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ARTICLE INFO ABSTRACT
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Direct visualization is often sought to elucidate flow patterns and validate models to predict the filling kinetics
during processes whereby a liquid resin infiltrates a textile porous preform. Here, X-ray phase contrast inter-
ferometry is evaluated to image in-operando constant flow rate impregnation experiments of a model fluid into
glass, carbon and flax fabrics and a 3D printed structure. A methodology is presented to build the dynamic

saturation curve based on image analysis of the dark field images, in which the pixel intensity values are
transformed into saturation level versus position and time. The results prove the suitability of this technique to
observe the progressive saturation averaged through the thickness of translucent and non-translucent preforms.
The porosity network formed by the layers of fabric, the refractive properties of the material, the fabric geometry
and its position relative to the X-ray setup are reported to be the main parameters affecting image contrast.

1. Introduction

In Liquid Composite Molding (LCM) techniques, a resin is forced to
flow through the open pore space of a fibrous reinforcement placed in-
side a mold. This filling step is crucial and should be adequately
controlled, otherwise, entrapped air in the form of voids or unfilled areas
may appear and detrimentally affect the final part properties. The
saturation S of the fluid phase in the porous media is commonly defined
as
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where V; is the injected liquid volume and (1 —V;) the total pore of
the porous medium. The value of S varies between 0 and 1, corre-
sponding to fully dry and wet states respectively. Textiles used in
composite processing generally present a bimodal pore distribution
leading to a dual scale flow during impregnation which is in turn linked
to void formation inside the composite [1-7]. Fluid driven by viscous
forces preferentially fills the meso-spaces in between the tows and in
consequence, micro-voids are created inside the tows. Conversely, fluid
driven by capillary wicking fills the micro-spaces inside the tows and in
this case, meso-voids remain trapped in between the tows. As a result,
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the porous reinforcement is progressively saturated and a competition
between viscous and capillary forces takes place at the flow front. The
ratio between viscous and capillary forces can be defined with the non-
dimensional capillary number:

Ca="1 @
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where u;, n and y are respectively, the fluid velocity, viscosity and
surface tension. The amount of voids is minimal when viscous and
capillary effects compensate each other corresponding to an optimal
capillary number Ca,, which depends on the chosen fluid/fabric system
[1,8].

Multiphase flow and progressive saturation of the preform have been
extensively studied with the aim to accurately predict flow kinetics and
produce fully impregnated parts without defects [1,2,8-20]. In practice,
an in-situ observation of the flow is usually coupled to mathematical
models and numerical simulations to predict unsaturated flows and void
formation mechanisms. For simplicity, fluid flow is often modelled
assuming that the liquid moves with a fully saturated front (also called
“slug-flow™). In this case, capillary effects at the flow front are lumped in
the conventional fluid flow equations as a pressure difference acting as a
boundary condition at the flow front, called the capillary pressure drop
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Table 1
Properties of fibrous reinforcements.
Fiber type Structure Fabric name Areal weight Fiber density Fiber diameter[um] Supplier
[g/m?] [g/cm’]
E-glass 2 x 2 twill Twill Glass 390 2.6 9 Suter Kunststoffe AG
Carbon Unidirectional UD Carbon 270 1.8 7 Suter Kunststoffe AG
Flax 2 x 2 twill Twill Flax 300 1.3 20 -40 Bcomp
Flax Unidirectional UD Carbon 150 1.3 20 - 40 Bcomp

[21-23]. However, many deviations have been found in literature from
this fully saturated state with a nonlinear pressure profile along the
infiltrated length [2,17,24-28]. Therefore, two main strategies are
commonly adopted to tackle unsaturated flow phenomena in composite
processing. The first approach is based on soil science and multi-phase
flow equations for porous media, which require the knowledge of
saturation as a function of pressure, known in soil science as the
imbitition-drainage curve, and relative and saturated permeability
[9,17,19,25]. The second approach considers the preform as a dual-scale
body, separating the intra- and inter-bundle impregnations and intro-
ducing a sink term into fully saturated models. Bundles are thus grad-
ually filled and resin flow is treated as a double-slug flow phenomena
[12,17,24,29].

Several experimental methods have been proposed for the visuali-
zation of flow front behavior to monitor the progressive saturation of the
preform. In particular, many techniques exist to observe the flow
through glass preforms taking advantage of its translucency compared to
fabrics made out of carbon. The most common and simple method is an
optical observation of the impregnation with a camera or a microscope
followed by an image analysis to extract the flow front information
[3,9,30,31]. In order to improve the flow front traceability, some re-
searchers used fluorescent dyes to increase the contrast between the
fluid and the fabric [32-34]. For the same purpose, Gascon et al. [18,19]
and LeBel et al. [35] proposed a method based on Visible Light Trans-
mission (VLT) coupled with a 2D tomographic reconstruction. The
saturation curves are thereafter built from an image analysis of the video
frames or image acquisitions. Nevertheless, the accuracy of those optical
techniques to extrapolate the saturation along the thickness is limited
when several layers of fabric are used and they are only suitable for
translucent preforms. Besides, when few layers are used wall effects
between the fabric and the mold are more prominent and the observed
flow pattern might not be an ideal representation of the reality (e.g.
nesting between layers and change in porous network due to compres-
sion are not taken into account) [36,37]. Recently, Caglar et al. [38]
proposed a novel method to assess the role of capillary effects by rapidly
curing of the resin by UV-initiation during impregnation and analyzing
the flow front after flow has stopped. Other methodologies were also
proposed to extract the flow saturation without directly visualizing the
flow. For example, Villiere et al. [39] found that heat transfer is very
sensitive to saturation and thus developed an experimental protocol
based on tracking heat transfer with heat flux sensors coupled to a
mathematical model to find the saturation curve for glass fabrics.
Gueroult et al. [40] and Carlone et al. [41,42] used dielectric sensors to
monitor the filling of a non-conductive glass preform by measuring the
capacitance variations induced by the fluid movement.

It is noteworthy that infiltration has been seldom observed for non-
translucent and electrically conductive fabrics such as carbon. Endru-
weit et al. [43,44] used Magnetic Resonance Imaging (MRI) to map the
fluid distribution at the meso-scale in glass and carbon fabrics. However,
two main drawbacks were pointed out: scanning periods were between 7
and 20 min (too long compared to impregnation speeds) and the spatial
resolution was limited by signal relaxation effects. Ravey et al. [45] were
able to obtain a good tracking of the flow front position of glass and
carbon fabrics during wicking experiments with Infrared Thermography
(IRT) but this technique is limited to single plies. Lystrup et al. [46]
proposed a method based on fluorescent dyes to carry out in-situ optical

observations of a carbon reinforcement infusion to study void formation
mechanisms. However, this method is again restricted to rather thin
samples, and introduces the risk of dye particles filtering and changes in
the wetting of the modified fluid. Recently, X-ray Computed Tomogra-
phy (XCT) has been proposed for observation of in-situ transport phe-
nomena due to its high spatial resolution at microscopic level and its
versatility in terms of materials observed [47,48]. Despite the low
temporal resolution of this technique, some researchers [49-51] were
able to use XCT acquisition times of around two minutes using syn-
chrotron radiation on small scale samples. In spite of the interest in the
field, there is still a need of precise and reliable time-resolved experi-
mental tools for the direct observation of the fluid flow through the open
pore space of industry-relevant systems.

A novel technique called X-ray phase contrast has been developed
over the last twenty years and combines a standard X-ray tube and
gratings [52-57]. The concept is based on creating an interference
pattern which is modified when an object is placed in between the X-ray
source and the gratings. The resulting phase modulation is thus trans-
formed into an intensity modulation and the changes in the intensity
pattern with and without sample are exploited to recognize the small
and ultra-small angle scattering quantified and represented as dark field
(or scattering) images. This system is very sensitive to inhomogeneities
inside a sample on a scale smaller than the image resolution and is thus
convenient to observe materials with similar absorption and refraction
properties but different microscopic internal structures. Even if this
technique has mainly been applied in the medical field for static imaging
[58,59], attempts of observing the distribution of a liquid into a solid
material have been carried out by Yang et al. [60] and Prade et al. [61]
who were able to visualize unsaturated water transport in mortar. In the
case of composites, X-ray phase contrast has been used as a static non-
destructive technique to visualize micro-cracks or pores in composites
where usual X-ray absorption images do not show enough contrast
[62-71]. Furthermore, this technique allows to detect microstructure
variations of size comparable to the resolution of high resolution
computed tomography with the advantage that larger samples can be
observed and it can be adapted to conventional X-ray laboratory sources
instead of synchrotron sources [72-74]. Therefore, the contrast between
materials that present similar densities is greatly enhanced and images
with thickness averaged microscopic precision could in principle be
obtained with high spatial and time resolution with exposure times in
the order of seconds [57,61].

We thus propose an in-operando experimental method based on X-
ray phase contrast imaging for the visualization of fluid flow through
translucent and non-translucent textile preforms using standard test
fluids, at an image acquisition rate of a few seconds. After validating this
novel method through flow experiments with translucent glass fiber
fabrics against traditional video imaging methods, we assess the
thickness-averaged flow evolution in non-translucent carbon fabrics. We
vary impregnation conditions through the imposed flow rate, the
number of layers and the volume fraction, analyze the resulting effect on
image contrast and resolution, and develop a methodology to build the
saturation curve from the grayscale analysis of the resulting images.
Finally, we discuss the potential and limits of the method towards the
study of impregnation of natural fibers and a polymeric pore network
produced by 3D printing.
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Fig. 1. Porous media: (a) twill glass, (b) UD carbon, (c) twill flax, (d) UD flax fabrics, (e) top and (f) side view of the 3D printed structure. The scale is the same for

all pictures.
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Fig. 2. (a) Impregnation setup, (b) schematic of the X-ray phase contrast imaging system and (c) illustration depicting the flow acquisition procedure.

2. Materials and methods
2.1. Materials

Five porous media were selected: four fibrous reinforcements whose
properties are listed in Table 1 and a 3D printed structure. The twill glass
fabric (Fig. 1a), previously utilized by Caglar et al. in [38,75] and the
unidirectional carbon fabric (Fig. 1b) (with glass threads in the weft
direction to maintain the position of the carbon tows), were used in this
work as translucent and non-translucent fabrics respectively. Twill flax
(Fig. 1c) and unidirectional flax (with a polymeric thread to maintain
the structure) (Fig. 1d) fabrics were employed as alternative non-
translucent preforms. The orientation of fabric reinforcements was
0° for all experiments. The 3D printed structure (Fig. 1e and f) was based
on the geometry designed by Morren et al [76] and reproduced by a
FlashForge Hunter Digital Light Processing (DLP) 3D printer with the
resin FlashForge FH110. The structure was a grid of 3 mm thickness,
with macro spaces interconnected with micro channels to mimic a
textile-like solid.

The test fluid was an aqueous solution of poly(ethylene glycol) (PEG)
(M, = 35 kDa, Sigma Aldrich) at a concentration of 16.7 wt%. The
density of this fluid is 1.026 g/ml, the viscosity at 20 °C 0.11 Pa.s and the

surface tension 57.3 mN/m as previously characterized by Salvatori
et al. [23]. These properties are similar to those of thermosetting resins
typically used in composite manufacturing. For optical experiments with
the glass fabric, around 0.08 wt% of Rhodamine B colorant from Carl
Roth, which provides a strong coloration, was added to the fluid.

2.2. Flow experiments

Flow experiments were carried out with the setup shown in Fig. 2a.
Porous structures were fitted in the cavity of a metal spacer with an
inner silicon joint to minimize race tracking, then enclosed in between
transparent top and bottom parts placed in between metal frames
fastened with fourteen screws. Poly(methyl methacrylate) was used as
transparent mold halves as it does not scatter X-rays; its thickness was
optimized to reach a compromise between minimum noise in the X-ray
images which results from absorption of the PMMA and maximum ri-
gidity to minimize the deflection of the setup and was eventually set to
15 mm for each half. Metal spacers of different thicknesses were
employed to vary the mold cavity thickness. Fabrics were cut to a width
of 4.95 + 0.05 cm and a length of 15 cm. The printed structure had a
dimension of 5 cm x 12 cm, the length was limited by the maximal
printing size of the 3D printer. Reinforcements were impregnated
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Table 2

Impregnation experiments.
# Fabric Layers Thickness [mm] V¢ [%] Flow front velocity [mm/s] Ca(1073
1 Twill Glass 9 3 45 0.13 0.25
2 Twill Glass 9 3 45 0.23 0.44
3 Twill Glass 9 3 45 0.48 0.92
4 UD Carbon 9 3 45 0.26 0.50
5 UD Carbon 9 2.5 54 0.22 0.42
6 UD Carbon 9 3.5 39 0.23 0.44
7 UD Carbon 6 2 45 0.25 0.48
8 UD Carbon 3 1 45 0.22 0.42
9 UD Carbon 12 4 45 0.27 0.52
10 UD Carbon 15 5 45 0.27 0.52
11 UD Carbon 18 6 45 0.27 0.52
12 Twill Flax 3 2 35 0.16 0.31
13 UD Flax 6 2 35 0.12 0.23
14 3D structure 1 3 - 0.15 0.28

vertically from bottom to top (z-direction) at constant flow rate thanks
to an injection unit R-100E syringe pump from Razel Scientific In-
struments. Contribution of the hydrostatic pressure buildup due to the
vertical position, assumed to be maximum 1.5 kPa, was neglected as it
was limited due to low density of the fluid and short impregnation
length. A sensor, Keller Series 35XHTT, was placed close to the inlet in
order to monitor the fluid pressure and temperature all along the
impregnation.

The phase contrast X-ray imaging apparatus was a Talbot-Lau grating
interferometer developed within the EVITA project [64]. The system
allows imaging an area of approximatively 70 mm x 70 mm per
acquisition and incorporates a moving platform to scan larger parts,
whose movement can be synchronized with the image acquisition. The
grating lines of the gratings G1 and G2 (Fig. 2b) are positioned along the
z-direction and the grating movement is carried out in the x-direction.
The following images are simultaneously provided at each measure-
ment: absorption, refraction (associated respectively to the attenuation
and refraction coefficients) and scattering, which is linked to the ultra-
small angle X-ray scattering of the beam inside the sample, in turn
related to a variation of the electronic density of the sample at the
microscopic level [77]. Images present a resolution of 1334 x 1331
pixels and were taken from a series of 7 phase steps with an exposure
time of 700 ms at each step, resulting in an averaged time of 9.2 s per
acquisition. The additional time (9.2 s — 7x700 ms) is the duration
required to transfer data between phase steps. The acceleration voltage
of the X-ray tube was 60 kV. We performed preliminary tests to define
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the required X-ray setup parameters and acquisition times in order to
obtain scattering images with a satisfactory resolution and a good fluid/
fabric contrast.

To track the impregnation along the reinforcement length, we
developed an acquisition procedure with the X-ray system by synchro-
nizing the stage movement and the flow speed (Fig. 2c). First, we defined
six different positions corresponding to five vertical stage movements of
25 mm and we carefully centered the setup within the acquisition
window in order to locate the flow front in the center of the resulting
image. Then, we performed the following steps: (i) before launching the
impregnation, a scanning of the dry reinforcement at one acquisition per
position was carried out to construct a grey scale image of the dry state;
(ii) for each impregnation experiment, the number of acquisitions per
position was defined as a function of the flow speed (estimated by the
measured averaged front velocity from preliminary optical experiments
and using the set constant flow rate); (iii) once the fluid reached the
outlet, the impregnation was continued at least 5 min and up to 15 min
for slow flow conditions to ensure a complete saturation of the fabric and
a third scan was performed at one acquisition per position to construct a
grayscale image of the wetted fabric. Since the system calibration is
sensitive to changes in ambient conditions, calibration was performed at
the beginning dry, impregnation and wet acquisitions.

An overview of the experimental campaign is given in Table 2.
Impregnation of the twill glass fabric (constant number of layers and
volume fraction) was carried out at three flow rates. As the aim of this
work is to demonstrate the potential of the method for non-translucent

40 50 60 70 80
z[mm]

Fig. 3. Methodology for the construction of S(z) curve from the grayscale scattering image (example taken from an acquisition of test #4).
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Fig. 4. Example of flow patterns observed in optical, absorption, refraction and scattering images obtained for the different reinforcements (a) Twill Glass (test #2),
(b) UD Carbon (test #4), (c) Twill Flax (test #12), (d) UD Flax (test #13) fabrics and (e) the 3D printed structure (test #14). The image of the optical view does not
correspond to the flow shown in X-ray images as the X-ray infrastructure did not allow capturing videos during X-ray measurements. The scale is the same for
all pictures.

fabrics, different tests were carried out with the carbon fabric, in (twill and UD) with the same volume fraction and the 3D printed
particular to analyze the effect of the number of layers and the volume structure.

fraction on scattering images’ contrast. Finally, one experiment was Flow experiments with the translucent glass reinforcement were
performed for each of the following porous media: the two flax fabrics conducted under X-ray phase contrast imaging and repeated in the
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(a)

(b) (c)

Fig. 5. Flow patterns imaged by a digital microscope (a) test #1 (b) test #2 (c) test #3. The scale is the same for all pictures.

laboratory under conventional optical methods to provide a validation
of the proposed visualization method. The advancement of the flow was
thus recorded through the transparent mold by a digital camera Canon
EOS700D; the video acquisition was set to 30 frames per second with a
resolution of 1920 x 1080 pixels. The corresponding dynamic saturation
curves were built adapting the methodology of Nordlund et al. [9] and

were thereafter compared with the curves obtained by X-ray image
analysis.

2.3. Image analysis

The progressive saturation of the preforms was obtained from scat-
tering images. Prior to the analysis of the grayscale intensities, we
applied an image processing routine to each set of images corresponding
to a given experiment. Images were rotated to correct the verticality,
cropped by selecting a study area with a width of 400 pixels (roughly
corresponding to a width of 2.2 cm) to get rid of flow edge effects and
smoothed with a mean average filter. To assess the saturation versus the
position curve S(z) from the scattering image, we used a methodology
based on defining the deviation of the grayscale values of the images
acquired during the impregnation from that of images acquired at
completely dry and wet states as also illustrated in Fig. 3. The light area
of the scattering image corresponds to the fabric and the dark one to the
fluid, since it is homogeneous and does not scatter X-rays. In the frame of
this work, we assumed that the pixel intensity of the wetted fabric scans
corresponds to a saturation equal to 1 and do not take into account the
presence of possible small pores remaining after full impregnation. For
all images, the averaged pixel intensity value over each column was
calculated, i.e., average along the part width was calculated. Then, for
each position, we generated the pixel intensity versus pixel position
curves of the dry and wetted fabric and compared them to the impreg-
nation curves of that position. Three zones were thereafter distin-
guished: fully saturated, unsaturated area and dry fabric. The pixel
intensity value Iy, defines the transition between the fully and partially
saturated zones and Ig,q, the transition between the unsaturated zone
and the dry fabric. Finally, we converted each pixel intensity value into a
saturation value by linear interpolation. The position z in pixels was
converted into millimeters by using a pixel size of 54 um. Since all the
instances linked to the image acquisition are recorded by the X-ray
system and the displacement of the stage is known, it is possible for each
experiment to build the S(z) curve for all acquisitions in a single graph.
Moreover, all the obtained curves during an experiment can be unified
by plotting the dynamic saturation S(z,t) curve as Nordlund et al. [9]
suggested for constant flow rate experiments.

3. Results

3.1. Validation

Absorption, refraction and scattering images obtained for the glass
fabric impregnation (test #2) by X-ray phase contrast are presented in
Fig. 4a. A good contrast between the fabric and the fluid is revealed by
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Fig. 6. Comparison of S(z,t) curves built from optical and X-ray acquisitions.

the scattering image, whereas the absorption and refraction images
exhibit very low contrast, with a barely visible flow front. The absorp-
tion image highlights the fabric structure which can be assimilated to a
square grid. Compared to absorption images, in scattering and refraction
images, the fabric structure was only identified in the vertical direction
because of the grating configuration in the X-ray setup [78]. The dry and
wet areas of the fabric can be differentiated in the refraction image since
the structural pattern disappears when the fabric is fully saturated.

We visualized the flow front patterns of the three glass fabric im-
pregnations by performing them under a Keyence digital microscope.
The resulting images displayed in Fig. 5 revealed that the unsaturated
zone increases with flow speed. At the low capillary number, Ca =
251074, test #1 (Fig. 5a), we observe a narrow unsaturated zone,
corresponding to balanced capillary and viscous forces, nonetheless
capillary driven fluid flow is observed in the tows. For the medium
capillary number Ca = 4.4-1074, test #2 (Fig. 5b), the fluid first fills the
inter-tow spaces; the tows behind the flow front are not completely
saturated thus indicated a viscous flow. The fastest flow with a higher
capillary number Ca = 9.2:107%, test #3 (Fig. 5c), presented the same
trend as observed in Fig. 5b but with a large unsaturated zone and had

Table 3

Comparison of flow progression during in-operando flow imaging.

Acquisition method  Image acquisition time [s] Flow displacement per image

acquisition [mm]

test #1 test #2 test #3
X-ray 9.2 1.20 2.12 4.42
Video 0.04 0.005 0.01 0.02
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Fig. 7. S(z) curves for the impregnation of test #4 taken every 4 acquisitions (right). A reconstruction of the impregnation along the fabric length for three different

times with the measurement zone is highlighted in red (left).

thus a more viscous behavior.

We constructed the dynamic saturation curves S(z, t) of tests #1, #2
and #3 by optical and X-ray image methods. Fig. 6 compares the
resulting curves and reveals a clear agreement between the two
methods. Nevertheless, some deviations were noticed; in particular, the
unsaturated area is slightly larger for all curves derived from the optical
acquisition (i.e., the curves from x-ray radiography are steeper). We
attributed this difference to the fact that the flow is observed only from
the surface in the video acquisition where wall effects take place [79]
whereas the flow is thickness averaged in X-ray acquisition. In addition,
we calculated flow displacements of the three tests during one single
image acquisition for both imaging methods (Table 3). It should be

noted that a phase-dependent anticipation or delay of the flow was
observed during fast impregnations resulting in a lower precision on the
saturation measurement. This effect could be minimized in improved
set-ups by reducing the acquisition time with a more powerful X-ray
source and/or optimizing the grating geometry which was initially
developed for static measurements. Considering the curve shapes, the
steeper curve with the narrower unsaturated zone corresponds to the
more balanced flow (test #1), while with increasing flow speed, the
saturation curves become less steep (test #2 and test #3). These ob-
servations are in good agreement with the observations from Fig. 5, and
correlate with the results found by Nordlund et al. [9] establishing the
direct link between the shape of the saturation curve and the flow rate,

4
0 Test #5 4 X10
Test#4
[ Test #5
° 3 Test #6
> ]
<
wn
2
[ Test #7 Test #4 !
0
© -1 0 1 2 3
& Pixel Intensity
N 4
4 x10
Test#4
N Test #7
3 Test#8
Test #6
C
0
-
ol
S| =
™M [}
£
=
(o}
>
Number of layers
> -1 0 1 2 3
3 6 9 Pixel Intensity

Fig. 8. Comparison of scattering images obtained for the different impregnation configurations of the carbon fabric with the corresponding histograms. The scale is

the same for all pictures.
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Fig. 9. Comparison of scattering images obtained for tests #9, #10 and #11 with the corresponding histograms which are compared to the one of test #4. The scale

is the same for all pictures.

because the wetting conditions are dynamic.

3.2. Carbon fabric

Our approach allows capturing the thickness averaged flow front
location during impregnation of non-translucent carbon fabrics with
acquisition times below 10 s, transcending previously reported ap-
proaches. Once we validated our method, we sought to visualize fluid
flow through non-translucent preforms, in particular carbon fabrics.
Test #4 was defined as a reference sample and its corresponding ab-
sorption, refraction and scattering images are displayed in Fig. 4b.
Interestingly, the scattering image for carbon fabric revealed a better
fluid-fabric contrast as compared to glass fabric. As expected, the carbon
fabric did not show much contrast in absorption images, however the
glass stitches clearly appeared. In the scattering images, the glass
stitches were also identified by the pixel intensity, which was slightly
lower in the zones where the glass stitches were present compared to
areas with only carbon. This observation proves the convenience of the
proposed technique for the study of flow through preforms made up of
different materials. Finally, as for the glass fabric, no significant contrast
was obtained from the refraction image. Spaces between the tows are
visible in scattering and refraction images in the form of vertical lines,
albeit thinner compared to those of the glass fabric as the structure is
more compact.

For all impregnations carried out with the carbon fabric, we built the
saturation curve S(z) for each acquisition. Fig. 7 shows the constructed
saturation curves for a subset of collected images during the test #4 and
the reconstructed impregnations along the fabric length for three
different times. Successive curves in the figure are separated by
approximately 37 s. Based on the graph, the saturation decreases almost
linearly over the unsaturated region. For all curves, the slope is nearly
identical as expected since the fluid was injected at a constant flow rate
and the impregnation conditions were invariable along the fabric length
and time.

We investigated the role of fiber volume fraction (by compressing a
pre-determined number of layers to different thicknesses) and the role of
the number of layers (by compressing several numbers of layers leading
to the same fiber volume fraction at different thicknesses). Fig. 8 shows
that the contrast increases (as well as the signal-to-noise ratio) in the
scattering images with the number of layers. According to literature, the
scattering signal increases with the porosity level as well as the pore size
[64,80-82]. Considering that transitions between air and material act as
the X-ray scattering inhomogenities and that the number of scattering
events thus increase as the number of layer increases, our observations
are aligned with the underlying physical phenomena. On the other hand,

the change in number of scattering transitions due to change in volume
fraction (while having same number of fabric layers) is limited since the
same number of fibers are present in the cavity and this is why, exper-
iments #4, 5 and 6 resulted in similar scattering images. Therefore, the
main scattering arises from the fiber-pore transitions. The change in the
size of pores created between the fibers is not significant enough to
contribute to the scattering signal.

With the aim of further investigating the effect of the number of
layers on the pixel intensity, we performed three additional tests in
which we increased the number of layers to 12, 15 and 18. From the
scattering images Fig. 9, we do not observe an apparent change in the
contrast between the two phases (fluid and fabric). In the histograms
(Figs. 8 and 9), the low value peak corresponds to the dark area (wetted
fabric), the high value peak to the white area (dry fabric) and the
contrast is defined by the separation of these two peaks. Increasing the
number of layers results in a greater separation between the two peaks
and thus more contrast. However, between 15 and 18 layers, histograms
are almost superposed and contrast cannot be further enhanced by
increasing the number of layers.

3.3. Flax fabrics

Fig. 4c and Fig. 4d show, respectively, the images obtained for tests
#12 with the twill and #13 with the unidirectional flax fabrics. In the
scattering images, the flow front is barely visible for test #12 whereas it
is clearly observed in test #13. Based on our previous results with car-
bon fabric, this difference in contrast is related to the number of layers
used. For both samples, the absorption image brought the flow pattern
out which was directly linked to the fabric structure. In the weave case,
the unsaturated zone is larger because large pores created by the weft
and warp tows enhance viscous flow between tows while intra-tow
spaces require longer time scales for impregnation. Conversely, the
unidirectional fabric presents a more compact structure with more
evenly distributed pores in which the fluid cannot easily progress in
between the tows and the boundary is crisper. Notwithstanding the
reduced contrast obtained for flax fabrics compared to carbon and glass
fabrics, the present results provide a stimulus for further investigation of
flow through natural preforms with X-ray phase contrast imaging. With
the aim of enhancing the contrast, we performed additional tests after
increasing the number of layers to 12 and 9 for the UD and Twill flax
fabrics respectively. The contrast slightly improved but was far from
reaching a level comparable to that observed in glass or carbon fabrics.
In order to better visualize impregnation of natural fiber preforms with
the present technique, other solutions can be explored such as changing
the fluid nature or increasing the X-ray source power.
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Fig. 10. Intensity range of scattering images versus the fabric number of layers.

3.4. Polymeric structure

The obtained images corresponding to the polymeric structure
impregnation (test #14) are shown in Fig. 4e. No significant contrast
was obtained for the scattering image between the grid and the fluid
since the grid is a homogeneous material and the porosities are in the
range of a millimeter. In addition, the fluid path in between the small
pores of the structure was hidden by the polymeric structure. Vertical
lines corresponding to the edges of the large cavities were the only el-
ements that were barely visible. Absorption images revealed more
interesting results: the location of the small cavities was clearly distin-
guished, corresponding to less dense zones where the grid appeared
lighter, the fluid path was easily tracked and empty, partially-filled and
filled cells were clearly highlighted. Thus, the observation of flow
through 3D printed polymeric porous preforms under X-ray techniques
is enhanced by attenuation rather than scattering and this approach
could be extended to more complex networks for fluid dynamics studies.
This example shows at the same time the limitation and versatility of the
presented technique.

4. Discussion

In order to quantitatively compare the contrast obtained in scattering
images for the studied fibrous reinforcements, we defined an intensity
range value for each sample by the subtraction of Isy, from Igpe. The
obtained values for all the samples versus the number of layers are
plotted in Fig. 10. The three main factors responsible for the contrast are
presented below.

4.1. Effect of the number of layers and fiber diameter

As we pointed out in previous sections, the volume fraction has a
minimal effect on the scattering contrast; however, the contrast strongly
depends on the number of layers since the fibers act as main scatterers.
This observation is highlighted in Fig. 10, in particular for the unidi-
rectional carbon fabric: a linearity is observed between the signal in-
tensity and the number of layers till it reaches a saturation value. As
previously pointed out, fiber-pore transitions act as main scatters and
highly influence the signal. Fibers with larger diameters have lower
specific surface area per volume compared to fibers with smaller di-
ameters and thus will create fewer scattering events. Indeed, fibers with
a diameter comparable to the grating size (4 um), are in the “sensitive
size window” [77] and scatter the X-ray signal better, resulting in an
enhanced contrast. As presented in Table 1, fiber diameters are in line
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Table 4
Absorption and refraction properties of carbon, silica and cellulose at 60 keV
from [85,86].

Material Formula u [m’l] 51077
Water H,0 0.21 0.6
Carbon C 0.32 2.0
Glass SiO, 0.63 1.5
Flax C12H100s 0.24 0.8

with the obtained contrast. Glass and carbon fabrics which have fibers
with diameters of less than 10 pm gave better contrast compared to flax
fabrics which possess fibers with significantly larger diameters. As car-
bon and glass fabrics have similar diameters, the contrast difference
between them in the scattering images arises mostly from their refrac-
tion coefficients.

4.2. Effect of the material composition

The highest contrast between the reinforcement and the fluid was
achieved with carbon fabric, thereupon glass and finally flax (Fig. 10).
According to the literature, inhomogeneities that create scattering refer
to variations in the electron density which are related to the materials’
refraction coefficient § [83]. In Table 4, linear absorption coefficient u
and refraction coefficient § from tabulated databases are presented for
the different materials at the X-ray intensity used in the present work,
assuming that water is the main element of the fluid mixture, carbon
that of carbon fibers, silica and cellulose those of the glass and flax fibers
respectively. Refraction coefficients prove to be directly linked to the
scattering ability of each material. Concerning the refraction images, the
flow front was pinpointed for glass and carbon samples because their
refraction coefficients are high enough compared to those of the fluid
(even though no significant difference was observed between them since
the values are in the same range). However, for flax fabrics, the front was
hardly detected given the proximity of the cellulose and fluid refraction
coefficients. The absorption coefficient is directly linked to the density
and this is why glass showed higher contrast in the absorption image.

4.3. Effect of the structure

The fabric configuration influences the scattering contrast. For a
given material, more compact and homogeneous fabric layers with fi-
bers parallel to the grating lines provide a higher contrast. In the present
work, we visualized unidirectional and twill fabrics. In the case of uni-
directional configuration where the fibers were parallel to the grating
lines, we obtained a stronger signal with respect to the twill configura-
tion. In refraction and scattering images, variations on the x-direction
(perpendicular to the grating lines) are only measured and thus varia-
tions on the z-direction such as the horizontal bundles of the twill fabrics
do not appear on those images. By rotating the fabric and thus creating
an angle between the gratings and vertical/horizontal bundles, it would
be possible to observe weft and warp directions of twill fabrics. We
repeated test #4 by rotating the setup around the y-axis by 45° (test
#15) for a glimpse of the influence of the fabric orientation: an example
of scattering image is shown in Fig. 11. As expected, the fabric weave
patterns are observed in x and z directions while the contrast is
decreased at 45°.

4.4. Dual scale flow patterns

Finally, we sought to explore the potential of X-ray phase contrast
imaging to observe dual scale flow patterns [84] by combining ab-
sorption and scattering images analogously to what was done by Senck
et al. [67] for dual scale characterization of cracks in fiber reinforced
composites. The idea is to create a superimposed image by using the
power of each technique as the dark field image is sensitive to subpixel
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Fig. 11. Scattering image resulting of rotating the setup 45° (test #15) compared to the scattering image of test #4.

Fig. 12. Superimposed absorption and scattering images for visualization of flow patterns. Acquisition corresponding to test #4 (left) and test #16 (right).

variations and thus the fabric porosity, while the absorption image de-
pends on the material density and elucidates the fabric macrostructure.
For that, we compare test #4 to an additional impregnation (test #16)
performed with the same conditions but increasing the flow rate, leading
to a flow front speed of 0,58 mm/s corresponding to a capillary number
Ca = 1.11-1073. For both experiments, we applied a Gaussian filter to
the resulting images, then used the Red-Green-Blue (RGB) coding, by
attributing the B and R channels to absorption and scattering images
respectively to construct the superimposed images shown in Fig. 12.
Promising results were obtained: fingering between the tows is clearly
identified for test #16 as compared to test #4, indicating a viscous flow
dominated pattern with a larger unsaturated zone.

5. Conclusions

X-ray phase contrast imaging is proved to be a powerful tool to
visualize in-operando the dynamic fluid flow across the thickness of
translucent and non-translucent fibrous preforms. In particular, we
observed the progressive saturation of carbon fabric preforms by col-
lecting images with an acquisition time of less than 10 s, and on a
relatively large sample size window of 7 cm x 7 cm. A methodology to
build the saturation curve by analyzing the grayscale of dark field im-
ages was presented. Taking advantage of the wide range of materials
that this technique can visualize, glass preforms were used for validating

10

the current method by comparing the resulting progressive saturation
through glass preforms by X-ray and conventional optical techniques.
The visualization method was then extended to carbon and flax fabrics
and a 3D printed preform. By comparing different geometric and flow
velocity configurations, we identified the main parameters affecting the
scattering contrast, including the number of layers, the fiber diameter,
the refraction properties of the material as well as the fabric structure.
This provides guidelines for the in-depth analysis of flow patterns, in
particular in non-transparent carbon fabrics, with model fluids or
reactive resins, for model validation and identification of the relevant
parameters governing flow in liquid composite molding processes.
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