore scale, where local
capillary forces play a major role. In the present work, we investigate the
effect of a change in the fluid wetting characteristics on the flow
morphology, and the fluid displacement events taking place in the un-
saturated area behind the flow front, for three woven carbon fabrics
architectures (a twill fabric and a UD fabric with and without geomet-
rical modifications induced by removal of transverse stitches). For this,
we performed constant flow rate experiments with two fluids of different
static surface tensions but similar viscosity, both containing contrasting
agents, and we observed their infiltration in-situ, in 2D averaged over
the thickness with X-ray radiography. We then assessed the pore
network geometry by using a pore network model and carried out a void
analysis stemming from capillary/viscous phenomena by performing 3D
tomographic scans of the dry (before) and wet (after impregnation)
preform states, in order to better elucidate the role of wetting and fiber
architecture on the flow and porosity patterns.
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Table 1
Fluid properties.
Fluid Density* Surface Viscosity*  Eq[kJemol ']  B[Paes]
[g/ml] tension* [Paes]
[mN/m]
PEG 1.276 32.7 0.075 —20.79 1.715 e
based 10°
Glycerol 1.400 65.5 0.074 —40.96 4.900 o
based 10

*Values at 25 °C.
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Fig. 2. Viscosity-temperature curves of infiltrating fluids.
2. Materials and methods
2.1. Materials

The quasi-unidirectional carbon fabric from Suter Kunststoffe AG
(called UD) with superficial density, A, = 270 g/m? previously
employed in Refs. [43,44], was used (Fig. 1a). Warp tows (400 tex)
contain 6000 filaments of carbon fibers and, in order to maintain the
fibers together, E-glass tows (34 tex) are woven in the weft direction.
The glass fibers have a bulk density of 2.60 g/cm® and a diameter of 9
um. Then, the original fabric structure was modified by removing two
over three horizontal glass bundles resulting in the fabric shown in
Fig. 1b with the aim of making the fabric more unidirectional. The areal
weight of the modified UD carbon fabric (called UDM) was estimated to
263 g/m>. A twill carbon fabric (called TW, A,, = 285 g/m?), presenting
a higher bidirectionality, was purchased from Suter Kunststoffe AG
(Fig. 1c). Warp and weft tows had a linear density of 200 tex with 3000
filaments of fibers. The carbon fibers were the same for both fabrics:
Tenax HTA 3151 fibers from Teijin with density 1.76 g/cm® and a
diameter of 7 pm according to the datasheet.

Two model fluids were employed: a water-based solution of poly-
ethylene glycol (PEG, Sigma Aldrich, 35 kDa) and a water-based solu-
tion of glycerol (99.5%, Mw = 92.09, Sigma Aldrich) both mixed with
Znly (Mw = 319.19, Fluorochem) to increase the fluid-fabric contrast by
X-ray absorption [45]. The PEG based solution was the same as previ-
ously employed in Ref. [43], with fluid formulation: 62.5 wt% of water,
11.0 wt% of PEG, 22.6 wt% of Znl; and 3.9 wt% of Kodak PhotoFlow
200. The glycerol-based solution was designed to obtain a viscosity close
to that of the PEG solution at 24 °C and to present a similar X-ray
attenuation degree. Since it was sought to have different wetting prop-
erties between the two fluids, no surfactant was added in the second
solution and the final composition of the mix was: 62.5 wt% of glycerol,
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Injection unit

Fig. 3. Impregnation setup and X-ray imaging system. The yellow arrow shows
the infiltrating direction, the blue rectangle the total 2D scan area and the red
the 3D scan area. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

20.1 wt% of Znl; and 17.4 wt% of water. The physical properties of the
two fluids are listed in Table 1. Viscosities were measured in continuous
shear mode in a concentric rheometer (AR2000ex, TA Instrument) by
means of a Peltier Couette setup with a temperature ramp ranging from
18 °C to 30 °C at 0.1 °C/min at a constant shear-rate of 10 s™* (Fig. 2).
The viscosity versus temperature dependence was fitted with an
Arrhenius law:

(1) = e | - ] @

with B and E, being fitting parameters. Both model fluids were
Newtonian fluids with no change in properties during the time scale of
the experimental observations. The surface tension in air at ambient
temperature was measured with a Drop Shape Analyzer (DSA30, Kriiss)
by means of the pendant drop method.

2.2. Static contact angle measurement

Static contact angles for the fabric/fluid systems were measured
following the drop-on-fiber method: a single fiber was separated from a
tow and taped straight to a metal frame. The liquid was then sprayed
manually onto the fiber and the droplets were analyzed by a Keyence
VHX-7000 microscope equipped with a zoom lens (100x to 1000x).
Pictures were recorded with a resolution 1600 x 1200 pixels and a 4.18
pixel/um ratio. Symmetrical droplets were selected, avoiding clam-shell
shaped drops, and their length and height were measured as well as the
fiber diameter and used as inputs for the estimation of the static contact
angle following the geometrical analysis proposed by Carroll [46],
which is the equivalent of the sessile drop method for flat plates.

2.3. Flow experiments

Flow experiments were performed with the setup shown in Fig. 3.
Fibrous preforms, used as received, were prepared by stacking 9 layers
of accurately hand-cut fabric with a dimension of 4.95 + 0.05 cm x 10
cm. To accurately measure the volume fraction, the fabric stack was
weighed with a scale (with a repeatability of + 0.001 g). To avoid stray
fibers, the sides of the fabric layers were kept in place with a small
amount of sprayed adhesive. Then, layers were fitted in the cavity of a
poly(methyl methacrylate) spacer of 3.2 mm with an inner silicon joint
to minimize race tracking and enclosed in between two thick mm PMMA
halves. To prevent the mold from bending, the outer PMMA plates were
fastened with twelve metal screws, leaving the 3D scan area free of high-
density material, as observed on Fig. 3. From the 3D scans, the mold
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Table 2

Impregnation experiments.
Test  Fabric  Fluid Vi[%]  T[°C]  n[Paes]  u[mm/ Ca(e10°

s] R

1 UD PEG 43.1 25.8 0.074 0.708 9.06
2 UD PEG 42.9 26.6 0.072 0.244 3.06
3 UD PEG 43.0 26.2 0.073 0.074 0.94
3rep UD PEG 43.1 26.5 0.072 0.074 0.93
4 UDM PEG 42.2 26.1 0.073 0.077 0.99
5 ™ PEG 44.5 241 0.077 0.087 1.14
6 UD Glycerol 42.9 24.0 0.078 0.626 4.24
7 UuD Glycerol 42.9 23.7 0.079 0.270 1.19
8 UD Glycerol 43.2 241 0.077 0.070 0.47
9 UDM Glycerol 41.6 24.0 0.078 0.073 0.51
10 ™ Glycerol 44.5 23.9 0.078 0.083 0.55

deflection was measured to be less than 2%. In-plane injections at a
constant flow rate were performed vertically (from bottom to top,
z-direction) thanks to an injection unit R-100E syringe pump from Razel
Scientific Instruments. Prior to injection, the fluids were stirred for one
night to ensure a homogenous distribution of the contrasting agents. We
noticed that a small amount of entrapped air was present in the fluid, in
particular in the PEG based solution, which was evaluated to be 0.3%,
using a flow experiment without fabric. The pressure and temperature
were monitored along the test with a Keller Series 35XHTT sensor placed
close to the inlet. The impregnation mold and the pressure sensor were
placed in a rotating stage for the 3D scans acquisition.

The fluid velocity was adjusted by controlling the pump setting and
was estimated by measuring the averaged front progression from the 2D
scans to account for the variations that can arise due to reinforcement
inhomogeneity. A summary of the experimental campaign is given in
Table 2, with the resulting fiber volume fraction V;, flow front velocity u,
average fluid temperature T with respective viscosity # and capillary
number Ca, calculated with the superficial velocity U = u(1 — V). After
each experiment, the PMMA mold, screws and silicon joint were washed
thoroughly with water and soap, dried and were ready for reuse.

2.4. Visualization technique

The flow progression was visualized by 2D X-ray absorption at an
imaging rate of 2 images per second using a laboratory X-ray micro-
tomograph (RX Solutions Ultratom, PIXE Platform, EPFL, Switzerland)
at 80 kV and 230 pA. Exposure time was thus 0.5 s, for the fastest ex-
periments ran in this work, the flow could move up to 0.35 mm during
one frame, leading to potential blurring of the features in these extreme
cases. Images were acquired at a pixel size of 15 um and the flow front
was tracked for an area of approximately 5.5 cm long and 3 cm wide
(blue area in Fig. 3). For that, three different positions were defined
corresponding to three vertical movements of the X-ray source of 12
mm. A dry 2D scan was performed followed by the progressive acqui-
sition of the impregnation (the number of acquisitions per experiment
was set according to the flow speed) and finally by a wet 2D scan. Then,
to acquire further information on the dry and wet states of the preform,
before and after each impregnation, a tomographic 3D scan was per-
formed at 3 images per second at a voxel size of 10 um using the same X-
ray facility. To reduce noise, a moving average of 4 frames was per-
formed on the images, resulting in 1.33 s per image. The 3D scan was
performed in the middle position of the 2D scans as illustrated in Fig. 3
with the red rectangle.

2.5. Unsaturated length measurement

From the 2D scans, a mean unsaturated length was measured for
each experiment: images were cropped at three different locations with
a width of 110 pixels for the UD fabric and 210 pixels for the twill,
corresponding roughly to three bundles located in the middle and right
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Fig. 4. Segmentation of two-dimensional cross-sections for dry and wet states
of the UD carbon fabric (test #3).

and left sides of the image. Separate bundles were selected instead of a
larger fabric width in order to only capture the unsaturated length
arising from the capillary versus viscous forces competition and avoid
effects such as race-tracking that would lead to non-flat fronts. Then,
similarly to the procedure developed in Ref. [44], and as schematically
shown in Fig. C1 of the supplementary information, the average pixel
intensity value was calculated over the cropped area width and plotted
versus the fabric length for each impregnation state as well as for the wet
and dry states. By comparing the curves, two boundaries are set to define
the unsaturated length.

2.6. 3D data segmentation

Scanned volumes were cropped to 1650 pixels x 310 pixels and 1200
slices, resulting in a volume size of 16.5 x 12.0 x 3.1 mm®. The stack
thickness was set to get rid of the mold and facilitate the segmentation
analysis. An averaging filter was applied to the original data in the three
x, y and z directions in Fiji [47]. Then, dry and wet scans were
segmented by means of Ilastik [48], a machine-learning-based image
analysis tool for pixel classification in which the user manually labels
several regions corresponding to the different phases. Three segmenta-
tion training algorithms were developed, each using a volume of 100
consecutive slices that were manually labelled to generate the training
data: one for the dry unidirectional fabric with “carbon”, “glass” and
“pores” as labels; another for the dry twill with only two labels, namely
“carbon” and “pores”; and one to treat the wet images with two phases
“liquid” and “void”. An example of segmentation for dry and wet states
for the UD fabric is illustrated in Fig. 4. The corresponding training al-
gorithm is thereafter applied for each scan volume and segmented im-
ages were then assembled in Avizo software to analyze the void content,
location, and geometry. In addition, a pore network model (PNM)
construction was applied to the 3D segmented images, by using the PNM
module from Avizo, to quantitatively assess the geometry and topology
of the pore space. The segmented pore label, corresponding only to the
meso-space in between bundles, was separated into different objects
which were automatically assimilated to pores connected with pore-
throats.
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Carbon

(a) (b)

Fig. 5. Droplets of (a) the PEG-based and (b) glycerol-based model fluids on
carbon and glass fibers.

3. Results
3.1. Evaluation of the static contact angles

To assess the static contact angle between carbon and glass fibers and
the two model fluids, 20 to 25 droplets were analyzed for each condi-
tion. An example of droplet shape for each fiber/fluid system is shown in
Fig. 5. The contact angle corresponds to the angle between the fiber
surface and the resin, close to the air/fiber/resin interface, and is
calculated as indicated in section 2.2, from the drop length and height.
For the model fluid with PEG, a static contact angle of 23.42° + 4.36°
was obtained for carbon, and for glass 10.25° + 5.61° (Fig. 5a). For the
glycerol solution, a static contact angle of 52.54° + 4.66° was obtained

Test #3 Test #2

PEG, Ca=0.94 10

Test #8 Test #7

Glycerol, Ca=0.47 10*

PEG, Ca=3.06 10+

Glycerol, Ca=1.19 104

Composites Part A 174 (2023) 107733

for carbon, and 41.35° + 5.07° for glass (Fig. 5b). Hence, the PEG so-
lution has a stronger static wetting behavior when compared to the
glycerol towards the fiber surfaces.

3.2. Front displacement behavior in the UD carbon fabric

The morphological characteristics of the two model fluids displace-
ments inside the unidirectional carbon preform under the different in-
jection conditions (tests #1 to #3 and #6 to #9) were carefully
explored. The videos of the progressive filling illustrating the flow pat-
terns are provided as supplementary data A and for each experiment an
example of the flow front morphology is presented in Fig. 6. The
different patterns were elucidated by applying a variance filter and
subsequently adding the filtered and original images. Strong capillary
and viscous fingering from test #3 and #6 respectively as well as the
simultaneous flow fronts are highlighted.

For the fastest injections (tests #1, Ca = 9.06 X 10* and #6, Ca =
4.24 X 10™), the flow leads in between the tows, and thus is similar to
drainage, in which the fluid has a non-wetting behavior, and the porous
medium has a better affinity to the displaced fluid (air) when compared
to the invading fluid (liquid). The flow progresses along the center of the
largest pores as the fluid attempts to minimize the contact with the fi-
bers, resulting in a viscous flow elucidated by the dominance of well-
connected longitudinal paths in between the tows. This follows a
piston-like advancement and the corresponding dominant pore-scale
invasion mechanism under drainage condition is known in soil science
as burst (or Haines jump) [49,50]. Moreover, where horizontal bundles
are present, these longitudinal paths converge. The viscous fingering is
as expected more significant for the less wetting fluid (test #6), where a
clear domination of positive curvatures over negatives is observed,
whereas for test #1, fingering is less pronounced, and the unsaturated

Test #1

PEG, Ca=9.06 10¢  _2MM_

Test #6

5mm

Glycerol, Ca=4.24 10*

»
v o

Fluid velocity

Fig. 6. Flow paths in the UD fabric impregnated with the PEG solution (tests #1 to #3) and the glycerol solution (tests #6 to #8) elucidated with a variance filter.

The arrows indicate the direction of flow.
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UDM, Ca=0.99 104 Twill, Ca=1.14 10+

UDM, Ca=0.51 10* Twill, Ca=0.55 10

Fig. 7. Capillary dominated flow paths in UDM and TW fabrics impregnated
with the PEG and glycerol solutions elucidated with a variance filter. The ar-
rows indicate the direction of flow.

area is more compact.

For the intermediate cases, a rather balanced displacement is
captured for both experiments #2, Ca = 3.06 X 10 and #7, Ca=1.19X
10™. Capillary and viscous flows are hardly distinguished in the unsat-
urated length, and it is difficult to define sharp boundaries between the
two displacement patterns. As matter of fact, we observe that there is an
intermediate flow rate condition for which the fluid adopts both wetting
behaviors at the same time depending on the displacement location. This
can be linked to the variability in the pore distribution and the local
heterogeneity with meso and micro-pores, which lead to the coexistence
of different displacement mechanisms, regarded as a crossover pattern
[51].

Finally, for capillary dominated cases (tests #3, Ca = 0.94 X 10" and
#8, Ca = 0.47 X 10'4), the fluid invasion pattern is assimilated to an
imbibition type. The flow progresses with a corner flow behavior, by
filling pores with smaller cross section located inside the tows; the flow
front is hence led by capillary wicking. As described by Bico et al. [52],
two macroscopic fronts can be identified: ahead, a thin flow that prop-
agates using the thin pore structure and at the bottom, a main flow
which saturates the medium. For the strong wetting conditions (test #3),
the unsaturated area is larger and the flow progresses less

Composites Part A 174 (2023) 107733

homogeneously as compared to test #8. As observed in the literature, a
high wetting together with a low surface tension makes the air/fluid
interfaces very easy to deform and stretch resulting in very unstable
interfaces, resulting either in local fluid fast advance to re-equilibrate
itself or in snap-off events, resulting in air entrapment [53-55]. More-
over, meso-void formation was not observed in the delayed front and
took place where horizontal stitches were present, demonstrating that
the porous medium geometry also plays an important role on the loca-
tion and shape of entrapped voids. Then, test #8 falls in a less wetting
condition, and even if capillary wicking is significant in the tows, the
flow progresses backwards with a rather cooperative behavior and no
snap-off events occur. The horizontal stitches were found to act as bar-
riers, leveling and redistributing the delayed viscous flow.

As a summary, the pore-scale displacements for drainage and imbi-
bition descriptions differ and these cannot be considered as “symmetric”
phenomena. This difference stems from the pore-scale wetting. For
drainage, the pore size distribution is the main geometrical factor
dominating flow according to literature, which results in the present
case to a vertical viscous fingering since meso-pores in the UD fabric are
found along the flow direction. Conversely, for imbibition cases, the
corner flow pattern impedes viscous fingering and the fluid front pro-
gresses inside the tows. Thus, the fluid front is in addition to the pore
structure also influenced by the pores’ geometrical shape, and their
specific surface area as shown in Ref. [19].

3.3. Comparison of front displacements in the UD modified and the twill
fabrics

Since previous results proved that horizontal bundles significantly
affect the flow pattern and increase the occurrence of snap-off events,
the effect of the fabric geometry on the flow progression and void
entrapment in wetting conditions was investigated. For that, two ap-
proaches were selected: the structure of the UD carbon was modified to
observe the effect of the transverse glass tows and a twill fabric was
selected to highlight the influence of a more balanced geometry. The
flow patterns obtained by impregnating both fabrics with the two fluids
are shown in Fig. 7.

The UDM impregnations (tests #4, PEG, Ca = 0.99 X 10 and #9,
Glycerol, Ca = 0.51 X 10™) confirmed that horizontal bundles act as
obstacles, blocking temporarily the vertical flow taking place in the
meso-spaces. Then, once the flow overcomes the stitches, the delayed
flow front speeds up locally to find stability, resulting in a large satu-
ration gradient along the bundles. Thus, as already observed for the UD
fabric (tests #3, PEG, Ca = 0.94 X 10 and #8, Glycerol, Ca=0.47 X 10
), the transverse yarns contribute to locally redistribute the fluid. Just
behind the flow front, both cases exhibit a similar unsaturated area
which as expected is longer when compared to simple UD impregnations
since the distance between transverse stitches was increased, while the
flow patterns and fluid distribution differ. For the strong wetting fluid
(test #4), concave menisci in between the tows and in the delayed front
progression are observed. In addition, when the fluid arrives to the

Fig. 8. Example of snap-off and break up from test #5 (Twill, PEG, Ca = 1.14 X 10™) from three pictures taken at successive times. The arrows at time t indicate the

local flow direction.
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Fig. 9. Void motion in the TW fabric under capillary dominated flows (from test #5: Twill, PEG, Ca = 1.14 X 10™*). Flow direction is from bottom to top.

horizontal glass bundles, those start to be impregnated increasing the
probability of snap-off events. This is similar to what happened in test
#3 with pristine UD but less frequently. For the less wetting fluid (test
#9), the delayed front, behind the capillary wicking, progresses also
with concave menisci while with a more “U” shape, indicating a larger
contact angle. The overall flow progression seems to be more coopera-
tive whereas for test #4 the fluid front seems to be made up of individual
fronts confirming previous observations.

Impregnation of the twill fabric was also performed under capillary
dominated flow (tests #5, PEG, Ca = 1.14 X 10" and #10, Glycerol, Ca
= 0.55 X 10™*). This fabric was chosen for its strong bi-directionality and
its different meso-porosity (bundles are less compact leading to larger
inter-tow space when compared to the UD). Evidently, this fabric ar-
chitecture led to an increased void formation for both experiments as
observed in Fig. 7, with a higher void fraction for the strongly wetting
fluid (test #5). Snap-off events were found to arise from the early liquid
progression inside the horizontal bundles, leading to an encirclement of
air as represented in Fig. 8. The void shape differs between the two
wetting conditions, namely, more elongated for the very wetting fluid,
given the low surface tension and more round for the less wetting case.

3.4. Void motion phenomena

During the capillary dominated flows experiments, void motion (e.g.
a change of void shape and size as well as void migration) was observed,
in particular, with high frequency for the TW fabric and almost null for
the two UD fabrics. An example of the different phenomena observed is
presented in Fig. 9, in which the displacement of different bubbles has
been tracked.

The evolution of pink, red and brown (8, 7 and 6 respectively)
bubbles is illustrated just after their formation at the flow front; in this
case, the void rearranges itself and shrinks to minimize the surface
tension. The white (4) void undergoes a change of shape and size due to
two consecutive splitting occurrences. Given its position and shape, this
bubble seems to be not very stable, and the vertical fraction of the
bubble along the fluid direction exerts a pressure on the bubbles that

o o0 ) °

Fig. 10. 3D view of an entrapped void in a channel constriction (from test #10,
Twill, Glycerol, Ca = 0.55 X 10™).

promotes the deformation and then break up. The blue (3) and yellow
(2) voids illustrate a vertical migration through the preform in the fluid
direction which are displaced thanks to the increasing fluid pressure
with time in the constant flow rate experiments [6]. The blue (3) one,
reaches the flow front and disappears whereas the yellow (2) one stays
entrapped probably due to a channel constriction as illustrated in
Fig. 10. Similarly, the orange (1) void migrates over a small distance and
interestingly in an opposite direction to the flow, it ends trapped with a
different shape from the initial one. Finally, green (5) bubbles show the
formation of several rather small bubbles that are positioned first side by
side, and with time end up coalescing. As a conclusion of this observa-
tion, several concomitant phenomena are observed during the same
slow flow experiment, depending on the initial size of the bubble, its
shape and location with respect to the transverse bundles.
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Fig. 11. 3D volume rendering of meso-void distribution for capillary driven tests. For the PEG experiments, Ca is in the range of 1 X 10™*. For the Glycerol ones, Ca is
in the range of 0.5 X 10", The flow direction is indicated with the blue arrows. The colors were used to differentiate and label the voids. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

3.5. Void morphology and location

The porosity was segmented from the 3D wet scans. For all cases of
capillary driven impregnation, meso-voids with a volume higher than
0.007 mm? are presented in Fig. 11. The figures of meso-voids were
combined with the 3D scans of the dry states, to illustrate their location
and morphology within the pore space. These combined images are
provided as supplementary data B. From Fig. 11, it is clear that highly
wetting conditions (PEG solution) were more prone to create meso-voids
when compared to the impregnations carried out with the less wetting
glycerol fluid. Comparing the UD-PEG and the UDM-PEG experiments,
all voids were longitudinally aligned with the flow direction, with an
obvious decrease of void content and size for the UDM. Comparing TW
samples, the voids showed a different shape, very elongated in the very
wetting case (test #5, Ca = 1.14 X 10’4) and more spherical for the less
wetting case (test #10, Ca = 0.55 X 10™) as expected given the different
static contact angles. For both experiments, the residual voids remained
oriented perpendicular to the flow in between horizontal bundles
showing that they mainly arise from the presence of these obstacles at
90°, and formed by air encirclement as shown in Fig. 8.

From the void analysis, it was found that meso-voids for the UD fabric
(test #3, Ca = 0.94 X 10™), were suprisingly located in between two
specific layers as shown in Fig. 12a; this was caused by the location and
superposition of horizontal bundles. In particular, meso-voids were
observed to be clamped by two glass bundles in successive fabric layers
which created a channel constriction that promoted the snap-off events.
This particular geometry resulted from a specific stacking of fabric
layers that led to this pore configuration hindering the flow. To verify

this, experiment #3 was repeated by varying the stack procedure (test
#3rep, Ca = 0.93 X 10™), to intentionally avoid the superposition of two
glass bundles in successive layers facing each other. The lower resulting
void content is shown in Fig. 12b. This finding underlines the impor-
tance of studying flow displacements in real systems containing several
layers, and the risks created by increased constrictions created by a very
regular lay-up. Moreover, these results show the careful attention that
should be paid in manual labor parts of composite processing such as
fabric stacking.

Finally, we also tested the hypothesis of further void removal by
increasing the time after infiltration is complete, letting the fluid flow,
known as bleeding in general LCM practice. We did not observe further
void movement, this was probably due to the rather low fluid pressure,
which we could not increase in the present experiments (and this is often
difficult in practice, for exampe in vacuum resin infusion).

3.6. Relation between void content and unsaturated length

For experiments carried out with the UD fabric at different injection
conditions (tests #1 to #3 and #6 to #8), the total void content
extracted from the wet state 3D scans as well as the unsaturated length
measured on the 2D impregnations are plotted as a function of the
capillary number (Fig. 13). It should be noted that, even though the
superficial velocity was very close for each pair of experiments, namely
slow (tests #1 and #6), intermediate (tests #2 and #7) and fast (tests #3
and #8), the Ca differed significantly between fluid types (as expected
given the different surface tension values between fluids). In both cases,
a drop in unsaturated length is observed when flow is more balanced,
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(a)

(b)

Fig. 12. Meso-void location in two UD fabric layers stacking configurations, 2D mean projection from the 3D scan of the wet state and segmented meso-voids and
glass bundles (in blue): results from (a) test #3 (UD, PEG, Ca = 0.94 X 10 and (b) test #3rep (UD, PEG, Ca = 0.93X 10™). Flow is from bottom to top in the images
in thex z plane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Void fraction and unsaturated length resulting from the UD fabric
impregnation with PEG and glycerol-based fluids as a function of capil-
lary number.

however the trend of void fraction is not so clear. Nonetheless, what is
clearly observed is that the nature of the fluid strongly affects the void
content (Fig. 13, gray color).

Overall, the void content is higher for all the experiments performed
with the PEG-based liquid. In particular, this liquid led to an increased
number of micro-voids in the impregnated preforms for all conditions,
with a baseline amount around 0.3%. In addition, impregnation with
PEG solution led to an increased void content for the low-speed case due

to the formation of meso-voids, whereas intermediate and viscous flow
cases led to a similar void content. For the fastest flow (test #1, Ca =
9.06 X 10", the viscous fingering was indeed not prominent, the flow
displacement being thus classified as a rather low drainage or even
cross-flow pattern. For impregnation with the glycerol solution, the
number of voids is very low for both slow and intermediate speeds and
voids start to appear when the velocity is increased, in the form of micro-
voids due to the pronounced viscous fingering and delayed flow in the
tows. As already observed optically in pristine and fluorine coated glass
fabrics by Yoshiara et al. [34], by increasing the static contact angle (in
our case from PEG to glycerol), the meso-void formation is suppressed
even for small Ca.

A direct relation between the void content and the unsaturated
length is not so simple to establish apart from the fact that the smallest
unsaturated area corresponds to a reduced void content as flow speeds in
inter- and intra-tow regions are close. Then, for both cases of slow
impregnation (low Ca value), the unsaturated lengths were very similar
(around 9.5 mm + 1 mm), however, an increased void content was
obtained with the PEG solution as a corner flow, stemming from its low
surface tension enhanced the formation of meso-voids as already

74

Fig. 14. Example of inter-bundle distance (D) and bundle width (W) mea-
surement on the UD fabric.
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Table 3

Inter-bundle over bundle width results.
Fabric D[mm] W[mm] W/D[-]
UD 3.37 £0.10 0.53 £ 0.03 0.16
UDM 10.07 £+ 0.28 0.53 £ 0.03 0.05
™ 2.97 £0.42 2.37 £0.37 0.80

discussed. This shows the importance of pore-scale kinetics and its in-
fluence at Darcy’s scale.

Similarly, the unsaturated length was plotted versus void content as a
function of the capillary number for the UD, UDM and TW fabric im-
pregnations, Fig. C2 in the supplementary information.

With the aim of investigating the effect of the fabric geometry on the
flow kinetics, a dimensionless number was defined for each fabric type
to account for the crossover events describing potential obstacles to the
flow. The bundle width (W) over the average distance between succes-
sive transverse yarns (D) was calculated as illustrated in Fig. 14. The
ratio W/D gives a value between 0 and 1: if W/D is close to 0, the fabric
is more unidirectional with thin horizontal bundles, and conversely, if
W/D is close to 1, the fabric shows a bidirectional architecture with

thick perpendicular bundles.

The inter-bundle distance (D) and bundle width (W) were measured
on a fabric over an average of 15 measurements performed by a caliper
and under an optical microscope respectively. The results are presented
in Table 3 and the ratio W/D was plotted versus void content and
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unsaturated length in Fig. 15 (for an easier interpretation, the data
projection was also plotted).

Analyzing the unsaturated length versus void content, taking the UD

fabric as reference (dots in Fig. 15), when the preferential bundle di-
rection was increased by removing some horizontal stitches (UDM), less
voids were entrapped, and a larger unsaturated length and standard
deviation is observed on account of the larger space between horizontal
bundles (Fig. 15, green arrows). Thus, in a more unidirectional fabric
(with fibers and tows aligned with the flow direction), even though the
flow does not progress with the same speed in intra and inter-tow re-
gions, few voids are created because the flow is not hampered by any
obstacles such as transverse bundles or notable channel constrictions.
Conversely, fiber bundles oriented with an angle to the flow direction
triggered more voids and a smaller unsaturated area, as illustrated with
the TW fabric (Fig. 15, blue arrows). In this case, horizontal bundles act
as flow barriers, responsible for snap-off events and leveling the flow
front thus reducing the unsaturated length. Hence, the results confirm
that the topology of the porous medium plays a major role in governing
flow and influencing void entrapment events and the extent of unsatu-
rated pore space. It is thus observed that a larger unsaturated area is not
strictly linked to an increased void content.

An increase of the W/D ratio results in a decrease of the unsaturated
length (Fig. 15, pink arrow) and an increase of the void content (Fig. 15,
orange arrow). This trend shows that thick bundle widths horizontal to
the flow direction are determinant to the void formation mechanisms.
By comparing values of Table 3, UD and TW fabrics have a similar inter-

UD_PEG (test #3)
UDM_PEG (test #4)
TW_PEG (test #5)
UD_Gilycerol (test #8)
UDM_Glycerol (test #9)
TW_Glycerol (test #10)

E)OoED)O

Fig. 15. Unsaturated length versus void fraction and the W/D ratio for the low speed impregnation of the UD, UDM and TW fabrics.

Table 4
Pore network model results.
Test #  Fabric/Liquid Pore-body eq. radius Pore-throat eq. radius Pore-throat length Coordination Number of Number of
[mm] [mm] [mm] number pores throats
3 UD/PEG 0.31 £0.11 0.11 = 0.06 1.57 £ 0.89 4.91 + 2.44 763 1869
3rep UD/PEG 0.32 £ 0.10 0.11 £+ 0.06 1.58 + 0.87 4.99 + 2.22 712 1775
4 UDM/PEG 0.31 £0.11 0.11 + 0.07 211 £1.47 4.52 + 2.01 534 1208
5 TW/PEG 0.40 £ 0.14 0.15 + 0.09 1.78 £0.77 4.38 +2.13 405 887
8 UD/Glycerol 0.28 + 0.09 0.10 £+ 0.05 1.49 + 0.89 3.57 £2.11 896 2046
9 UDM/ 0.32 £ 0.10 0.11 + 0.07 2.14 £1.33 3.83 +£2.01 467 895
Glycerol
10 TW/Glycerol 0.40 £+ 0.05 0.14 + 0.08 1.80 £ 0.78 4.52+1.15 399 902

10
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Fig. 16. 3D views of the pore-network of the scanned fabrics (UD (test #8), UDM (test #4) and TW (test #5) and corresponding histograms for the pore-body and
pore-throat radii as well as pore-throat lengths. The pore bodies and pore throats are respectively rendered as colored spheres and gray cylinders that are smaller than
their actual sizes to improve visualization. For both pores and throats, the size is related to the equivalent pore size (scale factor 0.5) and for the pores, the color
distribution is in relation to the pore volume (from dark red corresponding to large pores and dark blue smaller pores). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

bundle width, but since the horizontal tow is thicker for the TW, this
makes a higher obstacle and barrier for the flow which creates abrupt
path changes (90° from the unidirectional flow direction to the hori-
zontal tow), promoting the number of snap-off events. Moreover,
increasing the number of horizontal bundles makes longitudinal tows to
be wavier, influencing the nesting and having a direct effect on the meso-
pore connection in between layers.

3.7. Pore network modelling

Owing to the fabric architecture impact on void entrapment events in
particular for capillary driven flows, a pore network model, character-
izing the connectivity and pores size, is applied to better describe the
meso-pore space in 3D for preforms of tests #3 to #5 and #8 to #10. The
statistical results for the different properties of the pore-network,
namely the pore-body and pore-throat radii, the pore-throat length
and pore network connectivity (measured as the coordination number
defined as the number of throats over the number of pores within the
network) for all samples are presented in Table 4 [39,56].

Similar results were obtained for the same fabric types (UD, UDM
and TW) as expected. For this reason, only one example of pore network
construction per fabric configuration is shown in Fig. 16 as well as the
corresponding histograms of the pore-body and pore-throat radii and the
pore-throat length distribution. The predominance of unidirectional
throats is observed in both UD and UDM, while TW presents a grid type
topological description of the medium, with several horizontal throats.
The pore-body histogram is very similar for both UD and UDM samples,
indicating that the pore size did not change much by modifying the
fabric, whereas the twill configuration led to a higher mean value of
pore-radius as well as a wider distribution. The pore-throat distribution
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is very similar for the three fabrics but the pore-length differed, in
particular, for the UDM fabric for which the throats were longer when
compared to UD or TW fabrics.

The twill fabric has a pore size distribution that is shifted to the larger
sizes, triggering a more heterogeneous pore architecture influencing the
spatial scaling effects and increasing the probability of trapping events
which is in line with our previous results. Conversely, UD and UDM
show a more homogeneous architecture, resulting in less trapping as
observed in the experiments and it is expected that this pore topology
would facilitate the upscaling from pore description to macro flows in a
modelling point of view. For the UD fabric, it is interesting to note that
the mean pore radius was measured to be around 300 um (pore body
equivalent radius from the PNM, Table 4), whereas the distance between
tows as observed from the surface is about 60 um (measured from a
micrograph). This indicates that the fabric meso-spaces are dominated
by the spaces between layers, in regions where the glass stitches create
locally more compressed tows.

Similarly to the descriptor W/D ratio in 2D, we explored to describe
the 3D configuration in terms of crossover events. In particular, the
quantitative analysis of the throat geometry and distribution illustrates
the capacity of fluid transport into the pore network [57]. This is why,
on one side, the throat volume was calculated, as the throat area times
the throat length, since it will be proportional to the volumetric rate of
fluid that the throats will drain and on the other side, the orientation of
the throats with respect to the flow direction was measured by calcu-
lating the angle between the z-direction and each single throat in the xz
plane. In Fig. 17, the 3D histogram of the throat volume and the
resulting angle is plotted for each fabric type. Between the UD and UDM
fabrics, the main orientation in the 0° is demonstrated by a wider dis-
tribution of throat volume close to the 0° for the UDM as expected. For
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Fig. 17. 3D histograms of the angle of throats with respect to the z-direction and the throat volume for UD, UDM and TW fabrics.

these fabrics, above 20°, there is a more or less constant distribution of
throat volumes. TW fabric with similar proportion of throat volume at
0° and 90° confirm the strong bi-directionality. Moreover, for this type
of fabric there are really no throats oriented around 45°, when compared
to the other fabrics, proving the abrupt corners that the flow will have to
face. Finally, it is worth noting that the pore characteristics are very
similar for tests #3 and #3rep as shown in Table 4, apart from a slightly
smaller number of pores and throats, whereas we observed a different
final porosity attributed to the superposition of transverse tows. This
indicates some of the limitations of the pore network approach, and the
possible need for more accurate descriptors of the presence and nature of
transverse constrictions.

4. Conclusion

Although resin infiltration is controlled by the porous medium
permeability, the infiltration speed and viscosity, according to Darcy’s
law, it is known that the wettability also plays an important role in
multiphase flows since it controls the location and spatial distribution of
flow patterns inside the porous media. In this study, we combined X-ray
radiography and X-ray computed tomography to elucidate the link be-
tween dynamic fluid patterns, pore geometry and void entrapment
mechanisms and proved the role of wettability in carbon fibrous pre-
forms infiltration through experimental results enriched by advanced
imaging techniques. In particular, we observed in-situ imbibition and
drainage displacements in a UD fabric and imbibition displacements in a
UD modified and a twill fabric employing two liquids with different
static contact angles.
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Pore-scale displacements, observed by 2D scans, differed between
drainage and imbibition. In drainage, a piston like displacement in the
meso-pores located between the tows leads the flow and vertical viscous
fingering is observed. In imbibition, though, where fluid displacement is
very slow, the wettability was found to play a crucial role in the pro-
gression of the flow front and void entrapment mechanisms. In partic-
ular, a very strong wetting system results in a strong corner fluid flow
type triggering a less cooperative progressive flow front, enhancing the
probability of snap-off events [58].

The 3D scan of the wet state allowed measurement of the void con-
tent and segmentation of the meso-porosity to investigate and compare
the void morphology (highly influenced by the contact angle) and
location in space. We were able to bring out that the UD fabric stack led
to a particular porous morphology that influenced void entrapment in
between 2 layers that present a specific pore configuration. Then, by
comparing the void content for the capillary impregnations of the UD,
UDM, and TW fabrics, the pore space configuration showed to signifi-
cantly influence the amount of air trapping events. Moreover, it was
found that bundles oriented perpendicular to the flow act as “obstacles”
that can increase the probability for snap-off events as well as “stoppers”
leveling off the flow and decreasing the unsaturated length. A dimen-
sionless number was calculated in 2D in a single fabric layer to account
for the bundle width over the inter-bundle distance. A pore network
model (PNM) was in addition applied to the segmented 3D scans of the
dry state, to better describe these three meso-pore architectures and two
major geometrical parameters were found to affect capillary trapping: a
wide pore (body and throat) size distribution together with and throat
angle farther from the flow direction. The PNM approach could be
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further exploited to predict fluid patterns and susceptible locations for
void entrapment events even though this would require a more localised
analysis, and a higher resolution 3D scan to fully capture the intra-tow
flow [59].

This work presents a complete methodology to assess fluid
displacement in fibrous porous media and leaves the door open to
perform a deeper analysis on the effect of wettability and pore geometry
on void formation mechanisms. Next steps would be to determine how
the Ca versus void content curve evolves as a function of the wettability
and to further investigate the link between the fabric geometry and void
entrapment mechanisms with the PNM approach by studying other
fabric types for example (i.e. non-crimp or knitted fabrics among others)
with the aim of quantitatively describing the optimal capillary number
Cagp.
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