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Abstract

Void formation in fibre-reinforced polymer composites processed by liquid moulding is a persistent issue in
composite research and development. Not only may several void formation mechanisms come into play, but
these defects can also accumulate and grow over the course of the manufacturing process. Mitigation
methods can be applied once the underlying causes of voiding are identified, which is impossible through
post-mortem characterisation. Here, void formation is dynamically monitored in miniaturised glass fibre-
reinforced thermoplastic polymer composite samples manufactured by vacuum infusion and in-situ
polymerisation, using laboratory-based X-ray computed tomography (XCT). The method allows the
characterisation of the evolution of void patterns as the resin polymerises and cools down within the fibre
preform. With a time resolution of 2 min and a voxel size close to 20 wm, this first-of-a-kind XCT
experiment provides insights into the evolution of the void volume fraction, void size and location. The root
causes leading to void formation in the system of interest were successfully identified as a combination of
flow-related air entrapment during preform filling and, mostly, of chemical shrinkage of the matrix upon
polymerisation. Additionally, thermal shrinkage during the cooling of the preform results in a slight decrease

in the final void volume fraction.

Keywords:



Polymer matrix composites, Porosity, Microtomography, Processing, Liquid composite moulding

Abbreviations

FOV  Field of view

LM Liquid moulding

LT Local thickness

MMA  Methyl methacrylate
PMMA Polymethyl methacrylate
PVC Polyvinyl chloride

XCT X-ray computed tomography

1 Introduction

Fibre-reinforced polymer composites produced by liquid moulding processes generally contain voids, which can be
detrimental to the mechanical properties of the structural components. While the formation of porosity cannot be
entirely avoided, mitigation actions can be applied to control the main sources of void formation. These sources include
incomplete resin degassing and void entrapment during mould filling, volatilisation of resin components (or
polymerisation by-products) as well as chemical shrinkage during in-situ curing, and thermal shrinkage upon cooling [
1-5]. The development of anti-void strategies implies a deep understanding of the root causes of the mechanisms
involved in void formation for a given manufacturing process. Various characterisation methods exist for the post-
mortem analysis of porosity in composite materials [6], such as X-ray computed tomography (XCT) [5,7], microscopy
of polished cross-sections, thermography [8], or ultrasonic inspection [9]. However, the identification of the
fundamental origins/sources of porosity remains elusive. When several mechanisms are involved in the process of void
nucleation, growth and transport, post-mortem methods are unable to separate the contribution of each phenomenon

and to reconstruct the timeline of events.

Over the past decade, novel characterisation techniques have been designed for monitoring void formation during
composite manufacturing. Though a few studies mention the use of transparent tooling for the direct observation of
near-surface porosity [10-12], most of them rely on XCT. This non-destructive characterisation technique allows 3D
imaging of a specimen, obtained through the reconstruction of a series of planar X-ray projections equispaced along a
360° sample rotation. XCT can be used to monitor void formation in composite materials either via ‘in-situ’ or ‘ex-situ’
protocols. In ex-situ methods, composite specimens are produced outside of the scanner. The manufacturing process
must be regularly interrupted to extract the sample and perform subsequent XCT characterisation [13,14]. Several
authors relied on ex-situ methods to study void formation during the out-of-autoclave consolidation of epoxy-based
carbon prepregs [15-17]. Laminates were prepared outside of the scanner, partially cured, cooled down to prevent
further resin crosslinking, downsized, and finally subjected to XCT scanning. The disadvantage of an ex-situ approach
is that information can only be extracted for the time step at which the experiment was interrupted and an XCT scan
was taken [13,14]. The timing and the ordering of the changes that take place in between consecutive steps are lost.

There is also an uncertainty related to the cooling rate in case the voiding process is very fast.

On the other hand, dynamic in-situ methods, i.e., an uninterrupted processing experiment with continuous data
acquisition, allow real-time observation of microstructural changes [18-20] - including void formation in composites [
13,14,21] - directly within the XCT scanner. Such scanning methods are often referred to as ‘dynamic 4D-XCT’, with
time being the fourth dimension. Due to space restrictions, a miniature version of the process must be designed: the
setup must fit and be able to rotate 360° inside the XCT system and should be made of thin, relatively low-atomic-
number and low-density materials to minimise unwanted X-ray attenuation during scanning. More importantly, there is
always a trade-off between scan speed and image quality, which makes the characterisation of small-scale dynamic
phenomena, e.g., void growth, particularly difficult. Synchrotron X-ray sources may be used to circumvent this
problem, but they are less accessible than lab-based XCT scanners. For these reasons, the first in-situ XCT experiments

dedicated to void monitoring during composite manufacturing were developed only very recently. To our knowledge,



apart from Kratz [22] and Galvez-Hernandez [23], who made use of a lab-based XCT scanner, all other studies relied
on synchrotron X-ray facilities [24-31]. Some authors studied the (de)consolidation of semi-finished products, i.e.,
prepreg or sheet moulding compounds, under heat and/or pressure [22,26,28,29,31]. Other research focused on liquid
moulding (LM) techniques [25,27,30] but the in-situ analysis only covered the impregnation step and the setup
consisted of a single fibre t, providing limited insights into the voiding mechanisms involved in real-scale LM

processes.

Note that several laboratory-based 4D-XCT experiments dedicated to the monitoring of microstructural changes other
than void formation in composites have been recently published. However, most of these studies make use of ‘stepwise’
instead of ‘dynamic’ 4D-XCT, which means that the experiment is interrupted to allow scanning the specimen at the
highest possible spatial resolution. This may involve, for instance, applying a load increment to the specimen and
scanning while the load is maintained at a constant value, before further increasing the load [32-34]. The few authors
who made use of dynamic 4D-XCT per se [35-37] generally focused on phenomena occurring either at a larger length
scale (on the order of a few hundred microns [35]) or at a slower rate (over the span of one or more hours [37]). This
makes it easier, from a technical point of view, to find a satisfying trade-off between good-enough image resolution and
reasonable scan time. To our knowledge, the work of Snels [36], dealing with the crystallisation of ice droplets, is the

only lab-based 4D-XCT dynamic study combining a very small voxel size (~ 8 pm) with a short scan time (~ 15 s).

The objective of this study is twofold. First, a new lab-based XCT method is developed for the in-situ dynamic
monitoring of void formation during vacuum infusion and curing of a thick (> 2 cm) glass fibre-reinforced polymer
composite. The principle of the experimental setup used for in-situ infusion [38] is inspired by the work of Hemmer et
al., who studied the evolution of the fibrous preform microstructure upon infusion of a non-reactive model fluid [39,40
]. The mechanisms leading to void formation and transport are then investigated for the particular case of a 2.3 cm-thick
methyl methacrylate (MMA )-based thermoplastic composite, produced by vacuum infusion of a dedicated monomer-
based formula into a glass fabric layup and polymerisation within the preform. This system can potentially involve
monomer boiling due to the exothermic and self-accelerating nature of the polymerisation reaction [41-44]. It can also
be prone to void formation through common mechanisms including flow-related void entrapment during the

impregnation step.
2 Experimental methods

2.1 Materials

Composite preforms were made of quasi-unidirectional HiMax™ XGE190 bi-axial non-crimp glass fabric (Hexcel,
XCT, USA) with an areal weight of 3.791 kg.m™2. The thermoplastic resin, which has been formulated to ensure
compatibility with liquid composite moulding technologies, comprised an infusion-grade MMA-based monomer
formula (Elium® 151 OSA of Arkema, France) and a ketone peroxide thermal initiator (Butanox® M-50 of Nouryon,

The Netherlands). The consumables for bagging were obtained from Diatex SAS (France).
2.2 Miniature infusion setup

The downsized infusion setup was designed based on the work of Hemmer et al. [39,40], who studied with XCT the
microstructural evolution of a glass fabric preform upon in-situ infusion with a non-reactive fluid. The original setup of
Hemmer consisted of a PVC plate pierced with holes for connecting the resin and vacuum lines, and was used for the
infusion of a 9 mm-thick glass fabric stack. The setup manufactured in this work [38] is shown in Fig. 1, alongside the
associated coordinate system. The following upgrades and elements of novelty were introduced: (1) the addition of a
heating system, (2) the addition of a dedicated rotating mount shown in Fig. 1¢ and (3) the use of thermally conductive
materials. Note that the materials used for manufacturing and operating the setup are detailed in Table A1 of Appendix
A. Aluminium was used as the main constituent of the setup for its combination of high thermal conductivity and

relatively low density, compared to other metals.

@ Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version
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Design of the miniature infusion setup: (a) structure and dimensions in mm, (b) simplified side view of the setup and preform during
XCT scanning and (c) 3D view of the setup installed in the XCT chamber. The red rectangle indicates the preform location.

2.3 In-situ infusion experiment
2.3.1 Preparation

Composite specimens were manufactured using the miniature infusion setup illustrated in Fig. 1. Preforms were
produced by laying up 10 glass fabric plies of dimensions L =9 ¢cm and w = 4 cm onto the heating plate. The final

preform thickness / was close to 2.3 cm. The tow orientation is parallel to the x-axis (i.e., the infusion direction).

The layup was wrapped with a peel ply to prevent any stray glass filaments from compromising the bagging step. As
described in Fig. 1b, strips of breather and bleeder materials were positioned onto and underneath the preform to
improve resin flow and vacuum distribution, respectively. The vacuum bag was installed onto the edges of the heating
plate using 6 mm-wide strips of mastic sealant, and pleated according to standard bagging practices. The tubing for the
resin inlet and vacuum line was connected to the back of the setup using pneumatic elbows. The setup was screwed
onto a dedicated rotating mount in the XCT chamber, see Fig. 1c. Connections to an external vacuum pump and
heating controller were achieved via slip ring connectors (to enable setup rotation during scanning) and vacuum-tight
gate valves. Loose tubes or cables were secured out of the field of view of the detector using adhesive tape. Pictures of
the installed setup are presented in Fig. 2. The composite preform was subjected to 200 mbar vacuum conditions and

left to degas and stabilise for one hour, as described by Hemmer [39,40].
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will be used in the final publication. Click on the image to view the original version.

alt-text: Fig 2:[Instruction: Is it possible to make the figure slightly bigger (in the single column format) ?]




X-ray source
composite specimen
setup mount

resin container holder

vacuum line

2 2 I I ) I Y R =

connections to
temp. controller

=

heating plate

resin inlet

Front (left picture) and back (right picture) views of the infusion setup after installation in the XCT chamber.

2.3.2 In-situ infusion experiment

The resin mix was prepared with 1.5 parts initiator per hundred parts monomer formula, mechanically stirred for 5 min,
and then degassed for 1 min at 100 mbar. The time at which the initiator was added is referred to as £,. Between #, and
fy + 8 min, the resin container was secured inside the XCT chamber using the dedicated holder shown in Figs. 1¢ and 2
. Resin infusion was then carried out under 200 mbar vacuum and at room temperature. Complete filling of the preform
was achieved within 2 minutes of infusion (i.e., around £, + 10 min), after which the valves connecting the setup to the
resin inlet and vacuum line were closed. In-situ dynamic scanning started around #, + 12 min, and the temperature
controller was switched on. The infused preform was heated from the initial chamber temperature (i.e., 30°C) to 80°C,

with a heating rate close to[Instruction: No line break between "heating rate close to" and "7°C.min-1"]

7°C.min~". The setup temperature was maintained at 80°C until a sharp temperature peak was reached at the surface of
the preform, indicating the completion of the polymerisation reaction [43,45]. The setup was then left to cool down to a
stable temperature, which was close to 40°C. After the dynamic scanning was finished, a final static scan of the

composite specimen was taken.

Note that, prior to performing the in-situ 4D-XCT experiment, a preliminary infusion test was performed outside the
scanner in the same conditions as those described in the previous paragraph [38]. Among other things, this ‘ex-situ’ test
allowed verifying that the setup rotation and X-ray irradiation during scanning did not have a significant influence on
void morphology and distribution in the composite specimen. The outcomes of this ex-situ experiment are presented in

Appendix B.
2.4 XCT scanning parameters

3D imaging of the composite specimens was performed at the KU Leuven XCT Core Facility on a 230 kV/300 W
TESCAN UniTOM XL system, with the setup mount rotating 360° around the x-axis of the composite sample. A
tungsten target was installed on the reflection source together with a 0.1 mm thick CuZn filter to harden the X-ray
beam. Two different acquisition modes, referred to as ‘dynamic’ and ‘static’, were applied during the experiment. Both
acquisition methods applied a tube voltage of 150 kV and a tube power of 15 W. The dimensions of the field of view
(FOV) were set to 25, 30 and 20 mm in the x, y and z-directions, respectively, meaning that neither the uppermost glass
fabric ply, nor the lateral edges of the preform (along the y-axis) were observed. A compromise had to be found
between enlarging the field of view and better spatial resolution, achieved in this case by reducing the source-to-setup
distance. Enlarging the source-to-detector distance to increase the spatial resolution was avoided, as this would have

been detrimental to the temporal resolution of the dynamic acquisition.

Dynamic scanning was initiated after infusion and covered the whole duration of the polymerisation and cooling steps.
Static scanning was used to image the specimen in its final state, i.e., after the complete cooling of the setup. The
purpose of the static scan was to operate the best possible spatial resolution with the in-situ setup installed. The
associated scan time did not matter in this case, as no time-dependent phenomena were expected to occur. A voxel edge
size of 11.25 um was obtained in static acquisition mode. 2400 radiographic projections were acquired with projection
averaging set to 2 to improve the signal-to-noise ratio, at an exposure time of 275 ms, resulting in a scan time of 23
minutes. On the other hand, in dynamic acquisition mode, the scan time had to be short enough to capture subtle
changes in void pattern over time. The scan speed was gained by sacrificing image quality through larger rotation steps,

detector binning, and disabling projection averaging. In this specific case, a 2 X 2 binning of the detector was applied



(i.e., each 2 X 2 matrix of pixels was combined into one larger pixel). This doubles the voxel edge size (i.e. 22.5 um)
compared to the static experiment but, at the same time, provides a better signal-to-noise ratio and shorter exposure time
(150 ms), which leads to a reduced number of radiographic projections (900). 60 continuous 360° acquisitions at a

temporal resolution of 135 seconds resulted in a duration of 135 minutes for the dynamic experiment.

After the static scan, the composite specimen was subjected to further ‘post-mortem’ characterisation as follows: the
laminate (of dimensions L =9 cm, w =4 cm and & ~ 2.3 cm, see section 2.3.1) was released from the setup and
downsized using a water-cooled disc milling cutter. A cuboid sample of approximate dimensions 12 X 10 X # mm?3 was
extracted from the central part of the specimen (i.e., close to coordinates x = L/2 and y = w/2), and subjected to XCT
scanning with a voxel size of 5 um. The number of radiographic projections was set to 3000 and the scan time was
close to 55 min; the other XCT acquisition parameters remained constant with respect to the static scan. The cuboid
sample shape was selected to allow decreasing the voxel size compared to the static scan, while keeping a FOV

sufficiently large for providing representative results in terms of void pattern.
2.5 Processing of XCT results

The software Panthera (V. 1.3b1, TESCAN XRE NV) was used to reconstruct the XCT scans and export cross-
sectional images. The open-source software ImageJ [46] was used to further analyse some of the 2D cross-sectional
images, while post-processing of the 3D data was performed in Avizo 2021.2 (ThermoFisher). Prior to the quantitative
analysis, noise filtering was applied, using a median filter with the neighbourhood connectivity set to 26 and 3
iterations. The median filter reduces the photon noise in the scanned volume. Next, greyscale thresholding was
performed to segment the images into three phases, i.e., voids, matrix and glass fibre tows. To maintain consistent
sensitivity in the detection of voids, the same set of segmentation parameters was applied to all 60 time steps of the

dynamic scan.

3 Results and Discussion
3.1 Cross-sectional images of the composite specimen upon processing

2D cross-sectional images were extracted from each of the 60 reconstructed time steps of the dynamic scan at a fixed
location, i.e., in the (xoz) plane intercepting the y-axis at y = w/2. The corresponding images are displayed in Figs. 3
and 4. Each phase of the material (i.e., fibres, resin and voids) is characterised by a different shade of grey: glass fibre
tows appear light grey, while the resin looks darker and the voids are black. The red rectangles in Figs. 3 and 4 serve as
a guide and indicate regions where a significant change in void morphology is observed as compared to the time step
before. Note that only one image is presented for time steps 1 and 2 in Fig. 3, and for time steps 8 to 60 in Fig. 4, as no

significant change in void pattern was found within these two series of images.

@ Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version

will be used in the final publication. Click on the image to view the original version.
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Reconstructed xz slices extracted from the dynamic acquisition in time steps 1 to 5 at y = w/2. Red boxes indicate areas where void
patterns noticeably change compared to the same area of the previous time step. Within the boxes, arrows highlight a few examples of
voids presenting a significant evolution in shape or size with respect to the previous time step.
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Reconstructed xz slices extracted from the dynamic acquisition in time steps 6 to 60 at y =w/2. Red boxes indicate areas where void
patterns noticeably change compared to the same area of the previous time step. Within the boxes, arrows highlight a few examples of
voids presenting a significant evolution in shape or size with respect to the previous time step.

The cross-sectional images presented in Figs. 3 and 4 reveal that the vast majority of void formation events occur
between time steps 2 and 8, i.e., within the first 30 minutes following peroxide introduction, though a few randomly
distributed voids are already present in time steps 1-2. Second, voids are exclusively detected in between two
subsequent fabric plies and/or in between fibre tows of the same ply. The smallest dimension of the voids is on the
order of a few hundred microns. Third, void growth takes place gradually along the z-axis between time steps 2 and 8,
i.e., voids nucleate first in the lower plies, i.e. in the region near the mould (see time steps 3 and 4 of Fig. 3). Once these
voids have attained their final size, other voids start growing in the plies located above (see time steps 5 to 8). This
continues until the surface of the preform is reached (time step 8), after which the void pattern does not evolve

anymore.
3.2 Evolution of porosity

The average volume fraction of voids in the composite, which will be referred to as the porosity @, was estimated for
each of the 60 time steps in the dynamic scan. The heating plate was cropped out of the FOV as it would interfere with
the determination of the porosity. Then, the value of @ was calculated for each time step. The evolution of @ is
presented in Fig. 5 as a function of the time step in the dynamic experiment and its corresponding experimental time
(for which the origin is defined as ¢, i.e., peroxide introduction). The evolution of the specimen's surface temperature
Tsurface

As no significant evolution in porosity was found beyond time step 10, only one @ value is represented for steps 11 to

is also included, alongside with two examples of 3D void pattern renderings obtained from time steps 1 and 8.

60. It was obtained from time step 51, which was acquired after the preform had cooled down to a stable temperature

and is thus considered representative of the final state of the system.
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will be used in the final publication. Click on the image to view the original version.

alt-text: Fig 5:[Instruction: This figure should be larger, e.g. spread over two columns]

2 . /A 80
J70
15F
Je0
@ (%) 1} 150 Tourtace ("C)
1 40
05F
L Ja0
ol . N/ 20
0 5 10 50

Time step in dynamic acquisition
L 1 V7 I
12 22 32 " 122 132

Experiment time (min)

Variation of the average porosity @ over the volume of interest and evolution of the surface temperature Tg ace as a function of the
experiment time and corresponding time step in the dynamic acquisition. 3D volume renderings of the void patterns generated from
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The information displayed in Fig. 5 consolidates the assumptions made from the cross-sectional images. In particular, @
for time step 1 is not equal to zero but close to 0.2 %, which confirms the presence of voids in the composite before the
start of the dynamic acquisition. The 3D rendering of time step 1 reveals a homogenous, random-looking distribution of

these voids throughout the scanned volume, which was also inferred from the 2D images. Secondly, Fig. 5 allows



verifying that void formation/growth events exclusively occurred between time steps 1 and 8, as shown by the
continuous increase of @ from = 0.2 % at time step 1 up to the maximum value of[Instruction: no line break between

"maximum value of" and "phi=1.5%"]

@ = 1.5 % at time step 8. The slight drop in the calculated @ between time steps 8 (@ = 1.49 %) and 51 (@ = 1.35 %)
will be discussed in the next section, as more information is required to confirm the existence of a relationship between

this small, apparent decrease in porosity and an actual change in void pattern between time steps 8 and 51.

The results shown in Fig. 5 provide a way to relate the evolution of @ with the timeline of the polymerisation reaction,
through the temperature plot. As mentioned in the introduction, MMA polymerisation exhibits a characteristic
thermokinetic behaviour. In the early stages of monomer conversion, the temperature of the reaction medium increases
slowly and steadily. Then, self-acceleration occurs: the temperature increases more and more rapidly until reaching a
peak, which corresponds to the completion of the reaction. Finally, the polymerisation medium cools down back to
room temperature. The surface temperature of the preform reaches its maximum value (i.e., 60°C) around 30 min after
the peroxide introduction, which corresponds to the end of time step 9. Therefore, the first 9 time steps cover the
polymerisation step, while the rest of the experiment covers the cooling step. The rates at which T, and @ values
increase during polymerisation follow a similar evolution, i.e., both parameters increase faster as time passes by, until
the maximum temperature is reached. This further highlights the direct link existing between the polymerisation

reaction, temperature and void formation/evolution in the composite specimen.
3.3 Evolution of void size

The size of the voids can be characterised for each of the dynamic time steps via a 3D local thickness (LT) analysis.
This operation consists in automatically fitting spheres inside each void, starting from the largest possible diameter
values. For each time step, a distribution of the cumulated volume of the inscribed spheres as a function of their
diameter can be plotted, which is one way of determining the void ‘size’. Compared to other procedures aiming at
characterising void shapes and dimensions, e.g., in terms of their Feret diameter, the LT analysis has the advantage of
limiting the influence of noise (which can give rise, e.g., to spurious connectivity between adjacent voids) on the

results.

The results of the LT analysis of the voids captured by time steps 1, 5, 8 and 51 are displayed in Fig. 6. The amplitude
of the distributions evolves similarly to the porosity @, i.e. it increases between time steps 1 and 8 and then slightly
decreases between time steps 8 and 51. The range of LT values remains relatively unchanged, extending from 50 to =
800 um in all cases. As @ increases, two distinct populations appear within the void size distributions, as depicted by
the orange and red boxes in Fig. 6. The orange and red boxes contain LT values below and above =~ 500 um,
respectively. The former can be attributed to inter-ply voids, while the latter is characteristic of inter-tow voids forming
within the V-shaped spaces between two adjacent fibre tows belonging to the same ply. As illustrated in Fig. 6, these
two categories can interconnect into a single, large void. The architecture of the fibrous preform constrains the
expansion of the voids in the z-direction, resulting in more and more elongated cavities in the x and y-directions as @
increases. As shown by the 3D volume rendering of time step 8 in Fig. 5, this results in a partial or full coalescence of

the voids in planes perpendicular to the z-direction.

@ Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version
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Void types and void size distribution: (a) local thickness analysis of the voids determined from time steps 1, 5, 8 and 51. The orange
and red boxes correspond to inter-ply voids and inter-tow void populations, respectively. (b) 2D xz cross-sectional image showing
examples of the two categories of voids, using boxes of the same colour.

Last, comparing the size distributions of the voids at time steps 8 and 51 reveals a slight and homogenous decrease in
the volume of the voids, regardless of size. More precisely, the fotal volume of the voids in the region of interest drops
by 8.1 % between steps 8 and 51, i.e., during cooling of the composite preform. This is the same order of magnitude as
the measured drop of 9.6 % in @ that was mentioned earlier. The slight discrepancy between the LT analysis and
calculated porosity values can be easily explained by superimposing xz cross-sectional images of time steps 8 and 51
(taken at the y = w/2 location) and projecting the measured standard deviation in greyscale for each pixel via the ‘Z
project’ tool of ImageJ. The standard deviation map is presented in Fig. 7. The white areas indicate the locations where
significant differences have been detected between the two images. There is a clear vertical shift (i.e., along the z-axis)
between the two images, which becomes larger as the z coordinate increases. This vertical contraction of the material
results from the thermal shrinkage experienced by the composite during cooling. Note that the heterogenous contraction
in the z-direction is likely present because the surface plies, which are closer to the bag, cool down faster through air

convection than the bottom plies, which are in contact with a thick layer of metal (that was previously heated).

@ Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version
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xz cross-sectional images of time steps 8 and 51 (left), and their projected pixel-by-pixel standard deviation map (right), obtained via
the Z project tool in Imagel.

Thermal shrinkage thus affects the relative proportions of voids, matrix and fibre tows within the fixed field of view
used for the determination of the porosity. This explains the discrepancy between the calculated drop in porosity due to

thermal shrinkage and the estimated drop based on the LT analysis of the voids.
3.4 Assessment of dynamic scan uncertainty

The static scan and one of the last time intervals in the dynamic acquisition, i.e., time step 51, were compared to verify
the representativeness of the dynamic scanning method in terms of void size. As mentioned previously, the two datasets
were both acquired after the system had completely cooled down and was no longer expected to evolve. The
distributions of LT values obtained via both scanning methods are presented in Fig. 8. The plots are relatively similar,
which confirms the ability of the dynamic scanning method to capture the void dimensions with reasonable accuracy.
This also gives confidence in the fact that the resolution of the dynamic acquisition mode is sufficient to capture the
entire void size distribution, including at least most of the smaller voids; otherwise, there would have been a shift to the

left for the curve in the static acquisition.
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Local thickness analysis of the voids after cooling, determined from dynamic scanning (time step 51) versus static scanning.

Note that the LT values of the voids captured by the dynamic scan are systematically higher than those obtained from
the static scan in the 150-400 wm range, while the opposite trend is observed in the 400-550 wm range. This results in
a significantly higher @ value for the static scan (= 1.9 %) compared to the dynamic scan (= 1.3 %). In this case, the
mismatch is probably due to a more precise detection of the edges of the voids in the higher-resolution static scan.
However, both porosity values are in the same range, which is deemed sufficient with respect to the purpose of this

study focused on the identification of the void formation mechanisms.



Nonetheless, it is important to recall that the voxel size of the static scan is close to 11 wm, and that - according to the
rule of thumb -, XCT scanning can only decently render features that are at least three times larger than the voxel size
due to image resolution limits and the partial volume effect. This implies that for voids having their smallest dimension
below 30-35 pum this can significantly reduce the accuracy of the quantification. Fig. 9 displays the 3D rendering of the
voids obtained from the ‘post-mortem’, high-resolution XCT scanning of the downsized composite specimen
mentioned at the end of section 2.4. The voids depicted in brown are those captured with high fidelity via dynamic
scanning, as their smallest dimension exceeds 66 pum (i.e., 3 times the voxel size of the dynamic scan). The other voids,
which are shown in green, have their smallest dimension below this threshold value. These ‘micro-voids’ do not exceed
a few voxels in size and their smallest dimension is generally equal to a single voxel (i.e., 5 wm), which explains why
they were not captured either by the dynamic scan nor by the static scan performed at the end of the in-situ experiment.
They appear either spherical or slightly ellipsoidal, and are almost exclusively found within the fibre bundles, in the
narrow matrix pockets separating glass filaments. However, and perhaps more importantly, this population of micro-
voids only accounts for about 11 % of the total porosity of the downsized composite specimen. This further confirms
that the dynamic scanning method is able to capture the majority of the porosity developing in the composite system of

interest.
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3D volume rendering of the voids obtained from the post-mortem characterisation of the composite specimen by high-resolution
XCT. Voids whose smallest dimension exceeds 66 pm appear in brown, while the others appear in green.

4 Discussion on void formation mechanisms

In light of the results presented in Figs. 3 to 6 and the main sources of porosity identified from the literature, the
following timeline and explanations are proposed with respect to the void formation events occurring in the Elium®
composite. First, a small amount (= 15 %) of the final volume of the voids arises from the infusion step, during which
voids may form through the degassing of the resin and/or through the flow-related entrapment of voids during preform
filling. In this work, the resin was degassed prior to infusion at a pressure lower than the infusion pressure. Therefore, it
is assumed that the few voids observed within the preform after infusion result from flow-induced entrapment upon
preform filling. Additionally, the post-mortem high-resolution XCT characterisation of the specimen reveals the
presence of numerous micron-sized voids within the fibre bundles (cf. Fig. 9), which are too small to be captured by the
dynamic scan. These are characteristic of a higher resin flow rate in between the bundles (viscous flow) during preform

filling, compared to the capillary flow taking place at a slower pace within the bundles, see e.g. [5,47].



The majority of void growth events in the Elium® composite are attributed to the in-situ polymerisation step, during
which they appear gradually along the thickness direction of the preform, starting from the lower plies close to the
heating plate. According to the literature, the two possible causes for cavitation during polymerisation are the boiling of
one or several resin component(s) (or by-product(s)) and/or the chemical shrinkage of the resin. The boiling of the
Elium® monomer MMA within thick composite parts produced by vacuum infusion has been thoroughly studied in
references [43,45]. Assuming the pressure inside the bag raises back to around 1 atm after infusion (which should be
the case after closing the resin inlet and vacuum lines [48,49]), the boiling temperature of MMA should be close to
101°C within the bag. The Elium® composite specimen reached a maximum surface temperature of 60°C during
polymerisation (as recorded by the thermocouple), and a maximum mould temperature of 80°C (as measured by the
PID heating system). Therefore, it seems unlikely that the MMA boiled within the preform. Furthermore, the spatial
distribution of inter-ply voids after polymerisation displays no significant trend along the z-axis of the preform, see Fig.
10. In the case where void formation results from monomer boiling, a characteristic gradient pattern is observed across

the thickness of the preform: the higher the z-coordinate, the higher the inter-ply porosity [43,45,50].
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(i.e. after polymerisation and cooling).

Progressive preform decompaction, resulting from the closing of the vacuum line after the infusion step, is another
possible cause for the extensive void growth observed over the first 9 time steps of the experiment. This phenomenon is
not, in general, listed among the possible sources of void formation likely to affect composites processed by liquid
moulding. It is common practice to keep the vacuum line open to ensure a continuous removal of air and excess resin,
thus maintaining proper vacuum pressure throughout the infusion process, until the polymer resin has fully infused and
cured. However, due to the high volatility of the Elium® monomer, it is preferable to close both the resin and vacuum
lines just after infusion [43]. Using the measuring tool of Imagel [46] along the z-axis of each xz slice, the distance d
between the mould and the bottom of the 9th ply was obtained for each time step of the dynamic scan. For a given time
step i, the thickness increase Ad; is expressed as d(time step i) — d(time step 1). The evolution of Ad over the course of
the in-situ experiment is shown in Fig. 11, alongside the surface temperature and mould temperature plots. There is,
indeed, a significant increase in preform thickness in the early stages of polymerisation, i.e., between time steps 1 and 4.
From time steps 5 to 9, the value of Ad reaches a plateau around 220 pum, before dropping back to 0 between time step
10 and the end of the dynamic scan. As a matter of fact, the evolution of Ad is clearly correlated with those of the
mould and preform temperatures, which are plotted in red in Figure 11. We can therefore conclude that the preform
only experiences temporary decompaction, which is merely related to the thermal dilation of the composite material
upon heating. If the laminate was subjected to deconsolidation due to a pressure increase in the system, the variation in

laminate thickness would be irreversible, which is not the case here.
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temperature plots measured at the surface of the preform and within the heating mould are displayed in red.

By elimination, chemical shrinkage therefore appears as the most probable source of void formation in the Elium®
composite of interest. This hypothesis is further supported by the fact that poly(methyl methacrylate) (PMMA), which
is the main constituent of Elium® after polymerisation, is known to be around 20 % denser than the MMA monomer [
51].

Finally, there is a very slight reduction in void size upon cooling of the composite specimen as a consequence of
thermal shrinkage. This translates into a small but significant decrease in the calculated value of @ after the end of the

polymerisation reaction.

5 Conclusions and perspectives

This study provides a proof of concept for a novel 4D-XCT lab-based experiment aimed at monitoring the processing
of composites by vacuum infusion and in-situ polymerisation. The key focus was placed on void formation. The main
outcomes of the study are the following: (1) the design, manufacturing and successful testing of a miniature heating
infusion setup, (2) the characterisation by XCT of void formation and growth events in a composite preform during
matrix polymerisation and (3) a quantitative assessment of the nucleation, growth and coalescence process in terms of
shape, size, and location of the voids. Using this new method, chemical shrinkage has been identified as the principal

source of porosity in the composite system of interest, i.e., a thick glass fibre-reinforced Elium® laminate.

Laboratory-based XCT systems have technical limitations which make it difficult to perform dynamic experiments with
both a high spatial resolution and temporal resolution. In this work, the best possible trade-off we could find led to a
scan time of 2 min 15 and a voxel edge size of 22 um. The scan time is too long to fully capture the void nucleation
and growth events in a viscous liquid [52], while the voxel size is too large for distinguishing individual fibres within
the tows and detecting voids smaller than a few tenths of microns. While using a synchrotron X-ray light source would
certainly help to overcome these limitations, this would bring in turn several new challenges [7] - although ongoing
advancements in computing may render this statement obsolete within a few years. First, the field of view would be
reduced, decreasing the probability of capturing several void formation events. Second, the high luminosity of
synchrotron sources would certainly cause self-heating of the setup, which - in the case of Elium® - could cause
monomer boiling and subsequent void formation. Finally, the large amount of data generated by synchrotron XCT

scanning would make it more difficult to monitor the entire polymerisation of Elium® with continuous acquisition.
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Material used for assembling and operating the infusion setup.

Description of the part Reference or characteristics Manufacturer

Polished aluminium plate 160 X 50 X 1 mm3 -

Heat transfer layer MHP-2550A100A AMEC Thermasol
Ceramic cartridge heaters 12V40 W, 2 6 X 20 mm3 Reprap
Temperature sensors LM35CAH Texas Instruments

Wire connectors

Micro Mate-N-Lock

TE Connectivity

Thermally conductive glue TC-2810 M

Elbow pneumatic connectors 3199 04 19,4 mm Legris

Heating controller Love 32B-22-LV Dwyer Controls
Power supply 24 V/SA -

Slip ring SRH 1254 Gileon
Vacuum pump XL 20 PIAB
Resin/vacuum PUER tubing 1025U04R08, 4 mm Legris

Manual pneumatic valve 7910 04 00 Legris

Remote pneumatic valve VX220AGA SMC

Vacuum gauge GZ46-K-02 SMC
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Appendix B

The composite specimen manufactured ex situ as part of a preliminary test of the infusion setup has been processed,
downsized and subjected high-resolution XCT scanning as follows. The manufacturing conditions were similar to
those applied during the in-situ experiment, apart from the vacuum pump which was different. More precisely, the
pump used for the ex-situ test was more powerful than that used for the in-situ experiment, resulting in a lower pressure
within the preform (50 mbar vs. 200 mbar for the in-situ test). After polymerisation and cooling, the ex-situ specimen

was demoulded, downsized and subjected to high-resolution XCT scanning as described at the end of section 2.4.

The 3D rendering of the voids is presented in Fig. B1, using the same colour code as for Fig. 9. The composite
specimen manufactured ex situ (i.e., without sample rotation nor X-ray irradiation) displays the same two void
populations as those previously identified for the in-situ specimen: the small, relatively spherical intra-tow voids, and
the larger, very elongated type of voids (which are observable via dynamic scanning). The relative proportions of both
populations are in the same order of magnitude as for the in-situ sample, with the larger voids (> 66 um) accounting for
81.5 % of the total porosity in terms of volume fraction. The location and morphology of both types of voids are
consistent with respect to the results obtained from the in-situ sample, i.e., the larger voids form in the interply area and
have their smallest dimension in the order of a few hundred microns, and the smaller ones form within the fibre
bundles, and are only a few microns in size. We can therefore conclude that sample rotation and exposition to X-rays

during the in-situ experiment does not disturb the void formation process significantly.
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3D volume rendering of the voids obtained from the post-mortem characterisation of the composite specimen manufactured ex situ
by high-resolution XCT. Voids whose smallest dimension exceeds 66 um are depicted in brown, while the others are shown in green.
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