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A methodology for microstructural evaluation of
unsaturated flow phenomena by in-situ UV-flow freezing
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Highlights

« An optimized method for evaluating microstructural flow in fibrous
preforms.

« Optimisation of the resin composition allows for fast UV-photopolymerisation.

« Additives identified for facile variation of the capillary number.

« Visualization of “frozen” microstructural flow by micro-CT analysis.

« Applicable to broad range of flow conditions that normally cannot be
captured.
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1 | INTRODUCTION compared to autoclave molding." LCM processes consist of

two main phases: a first phase where fabric stacks are infil-
Liquid composite molding (LCM) techniques are often the trated by a liquid monomer resin, followed by a second
preferred choice for composite processing as they allow for phase with thermal curing of the polymer. During the
good part qualities at limited cost and production times impregnation phase, as the reinforcement textiles are
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generally made of yarns that are assembled into a textile,
forming a porous medium with a dual-scale porosity,>>
many studies have shown that the quality of the final com-
posite, in terms of void content and void location, strongly
depends on the flow conditions, with a decreasing then
increasing void content for increasing flow speed, all condi-
tions remaining similar.*”’ This is very critical for part
manufacturing, since the uncontrolled presence of porosity
in the part can lead to a deterioration of the mechanical
properties of the resulting composite.>” > Understanding
what phenomena dictates this behavior, and if possible
being able to relate the liquid resin properties, and the rein-
forcement nature and architecture to predict the optimal
flow front speed has been the object of intense research dur-
ing the past 20 years, yet still lacks simple and practical
methods to compare the morphology of the flow front dur-
ing flow experiments, and the predictions.

Dual-scale flow behavior is generally related to the bal-
ance of capillary and hydrodynamic forces that are acting
on the infiltrating resin in the porous medium.>'*** In a
capillary-dominated flow regime, when the overall flow
velocity is rather low, the flow typically proceeds faster
within the intra-yarn spaces, as it is driven by capillary
forces (if the resin wets the fibers, which is generally the
case) than in the inter-yarn regions. Flow patterns are
inversed, on the other hand, when hydrodynamic forces
dominate over capillary forces, so that the flow proceeds
faster in the large inter-yarn regions than within the
tows. This is often the case in part manufacturing under
pressure such as in resin transfer molding. optimum con-
ditions induce an equilibrated flow in the inter- and
intra-yarn regions, which is reported to yield the lowest
void content."" The capillary number (Ca), defined as:

ca="1, 1)

Oly

where v is the resin velocity, # the dynamic viscosity and
oy, the liquid-vapor surface tension, has been used (some-
times including in the denominator the cosine of a static
contact angle 6, which is not possible for viscous resins
for which this angle changes a lot with flow speed), fol-
lowing methods developed in soil science,>'*'® to
describe the range of infiltrating flow front patterns. Sev-
eral researchers have observed the presence of an opti-
mum capillary number Ca,,, which should correspond
to the formation of an equilibrated flow with a minimum
void content.*®”'"2° To prove this however, a direct
observation of the flow front, rather than a post-mortem
void content measurement, should be used.

Numerous characterization methods have thus been
proposed to gain an improved visualization of dual-
scale flow behavior. Several rapid imaging methods

have been developed to capture the flow front, based
on optical methods,?*”*’ ultrasound,”®*' magnetic
resonance,’>>* or the recently proposed x-ray phase
contrast imaging,’>*® which provided an improved
understanding of unsaturated flow behavior on a mac-
roscopic level; however, their spatiotemporal resolu-
tion is typically insufficient to capture the ongoing
phenomena on a microstructural level. The exceptional
spatial resolution of synchrotron micro-computed
tomography (pCT) made it possible to observe unsatu-
rated flow in fiber bundles®’™*° and later fibrous pre-
forms*! with an unprecedented accuracy. However, the
slow imaging rates significantly limited the flow condi-
tions that can be captured accurately.

It would be of high interest to stop the flow inlet and
thus observe the flow front in a static mode to better elu-
cidate the local contact angles and resin front morphol-
ogy, however this is not possible in LCM in part due to
the presence of capillary effects and remaining pressure
gradients, which strongly modify the flow front before
curing takes place. This was shown to be possible for flow
of liquids that can solidify rapidly, such as metals, or
water.** Caglar et al.*> were the first ones to develop a
UV-flow freezing methodology where an infiltrating resin is
in-situ photopolymerised to ‘freeze’ the dynamic flow and
thereby removed constraints on the time resolution for
analysis by high-spatial resolution characterization
methods. Neitzel & Puch® employed this methodology
combined with optical analysis to relate the unsaturated
flow length to the flow conditions. Although these reports
have demonstrated the potential of the UV-flow freezing
methodology, its use for microstructural flow analysis could
not be fully demonstrated since freezing times, governed by
the UV-photopolymerization kinetics and the experimental
configuration, were still too long to obtain an accurate rep-
resentation at this scale. In the meantime, the field of
photopolymerisation has greatly evolved, with improved
formulations and UV lamp technologies.**® In this work,
we propose to advance this flow-freezing methodology by
enhancing the resin cure kinetics and establish a procedure
combined with pCT analysis of frozen dual-scale flow
fronts. Combined with identified additives to facilitate varia-
tion of the Ca, this work paves a way for the use of UV-flow
freezing as an efficient experimental method toward an
improved understanding of microstructural flow behavior.

2 | EXPERIMENTAL METHODS
2.1 | Resin preparation

UV-photopolymerisable resin formulations were based on a
3,4-epoxycyclohexylmethyl-3',4’-epoxycyclohexane
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carboxylate (ECC) resin (UviCure S105, Lambson, United
Kingdom). Cationic photoinitiator p-(octyloxyphenyl)phe-
nyl iodonium hexafluorostibate (IOC-8 SbFs~, ABCR,
Germany) and photosensitiser isopropylthioxanthone
(Genocure ITX, Rahn, Switzerland) were added in various
amounts ranging from respectively 0.25 to 4 wt% and
0 to 1 wt%. Benzopinacol (Acros Organics, Belgium)
was added at a concentration of 0.5 wt% to induce radi-
cal induced cationic polymerization (RICP)*’ for post-
curing. Trimethylolpropane diallyl ether (TMPDE,
TMPDE90, Perstorp, Sweden) and hexadecyl tri-
methoxysiloxane (HDMSi, Sigma Aldrich, Germany)
were used as additives to alter respectively the viscosity
and surface tension of the resin formulations. All resin
components were mixed simultaneously under high
shear rate until dissolved and resins were degassed
under vacuum at room temperature for about
15 minutes prior to their experimental use.

2.2 | UV-flow freezing

UV-flow freezing experiments were carried out in a mold
configuration as illustrated in Figure 1A, where a fabric
stack is surrounded by a 1 mm thick metallic spacer and
a silicone joint to prevent fluid leakage while being
enclosed by two poly(methyl methacrylate) (PMMA)
mold halves and metallic frames that facilitate closure
of the mold. Inlet and outlet tubes were located at both
ends of the mold cavity. The PMMA mold halves were
in-house produced from pellets (Plexiglas, Evonik,
Germany) to maximize their UV-transmission (see
Supporting Information S4). Fabric stacks were made
up of three 100 x 50 mm layers of E-glass 2 x 2 twill

(A) (B)

PMMA mould halves ——»

I Metal spacer
Silicone joint
4 Fabric stack

AR\

\

Metal frames

FIGURE 1

weave fabric (Suter Kunststoffe, Switzerland) with an
areal density of 390 g/m? an ends/picks count of
6/6.7 cm ™' and a linear density of 340 and 272 tex in
warp and weft, respectively. The fiber volume fraction
in the fabric stack equalled was calculated as:

nA

Vi=—,
1=

()

where n denotes the number of fabric layers, A the areal
density, p the bulk fiber density taken as 2.6 g/cm® and
t the cavity thickness that equalled 1 mm. The fiber vol-
ume fraction was kept constant at 45% for all experimen-
tal conditions.

The experimental configuration for infiltration and
UV-flow freezing is shown in Figure 1B. Resin impre-
gnation was carried out under a range of constant flow
rates using a Razel Scientific Instruments R-100e syringe
pump. The inlet pressure and resin temperature were
recorded by a Keller Series 35XHTT placed in-series
between the syringe pump and the inlet. Impregnation
was recorded by a camera (Canon EOS 700D). Resin infu-
sion was manually stopped, and the UV-light was simul-
taneously applied when the flow front reached about
two-thirds of the fabric length, after which the inlet tube
was rapidly disconnected to release the resin pressure,
and hence the hydrodynamic pressure, to minimize the
residual propagation. The UV-irradiation was provided
from two EXFO Omnicure UV-sources that were placed
at opposing sides of the PMMA mold halves. Irradiation
was carried out for 240 seconds at an intensity at
the mold surface of ~200 mW/cm? followed by
UV-photopolymerisation of the region behind the flow
front. Fabrics were removed from the mold and placed in

Experimental configuration for UV-flow freezing experiments: (A) exploded-view representation of the poly(methyl

methacrylate) (PMMA) mold and (b) experimental setup for impregnation and UV-photopolymerisation.
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an oven at 120°C for a minimum of 1 hour to ensure
complete curing of the sample.

2.3 | Resin characterization

The rheological behavior of resin formulations was char-
acterized using a TA instruments AR2000ex rheometer
with a Peltier concentric cylinder setup in continuous
shear mode. Temperatures were varied between 15 and
30°C at a rate of 0.1°C/min while shear rates were kept
constant at 10 s *. The viscosity-temperature behavior
was fitted with an Arrhenius equation*®*°:

(1) =Aexp( 2 ). @

where 7 is the resin viscosity, A the pre-exponential factor,
E, the activation energy, R the molar gas constant and
T the resin temperature. The resulting fits showed good cor-
relation with the experimental data and were used to esti-
mate the resin viscosity in UV-flow freezing experiments.

The photocuring behavior of resin formulations was
assessed using a photorheology configuration where a
sample was oscillated by a 20 mm metallic top plate
while being irradiated through an in-house produced
PMMA bottom plate. Measurements were carried out in
oscillation mode at an oscillation frequency of 1 Hz, a
gap of 200 pm and a strain of 1%. UV-intensities were
recorded prior to each measurement using a Control-cure
Silverline UV radiometer. The induction time was
defined as the time between the start of irradiation and
the onset of the viscosity increase while the gelation time
was defined as the time where the phase angle between
the viscous and elastic moduli, that is, tan(8), equalled
one. An exemplary photorheology curve is shown in Sup-
porting Information S1.

Post-curing strategies were developed by means of
differential scanning calorimetry (DSC) using a TA
Instruments DSC Q100. Aluminum hermetic pans were
filled with ~2 to 3 mg of resin and an empty pan was used
as reference. Dynamic heat flow measurements consisted
of a temperature ramp from —20 to 270°C at a rate of 5°C/
min. Polymerization enthalpy was determined by integra-
tion of the heat flow signal after baseline correction by a
third order polynomial. Quasi-isothermal procedures con-
sisted of an initial temperature ramp from —20 to 120°C at
5°C/min after which the sample was kept at 120°C for
1 hour to simulate post-curing in an oven.

UV-absorbance of the different constituents was char-
acterized by UV-vis spectrophotometry (Varian Cary
50 Bio) in a 10 mm quartz cuvette after dissolution in
dichloromethane at a concentration of 0.05 mM. The

transmittance of in-house produced PMMA was recorded
using the same apparatus on 12 x 50 x 50 mm plates
after polishing their surface. Spectra were recorded over a
range of 250-800 nm at an interval of 1 nm. The liquid-
vapor surface tension was characterized using the pendant
drop method at ambient temperature using a Kriiss
DSA30 drop shape analyzer. Resulting surface tension
values were averaged over a minimum of three recordings
and were assumed to be constant over the considered tem-
perature ranges for in-situ flow freezing experiments.

24 | Flow front

Flow fronts morphologies were characterized by pCT
using a RX Solutions Ultratom. Samples were cut in strips
of ~15 mm after which a contrasting agent, composed of
60 g zinc iodide dissolved in 10 mL of ethanol, 10 mL of
water and 10 mL of Kodak Photo-Flo 200,%° was deposited
near the flow front region to enhance the contrast between
the polymer and air interfaces and hence allow for identifi-
cation of the flow front. Acquisitions were made with a
voltage of 60 kV and an x-ray current of 85 pA. The voxel
size was fixed to 3.5 pm while the scanned sample volume
was adapted based on the length of the unsaturated flow
front region. Image analysis was carried out using the
Avizo software package (Thermo Fisher Scientific). The
raw data was first filtered using a non-local means filter
with a search window of 10 pixels, similarity value of 0.2.
Saturated and unsaturated regions of the resulting pCT
recordings were manually segmented based on their grey-
scale appearance, followed by voxelisation by an in-house
developed Python script. Saturation curves were calculated
for each slice in front direction as:

S=1- (4)

Nyxi tot

where S denotes the saturation level, n,,; the number of
voxels identified as unsaturated in a slice and 7,y the
total number of voxels in that slice. Saturation levels for
individual fabric slices were calculated by dividing the sam-
ple thickness into three equal height horizontal sections
corresponding to the bottom, centre, and top fabric layers.

3 | RESULTS AND DISCUSSION

3.1 | Optimisation of the UV-curable
resin formulation

Capturing an accurate representation of the dynamic
flow behavior by UV-flow freezing requires fast setting of
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the resin and hence fast UV-photopolymerisation kinet-
ics. Figure 2A,B shows that an increase of the photoinitia-
tor concentration resulted in a strong decrease of the
gelation time (Figure 2B) while the slightly increasing trend
recorded for the induction time (Figure 2A) was attributed
to the increased light attenuation. A concentration of 1 wt%
was chosen as the optimum trade-off between these two
trends. The presence of a photosensitising compound in
the resin resulted in a further decrease of both the induc-
tion and gelation times, as shown in Figure 2C,D, respec-
tively. A small addition of photosensitiser (i.e., a change
from the molar ratio of 0-0.1) resulted in a significant
decrease in both induction time and gelation time while
further increase of the molar ratio had a more incremen-
tal effect. A molar ratio between photosensitiser and
photoinitiator of 0.25 was found to be the optimum,
resulting in a decrease in the gelation time of up to 56%.
Thus, the isopropylthioxanthone photosensitising com-
pound was added to the resin formulation at a fixed con-
centration of 0.1 wt%.

The presence of glass fiber reinforcement in UV-flow
freezing experiments was expected to induce significant

(A) Induction times
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scattering of the incoming UV-light. This makes com-
plete monomer conversion unlikely to be achieved, espe-
cially within the fiber bundles. A thermal post-curing
strategy was therefore developed to ensure maximum
curing of the polymer and thereby to minimize the risk
of inducing distortions in the frozen flow front morphol-
ogy during the post-processing and analysis, in particular
induced by the contrasting agent that was observed to
dissolve and redistribute the fraction with limited cure
degree in some instances. Dynamic DSC analysis in
Figure 3A showed that the exothermic peak of a resin for-
mulation containing ECC monomer, photoinitiator and
photosensitiser was recorded at 143.50°C. The addition of
benzopinacol as a free-radical (thermal) initiator, that is,
inducing RICP,*’ significantly lowered the temperature
required for thermal curing. A benzopinacol concentra-
tion of 0.5wt% was found to be the optimum as it
allowed for thermal polymerization with a high resulting
curing degree, based on the total enthalpy of 552.7 J/g, at
limited temperatures of 100-120°C while the concentra-
tion was sufficiently low to avoid the onset of frontal
polymerization.”® Simulation of the oven curing

(B) Gelation times
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Photorheological assessment with varying resin compositions: (A) induction and (B) gelation times with varying

photoinitiator content (and no photosensitiser) and (C) induction and (D) gelation times with varying molar ratios of photoinitiating and

photosensitising compounds.
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procedure at 120°C by a quasi-isothermal DSC procedure,
shown in Figure 3B, confirms the benefit of the intro-
duced RICP mechanism for postcuring. The resin formu-
lation capable of RICP showed a large heat output when
being kept at the isothermal temperature while the
recorded polymerization enthalpy was significantly lower
when no free-radical compound was added. Figure 4A
moreover showed that the absorbance spectra of benzopi-
nacol only slightly overlapped with the emission spec-
trum of the UV-source and hence is believed to be of
negligible influence on the UV-photopolymerisation
behavior of the developed resin composition.

An optimized resin composition was therefore con-
cluded to be composed of 1 wt% I0C-8 SbF, photoinitia-
tor, 0.1 wt% isopropylthioxanthone photosensitiser and

(A) Dynamic heat flow B)
3.0
____ No thermal init.
g AH = 553.8 )/g
' 0.5 w% thermal init.
— T AH=5527]/g
220
=
315+
Y
®
o 1.01
.
0.5 1
0.0

75 100 125 150 175 200 225 250
Temperature [°C]

FIGURE 3

Heat flow [W/g]

0.5 w% benzopinacol thermal initiator, as is also shown
in Table 1. This resin system can achieve mechanical
gelation, that is, the crossover point between the storage
and loss moduli, within 13 seconds at UV-intensities
>200 mW/cm? while viscosities of 10 Pa-s were typically
attained within 10 seconds. Figure 4B shows that the
photocuring behavior of the developed resin is highly
dependent on the incoming light intensity and a signifi-
cant decrease was observed at low UV-intensities, that is,
<100 mW/cm?®. The latter might be significant due to the
attenuation and scattering induced by the presence of
glass fibers in UV-flow freezing experiments, especially
within the yarns where the density of fibers is the high-
est, and it supports the need of the dedicated postcuring
process.

Quasi-isothermal at 120°C
2.5 150
- 125
2.0
o
- 100 2
1.5 A °
75 3
o
o
1.0 1 50 3
L2s O
0.5
-0
0.0

1000 1500 2000 2500 3000
Time [s]

0 500

Differential scanning calorimetry (DSC) analysis of postcuring of resins with and without thermal initiating compound:

(A) dynamic heat flow measurements and (B) simulation of oven curing by a quasi-isothermal measurement at 120°C. The legend in

(A) applies to both figures.

(A) Absorbance of resin components

(B) Photorheological behaviour of developed resin
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FIGURE 4 (A) Absorbance of the different components of the developed UV-photopolymerisation resin. Resin constituents were

recorded after dissolution in dichloromethane at a concentration of 0.05 mM. (B) Photorheological behavior of the optimized
photopolymerisable resin system with varying UV-irradiation intensities.
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3.2 | Enabling variation of the capillary
number via additives

To explore the potential for broader use of the UV-flow
freezing methodology, for example, toward gaining an
improved understanding of the governing Ca and the
flow front morphology, modification of the resin formula-
tion to facilitate variation of the Ca, that is, by changing
the viscosity or the surface tension, was desired. For this
purpose, two suitable additives were identified. TMPDE
was identified as a suitable diluent for the optimized
resin system while, acting as a charge transfer agent,
TMPDE can also accelerate the initial polymerization
kinetics and hence potentially reduce the freezing time.
The inability to incorporate TMPDE in the polymer net-
work however limits the structural integrity of the frozen
flow front which, following photorheological characteri-
zation shown in Supporting Information S2, imposes an
upper limit of 20 wt% of TMPDE that could be added to
the system while maintaining the rigidity of the frozen
flow front. Variations of the liquid-vapor surface tension
were induced by the addition of minor concentrations of
HDMSi. The addition of 5 wt% of HDMSi was sufficient
to reduce the surface tension of the resin formulation

TABLE 1 Overview of optimized resin formulation.
Concentration
Compound (Wt%)
Epoxide-ECC 98.4
Photoinitiator-IOC-8 SbFg 1
Photosensitiser-Isopropylthioxanthone 0.1
Thermal initiator-Benzopinacol 0.5
(A) Surface tension
20.0 40.5
L 175 39.0 £
2 3
15.0 0’
.5 375 9
w 12.5 =
ju 36.0 g
g 10.0 -y
o 345 =
8 7.5 %
E 50 33.0 §
s 315 3
= 25 =
0.0 30.0
1 2 3 4 5
HDMSi concentration [w%]
FIGURE 5
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from 32.2 mN/m compared to 39.7 mN/m at a concentra-
tion of 1 wt% HDMSi, while only inducing subtle varia-
tions in the resin viscosity. The low concentrations of
HDMSi were moreover believed to be of negligible influ-
ence on the cure kinetics and the rigidity of the frozen
flow front. The combination of additives TMPDE and
HDMS:i for the proposed UV-flow freezing formulation
allows for facile tailoring of the liquid-vapor surface ten-
sion (Figure 5A) and the resin viscosity (Figure 5B) and
thereby the Ca. This is believed to be strongly beneficial
for the future use of the proposed methodology.

3.3 | UV-flow freezing and
microstructural analysis

Optimisation of the mold configuration and impregna-
tion procedure, discussed in more detail in Supporting
Information S4, further ensured the accuracy of the rep-
resentation obtained after UV-flow freezing of the
dynamic flow front. Optical recordings of frozen flow
fronts at different Ca values are shown in Figure 6. These
Ca values were reported by Caglar et al.** to correspond
to respective capillary-dominated (Ca = 3.5-10%), equili-
brated (Ca ~ 9.6-10*) and viscous-dominated flow regimes
(Ca =~ 4.06-103). Except for a color change due to the
change of refractive index upon curing, the optical record-
ings showed no apparent differences in front morphology
during impregnation, after in-situ UV-photopolymerisation
and after post-curing. Moreover, by assessing the residual
front propagation in an uncured system, also shown in
Supporting Information S4, the fronts were found to prop-
agate with velocities of approximately 5.3, 7.1, and 70.9 pm/s
for the respective capillary-dominated, equilibrated and

=

Viscosity at 25°C

20.0 0.45
. 0.15
. 0.10
.0+ 0.05

1

e e e =]
o N U N
o u o wu

o o o o o

NN W W b

o u o u o

~
0,1
[s-ed] A31S03SIA

TMPDE concentration [w%]

o N U
o u O

HDMSl concentratlon [w%

Influence of additives trimethylolpropane diallyl ether (TMPDE) and hexadecyl trimethoxysiloxane (HDMSi) on the

(A) liquid-vapor surface tension and (B) viscosity at 25°C of the resin formulation.
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viscous-dominated flow regimes. These residual velocities
mean a reduction of 83.4%-94.0% from the initial propaga-
tion velocity while the rapidly increasing viscosity induced
by UV-photopolymerisation is believed to further slow down
the residual propagation. It was therefore believed that
the developed experimental procedure was sufficient to mini-
mize undesired distortions of the flow front morphology dur-
ing the freezing of the resin.

The obtained flow front morphologies showed
minor differences as compared to those reported by
Caglar et al.*® These are primarily attributed to
the increased number of textile layers that were
used in this work, limiting the significance of
wall-effects,'3>% and differences in the impregnation
strategy that was used. Some subtle color changes in
the region behind the flow front could be observed in
Figure 6, which include the suggested formation of
intra-yarn porosity at a Ca ~ 4.06:10 > or inter-yarn
voids at the other flow conditions. Optical observation
of these defects is however complicated by the change

Impregnation

|
B

-

- )

| .
‘. -

.4

- . ~

-
e

t
-

Ca=3.510*

Ca=96-10*

.“;:—l.li:' 1
L

:.i'{

Ca=4.06-10°

FIGURE 6

After UV—ﬂow freezmg

in refractive index, combined with the potential influ-
ence of wall-effects. This further supports the limita-
tion of UV-frozen flow analysis by means of optical
characterization, while it should mainly be applied for
characterizing the flow front region.

pCT imaging of the UV-frozen flow fronts allowed, for
the first time, for through-thickness visualization and iden-
tification of unsaturated flow at a micron-scale for all the
considered flow regimes. The acquired three-dimensional
representations, shown in Figure 7, already indicate differ-
ences between the different flow regimes; the unsaturated
flow region recorded for capillary-(Figure 7A) and viscous-
dominated (Figure 7C) flow regimes showed distinct sharp
features as a result of the preceding flow while the flow
corresponding to an equilibrated regime (Figure 7B)
appeared to be smoother. The precise experimental condi-
tions from which these flow front morphologies were
obtained can be found in Supporting Information S5 while
through-thickness visualization of the acquired pCT
images can be found in the Supplementary Information.

After post-cu nng

Optical imaging of flow front morphologies related to varying capillary numbers. Front morphologies were optically

recorded during resin infiltration, after UV-flow freezing and after post-curing.
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A representative PCT slice in Figure 8 shows that the
combination of the chosen voxel size of 3.5 um and
the applied contrasting agent resulted in a clear separa-
tion between the saturated and unsaturated regions.
Inter-yarn voids could be observed within the saturated
region if sufficiently large in size while the polymer-air
x-ray contrast was insufficient to detect intra-yarn voids.
Several artifacts complicated the segmentation of the
unsaturated and saturated flow regions. Residual air
pockets in the unsaturated region that were not filled
with contrasting agent appeared as voids in this region
while identification of the front was in some cases com-
plicated by its limited contrast in regions with a high
fiber density, for example, within transverse yarns as
illustrated in Figure 8. Finally, blurring effects of fibers
spanning several voxels complicated their distinction
from regions near the flow front with reduced concentra-
tions of contrasting agents. Although further optimisa-
tion of the sample preparation and imaging could
eliminate their presence, it was believed that the devel-
oped segmentation procedure was sufficient to circum-
vent any negative effects from these artifacts.

Saturation curves derived from the segmented pCT
images in Figure 9A-C show the differences between
the different flow conditions. The saturation curves of
individual fabric layers were largely similar for all the
assessed flow regimes. The minor delay of saturation
for the centre layer was in some cases observed, which
is attributed to a combination of the aforementioned
wall-effects and a slightly reduced curing rate due to
attenuation of the incoming UV-light by the neighbor-
ing fabric layers. This shift was however believed to
be of negligible influence since the saturation curves
were similar to those recorded for the outer fabric
layers.

(A) Capillary-dominated (B)
Ca=3.510*

Unsaturated region
Saturated region

Intra-yarn void

|< IFl.OW .
x direction

Equilibrated ©
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Further comparison between the saturation curves in
Figure 9A-C shows that the curves transition from a bilin-
ear trend at a Ca ~ 3.5-10* (Figure 9A) to a linear trend
at Ca ~9.610 * and Ca ~4.06-10° in Figure 9B,C,
respectively, which is in agreement with the work of Teix-
ido et al> The initial segment of bilinear trend in
Figure 9A corresponds to a capillary-dominated flow
regime, as can be evidenced from the pCT capture shown
in Figure 9D, is believed to correspond to the inter-yarn
flow, while the following gradual decrease was attributed
to extensive capillary wicking. It should be noted however
that the relative ratio of these two phenomena is biased by
the incapability to segment fibers from the intra-yarn flow

f

FIGURE 8 Representative slice of a pCT image indicating the
recorded artifacts: (blue) an inter-yarn void, (orange) air pocket in a
region with deposited contrasting agent, (green) polymer-air
interface in a transverse yarn and (olive) blurring effects. The white
arrow on the bottom-right side indicates the direction of resin flow.

Viscous-dominated
Ca=4.06-10°

3D-visualisation of
unsaturated flow front

FIGURE 7 Three-dimensional representation of UV-frozen flow fronts recorded at different flow regimes: (A) capillary-dominated with
a Ca~ 3.5-107%, (B) equilibrated with a Ca = 9.6-10~*, and (C) viscous-dominated with a Ca ~ 4.06-10~>. Flow direction is upwards in

z-direction.
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FIGURE 9

Saturation curves derived by uCT analysis of flow front morphologies at (A) capillary-dominated, (B) equilibrated and

(C) viscous-dominated flow regimes. Bottom row: Representative slices of pCT images with the unsaturated region marked in red and a
vertical line indicating the start of this region, corresponding to a position of 0 mm: (D) capillary-dominated, (E) equilibrated and
(F) viscous-dominated flow regimes. Flow direction is indicated by a white arrow.

at the current pCT resolution and the inflection point
should in reality be present at a lower saturation level.
The combined use of the developed UV-flow freezing
methodology and pCT was thus found able to visualize
capillary wicking in LCM processing that can only be
matched by the use of synchrotron-pCT, for example, as
demonstrated by Castro et al.*' The flow rates used for
producing the flow fronts shown in Figure 9 however all
exceed the limit observed by Castro et al.*' above which
blurring of the pCT recordings would occur, which further
confirms the benefit of the presented methodology.

4 | CONCLUSION

A combination of UV-flow freezing and pCT was fore-
seen as a promising strategy to enable the microstructural

evaluation at a wide range of dynamic flow conditions in
LCM processing. Based on the methodology presented by
Caglar et al.,*” an optimized resin formulation was pro-
posed. The induction time of the initial viscosity increase,
corresponding to the onset of curing, and gelation time of
UV-photopolymerisable resins were strongly decreased
by tuning of the photoinitiator and photosensitiser con-
centrations while the addition of a free-radical thermal
initiator was found beneficial for thermal post-curing of
the UV-frozen flow fronts. Additives were identified to
allow for facile variation of the viscosity and surface ten-
sion and hence the governing parameters of the capillary
number. Optimisation of the experimental configuration
using in-house produced PMMA mold halves, to maxi-
mize the UV-transmittance, impregnation under a con-
stant flow rate and the rapid relaxation of the resin
pressure upon the start of UV-flow freezing, to minimize
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undesired distortions of the flow front morphology, con-
tributed to accuracy of the resulting representation of
dynamic flow behavior. pCT analysis of flow front mor-
phologies produced at viscous-dominated, equilibrated
and capillary-dominated flow regimes allowed for a volu-
metric assessment and the derivation of saturation
curves. Strong capillary wicking could be observed at low
values of the capillary number while the variability in the
evolution of saturation correlated to features in the fabric
architecture. These observations confirmed the potential
of UV-flow freezing as a tool for microstructural evalua-
tion of dynamic flow behavior bringing additional bene-
fits such as a low cost and its ease of implementation, for
example, compared to synchrotron-pCT.

Further assessment on the obtained representations
of dynamic flow behavior, for example, by making a
direct comparison between UV-flow freezing and
dynamic (slow-)flow experiments, would validate the
accuracy of the developed methodology and define
the range of spatial resolutions that could be reached.
Development of the methodology to observed intra-
yarn flow, for example, to characterize dynamic con-
tact angles, would further require estimations of the
curing shrinkage. The UV-flow freezing methodology
is envisioned to contribute to the understanding on the
role of the capillary number in LCM as well as to study
the role of the fibrous preform by variation of the fabric
architecture and types.
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