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1 | INTRODUCTION impregnation. The flow front, which separates the dry
from the wetted part of the reinforcement, propagates at

In Liquid Composite Moulding (LCM) processes, a dry a velocity described by

fibrous reinforcement is placed in some form of tooling

which applies a compaction pressure onto the reinforce- — K Vp (1)

ment surface. The reinforcement is then impregnated 4 1O7] '

with a liquid thermoset resin, upon application of a flow-

driving pressure gradient. Once the reinforcement is  Here, K is a second-order tensor describing the (direc-

impregnated, it is left in the tool until cure of the resin is tional) permeability of the reinforcement, ® is the

complete. The composite component can then be  porosity of the reinforcement, » is the viscosity of the

removed from the tool and finished. resin, and Vp is the gradient in fluid pressure.
An important characteristics of LCM processes is that ~ The porosity is related to the fiber volume fraction, V

long-range resin flow develops during the reinforcement  through
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b=1-Vy. (2)

The permeability, K, is a function of ® and also depends
on the fiber arrangement in the reinforcement.') The vis-
cosity of a thermoset can be described as a function of
the temperature and degree of cure. The pressure gradi-
ent depends on the pressure applied at resin inlets and
vents and the lay-out of the tooling. The flow front propa-
gation determines the quality of the component (in terms
of complete reinforcement impregnation) and the process
cycle time.

A well-known practical problem is the local variability
in fiber arrangement (also orientation) and fiber volume
fraction,?! which is related to reinforcement deformation
during forming (drape)™®! and to stochastic reinforcement
Variability.[4] This implies that ® and K also vary locally,
which can result in irregular resin flow patterns. Dry spots
may form, particularly if a low-permeability zone is sur-
rounded by high-permeability zones.

Another effect that has a strong influence on the resin
flow in LCM processes occurs if the fit of the reinforce-
ment to the tool cavity is poor. This results in the forma-
tion of empty channels along the reinforcement edges,
where the flow front velocity is higher than in the rein-
forcement (“racetracking”).[s] The flow channels are com-
monly characterized by an equivalent permeability,
defined as the ratio of flow velocity and pressure drop
along the length of the channel (and for a fluid with given
Viscosity).[6] Similarly, bending of the reinforcement
around geometry edges results in local compression, that
is, reduced permeability, on the inside of the bend and for-
mation of a gap, that is, racetracking, on the outside,m
particularly for multi-layer reinforcement. This results in
through-thickness variations in the flow front propagation.

To minimize effects of local variability in ® and K,
in-process control of the flow front propagation is gener-
ally desirable,!®'°! particularly if the true local distribu-
tion of porosity and permeability can be estimated with
good accuracy based on process data."'! As the flow front
velocity depends on the pressure gradient, it can be con-
trolled through variation of the pressure at inlets and
vents, control of resin flow through inlets with fixed
location,'?! or selection of inlet locations.'"*! However,
the pressure gradient affects resin flow globally (every-
where between inlet and vent), with limited local
controllability.!”’

Local control of ® (and hence K) is possible in pro-
cesses such as Vacuum Infusion (VI), where the rein-
forcement is enclosed in a flexible vacuum bag. To
increase ® locally for the duration of the infusion pro-
cess, application of vacuum on the outside of the vacuum
bag has been proposed, which relaxes the pressure com-
pacting the reinforcement.™ As an alternative,

electromagnetic actuation of the vacuum bag has been
applied to modify the porosity locally.!*!

Equation (1) also implies that local variations in K/®
can be compensated for by varying # locally by the same
factor. As the resin viscosity depends on the temperature,
reducing it through localized heating has been pro-
posed.!'®”) However, heat conduction in the composite
and in the tooling makes it difficult to control the tem-
perature and reduce the viscosity locally. It is also to be
considered that there are interdependencies between the
temperature and the curing rate for thermosetting resins.
Increasing the temperature to reduce the viscosity will
also result in an increased curing rate, that is, a faster
increase in resin viscosity, which limits the time window
for the flow process. As an alternative, resin systems
could be used that cure when exposed to light, particu-
larly ultraviolet (UV) light, but not when heated. If a suit-
able resin system is selected, it can be cured locally to
increase the viscosity where it is exposed to light and kept
uncured where it is shielded from irradiation."®! In addi-
tion, the temperature can be increased (globally) to
reduce the viscosity without inducing the curing process.

Here, a LCM process is combined with selective UV
curing to study the effect of local increases in the resin vis-
cosity on the flow front propagation and assess the feasibil-
ity of controlling resin flow through localized irradiation.

2 | THEORY

2.1 | Basics of UV curing

The mechanisms of UV curing are discussed extensively
in the literature (e.g., by Decker™ or Green*). The
most widely used UV-curable resins are based on acry-
lates, which undergo free radical polymerization. Upon
irradiation with UV light, a photoinitiator, which is
added to the base resin at a defined concentration, is
decomposed to produce free radicals. Bonding of a radical
to a monomer initiates a continuous chain growing reac-
tion, as this creates a new monomer radical. Addition of
monomers propagates until all monomers are bonded, or
until the chain growth is terminated through a reaction
of a polymer chain radical with another radical.

Since free radicals are only produced when the photo-
initiator is exposed to UV light, the polymerization ceases
because of radical-radical termination reactions as soon
as the irradiation stops. Hence, the resin cures only under
direct irradiation and remains uncured in the shadow.
The free radical polymerization is also inhibited in the
presence of oxygen, as oxygen reacts with the radicals.
This effect can be overcome by performing the curing
process in a vacuum or in an inert atmosphere.
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In composites manufacture, the characteristics of UV-
curable resin systems imply that reinforcement fibers need
to be transparent to UV light to obtain through-thickness
cure of the resin. On the other hand, they allow the rein-
forcement impregnation and the resin cure to be completely
separated. This can be an advantage, particularly in LCM
processes. As long as the resin is not exposed to UV light
during impregnation of the reinforcement, the degree of
cure (i.e., the viscosity) does not increase, and there is no
risk of premature gelation. Once the reinforcement impreg-
nation is complete, the resin can be irradiated and cured.
The resin can also be heated to reduce the viscosity during
processing and to aid the impregnation of the reinforce-
ment. Whilst this has no direct effect on the curing process
or the properties of the finished product, increased molecu-
lar mobility allows higher curing rates to be obtained when
a heated resin is irradiated with UV light.

As direct irradiation of the laminate is required for
UV curing, it is primarily used for open mold processes
such as wet lay-up. UV curing can also be applied to VI
processes,'*'2*! as long as the membranes used for vac-
uum bagging are not opaque to UV radiation. As vacuum
is applied in these processes, the radical polymerization
is not inhibited by oxygen. UV-curable resins have also
been used in prepregs,'*** and for “on the fly” curing in
continuous processes, such as filament winding,[zsl braid-
ing with on-line impregnation,'***”! and pultrusion.**!

For joining of composite components, it has been pro-
posed to prevent the bonding surface of an uncured lami-
nate, that is, of a fully impregnated reinforcement, from
curing by selectively covering it with an opaque film
while the rest of the laminate is exposed to UV irradia-
tion. After removal of the opaque film, a second (par-
tially) uncured laminate can be overlapped onto the
uncured laminate section. Subsequent curing of the over-
lap results in a joint based on a primary bond instead of a
secondary bond (“wet edge” lamination!*')).

For other resins (e.g., epoxies), UV curing is based on
a different mechanism, namely cationic polymerization.
Once the cationic polymerization process has started, it
will continue after the UV irradiation ends (“shadow cur-
ing”). This also implies that an entire component will
cure, even if not all parts are directly exposed to UV irra-
diation.!">?°! For the purpose of this study, these resins
are less suitable, as controllability of the curing process
through local irradiation is lost.

2.2 | Degree of cure and viscosity

The degree of cure, @, of a UV-curable resin system
depends on the radiant exposure, H, which is the total
radiant energy incident on a surface per unit area. This
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dependence can be approximated by a relation of

the type
a=1—exp(—H/H,), (3)

where, H, is a material constant./*”! The radiant exposure
is derived from the irradiance, E, that is, the radiant
power incident on a surface per unit area, by integration
over the irradiation time, t. If the irradiance is constant,
H can be expressed as

H=Et. (4)

The irradiance is related to the emittance of a light source,
that is, the radiant power emitted from a surface per unit
area, and geometrical factors. It drops exponentially with
increasing distance from the light source and with increasing
attenuation coefficient of the medium the light travels
through (Beer-Lambert law). If the normal of an irradiated
surface and incident light rays include an angle, 6, the irradi-
ance is proportional to cos 4. It is to be noted that emittance,
irradiance and radiant exposure, as well as the attenuation
coefficient of a medium, are spectral quantities, that is, they
can have different values at different wavelengths.

In general, the viscosity of polymers depends on the
degree of cure (which is related to the molecular mass), tem-
perature, and shear rate. However, at the low flow velocities
(i.e., low shear rates) occurring in most LCM processes, the
dependence on the shear rate is weak and can be neglected.
The resins exhibit approximately Newtonian behavior. For
thermoset resins, the characteristics of the viscosity, 7, rele-
vant to composites processing are a decrease with increasing
temperature, T, and an increase with increasing degree of
cure, a. Both are captured in a variety of models proposed in
the literature for different resin systems.*"!

Here, the degree of cure and the resin temperature of
a UV-curable resin are considered independent of each
other. Adapting a simple model,*" the increase in viscos-
ity with increasing degree of cure (i.e., with radiant expo-
sure or duration of irradiation) at a constant temperature
is approximated as

n(a, T) =nrexp(ca), (5)
where, 51 expresses the dependence on the temperature

at H = 0, and the factor c is assumed to be independent
of the temperature.

2.3 | Resin flow with irradiation

The pressure-driven flow of a UV-curable resin under UV
irradiation can be described by combining Equation (1)
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with Equation (5). As the resin is flowing, the degree of
cure does not only depend on the time, as expressed in
Equations (3) and (4), but also on the position. The local
change in the degree of cure is

—=—+vVa. (6)

Here, the first term on the right-hand side relates to the
curing reaction. The second term relates to advection,
that is, resin with a certain degree of cure flowing at a
velocity, v, in the presence of gradients in the degree of
cure. This means that the resin viscosity also depends on
position and time.

The effect of the irradiation on the flow front propa-
gation is illustrated here for one-dimensional flow
(in direction x), where X; is the length covered by the
moving flow front and Ap is the pressure drop between
resin inlet and flow front. For this case, Equation (1) can
be expressed as

% — _£ g (7)

dt Dy xf '
The following assumptions are made to simplify the
problem for illustration:

+ The reinforcement porosity and permeability are uni-
form and constant, as would be the case for ideal rein-
forcements with uniform fiber arrangement and LCM
processes with rigid tooling and given reinforcement
thickness, such as Resin Transfer Moulding.

« The temperature is constant.

+ The irradiance does not vary while the resin is flowing.

« The pressure drop between resin inlet and vent is
constant.

The flow front position as a function of the time can be
found by integrating Equation (7). As 5 depends on
x (between 0 and xy) and ¢, the problem was solved numeri-
cally. Typical results are plotted in Figure 1, where it is
assumed that the entire resin flow domain is irradiated and
the input values listed in Table 1 are used. Qualitatively, the
increase in viscosity between the resin inlet and the flow front
results in a decrease in flow velocity (which, in 1D flow, is the
same everywhere in the flow domain). Eventually, the resin
gels, and the flow stalls at a maximum flow length, which

« decreases if Ap, and hence the pressure gradient driv-
ing flow in the given time prior to gelation, is reduced
(Figure 1A);

« decreases if E is increased, that is, the time to gelation
is reduced (Figure 1B);

« increases if T is increased, that is, the initial viscosity is
decreased and the initial flow velocity is increased
prior to gelation (Figure 1C).

Here, different solutions are compared based on the
flow front positions at a viscosity of 100 Pa s, which is
assumed to correspond to the flow limit. The pressure
distributions plotted in Figure 1 relate to these flow front
positions.

In the case shown in Figure 2, the resin is assumed to
be shielded from irradiation in a part of the flow domain
(with length, [,,,), where E = 0 and 5 = const, and irradi-
ated in another part, where E >0 and the viscosity
increases. In this case, the total flow time and the time
for the degree of cure to change are not the same, which
needs to be considered when integrating Equation (7).
The maximum flow length in the exposed part of the flow
domain, that is,

Axy ZXf—lm, (8)

is 10 mm and 6 mm for values of [, of 15 mm and
38 mm, respectively. This decrease in Ax;with increasing
I, is consistent with Figure 1A, as an increase in I,
means that the effective pressure drop, Ap, between the
end of the mask and the flow front is reduced.

3 | MATERIALS AND METHODS

3.1 | LCM experiments

This study is based on a VI process with UV curing, as it
is easy to implement. A continuous glass filament mat
with random fiber orientation (Unifilo) and a measured
superficial density of approximately 220 g/m* was used
as reinforcement. It was impregnated with a commercial
resin (Solarez® acrylic modified polyester) to form a com-
posite. Unless stated otherwise, reinforcement specimens
were rectangular with a length, [, of 280 mm and a width,
w, of 115 mm, and consisted of six layers of the glass fiber
mat. A nylon film with 50 pm thickness was used as vac-
uum bag. Polypropylene flow mesh was placed along the
short edges of the specimens to create a linear resin inlet
and a linear vent (Figure 3A). If the material properties
of the reinforcement (and of the resin) are uniform, this
configuration results in uni-directional flow. As no flow
medium (and peel ply) was used on top of the reinforce-
ment, it can be assumed that pure in-plane flow develops
during the infusion process. For curing, a UV light source
was placed over the vacuum bag at a height,
h (Figure 3B). In all experiments with combined resin
flow and local curing (Section 4), the light source was
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FIGURE 1 Numerical solution of resin flow problem with UV irradiation, 1D case: Resin viscosity, #, and pressure, p, as a function of
the position along the flow direction, x; (A) at different pressure drop, Ap, and E = 21 mW/cm?, T = 22°C; (B) at different irradiance, E, and
Ap=1.0 x 10° Pa, T = 22°C; (C) at different temperature, T, and Ap = 1.0 x 10° Pa, E = 21 mW/cm?

TABLE 1 Input values used in the numerical solution of Equation (7).

Ap (10° Pa) nr (Pas) E (mW/cm?)
K10 m?) (0] High Low T =22°C T = 43°C High Low H, (mJ/cm?) c
8 0.77 1.0 0.5 4.39 0.71 42 21 286 5

Note: The values for K, @, Ap, nr, and E were selected to approximate values in experiments (Sections 3 and 4); H, was estimated based on curing experiments
discussed in Section 3; ¢ was chosen so that the flow length is of the same order of magnitude as observed experimentally (Section 4).
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FIGURE 2

Numerical solution of resin flow problem with UV irradiation and mask, 1D case: Resin viscosity, #, and pressure, p, as a

function of the position along the flow direction, x, at different length of the mask, l,,, and Ap = 1.0 x 10> Pa, E = 21 mW/cm?, T = 22°C

switched on for the entire duration of the infusion
process.

3.2 | UVirradiation

The light source used for irradiation of the vacuum bag is
a 400 W flood light (Dymax 2000 PC) with a metal halide
“D” bulb. Major emission peaks of the bulb lie at wave-
lengths of approximately 365 and 440 nm, that is, in the
UV-A and visible blue range of the electromagnetic spec-
trum. The lamp has a rectangular reflector housing with
an opening of dimensions 26.7 cm x 22.9 cm. For mea-
surement of the irradiance, E, in the UV-A band, a
UV201-UVA Radiometer (Macam Photometrics Ltd.)
with a responsivity peak at 365 nm and a full width at
half maximum of (35 + 2) nm was used. The minimum
resolution of this instrument is 0.1 mW/cm?2. Here, the
irradiance on the surface of the vacuum bag was set by
adjusting the height of the lamp, h, to approximately
20 cm. As shown in Figure 4, the irradiance measured at
this height (along the long axis of the rectangular reflec-
tor) drops from the center towards the edges of the lamp
reflector, following a parabolic profile which can be
approximated by

X \ 2
E(h=20cm)= | —3.13x10°2 (5) —029  (9)

X
%1072 (c—m) + 30.25) mW /cm?.

This implies that, over the length of a 28 cm long speci-
men, the irradiance decreases by approximately 20% from
the center to the ends (at x = +14 cm).

In infusion experiments with selective local irradia-
tion, masks cut from corrugated cardboard were placed
on the surface of the vacuum bag to shield defined areas
from UV light. To avoid curing of resin in the feed line
and vacuum line during the infusion process, both were
wrapped in aluminum foil. The light transmission of all
materials used in this study was determined according to

(10)

where the irradiance without material, E,, and with
material, E;, were measured at a given distance from the
light source.*?! Values of the transmission in the UV-A
band are listed in Table 2.

To determine the transmission of six layers of the
impregnated and compacted reinforcement, an infusion
was carried out on a glass plate with a thickness of
10 mm. In the center of the specimen, the irradiance on
the surface of the vacuum bag is approximately
30.3 mW/cm? (Figure 4). As the transmission through
one layer of vacuum bag is 82%, the irradiance on the top
surface of the impregnated reinforcement is approxi-
mately 24.6 mW/cm®. The irradiance underneath the
glass plate was found to be below the measurable value
of 0.1 mW/cm?. Taking into account the transmission of
the glass plate (77%), it can be concluded that the irradi-
ance on the bottom surface of the impregnated reinforce-
ment is also in the order of 0.1 mW/cm® and that the
transmission of the lay-up is lower than 1%.

3.3 | Resin properties

A Brookfield viscometer (DV 1I+) was used to measure
the viscosity of the uncured resin (at H = 0) in the
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experiments with UV irradiation: r | :
(A) top view; (B) side view feed line I | | vacuum line
! |
| y 1
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: 1
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(A) outline of reflector housing
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/
35 TABLE 2 Transmission, 7, in the UV-A band (365 nm
responsivity peak), measured for different materials
30 - 2
Material 7 (%)
25 A
%4 Corrugated cardboard 0
S 20 A . . . .
§ Aluminum foil, 10 pm thick, shiny face up 0
g 15 |
3 12 Aluminum foil, 10 pm thick, dull face up 0
10 ~ Nylon vacuum bag, 50 pm thick, 1 layer 82
5 1 Nylon vacuum bag, 50 um thick, 2 layers 67
0 . : . . : Polypropylene flow mesh, 4 layers ~68
-5 =19 2 /0 3 1 B Glass filament mat, 1 layer, dry, not compacted 20-33
X/ cm
Glass filament mat, 2 layers, dry, not compacted 3-7
FIGURE 4 Irradiance at a vertical distance h = 20 cm from Glass filament mat, 3 layers, dry, not compacted <1
the lamp reflector housing, measured along two lines at a distance . . .
P g‘ & . Glass filament mat, 6 layers, impregnated with resin <1
y = +2.9 cm (square and diamond markers) from the center axis. .
o o A and compacted in vacuum bag
The solid line indicates the approximation described by
Glass plate, 10 mm thick 77

Equation (9)
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IT/°C

FIGURE 5 Resin viscosity, #7, as a function of the resin
temperature, T, at a radiant exposure H = 0. Diamond markers
indicate experimental data, the solid line is a fit described by
Equation (11). The coefficient of correlation is R* = 0.972

temperature range between 20 and 60°C. The results can
be represented by the fitted curve

nr =29.7Pas x exp (—0.087T/ C), (11)

which is plotted in Figure 5. It is to be noted that this
purely empirical equation fits the experimental data bet-
ter than the frequently used Arrhenius equation.m] At
room temperature, the viscosity is in the order of 5 Pa s,
which means that this specific resin would need to be
heated for use in VI processes, as otherwise fill times
would be infeasibly long for practical application. For the
purpose of this study, fill times are not a concern.
Measuring the viscosity of the resin as a function of
the radiant exposure (at constant temperature) was not
practical, as the degree of cure will not be uniform in a
larger volume of irradiated resin as required for the vis-
cometry. To estimate the time for the resin to gel (as an
upper limit to the flow time), the degree of cure was
quantified for different durations of irradiation via sur-
face hardness measurement. A reinforcement specimen
with dimensions 280 mm x 115 mm was first impreg-
nated with resin and then positioned under the reflector
housing of the UV lamp as shown in Figure 3. The speci-
men was divided into seven zones with a length
Ax = 40 mm, which were exposed to UV irradiation for
different durations (Figure 6). For each zone, the Barcol
hardness was measured (ASTM D2583) as an indicator of
the degree of cure, using a GYZJ 935 impresser (at room
temperature). Measurement of the hardness on the top
(directly exposed to irradiation) and bottom surface of
the specimen allows quantification of the through-cure of
the resin. Fifteen hardness values were sampled ran-
domly on both surfaces (top and bottom) of each zone.

ENDRUWEIT ET AL.
T T T I T ) T
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FIGURE 6 Different zones in specimen (with dimensions

Ax x w), irradiated for different durations

sl
i
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t/s

FIGURE 7
on the top surface of specimen 1 (diamond markers), bottom
surface of specimen 1 (square markers) and bottom surface of
specimen 2 (triangular markers). Average values and standard
deviations are indicated. The times relate to the zones indicated in
Figure 6

Barcol hardness as a function of irradiation time, ¢,

This procedure was applied to two specimens. For
specimen 1, the irradiation was started immediately after
the resin flow front had reached the end of the specimen.
For specimen 2, the feed line was clamped off and vac-
uum was applied for 15 min before the irradiation was
started. Values of the measured hardness as a function of
the irradiation time are plotted in Figure 7. In general,
the scatter in hardness values for each zone is large. This
is related to surface unevenness (particularly on the top
surface) and the presence of randomly distributed fibers.
The results show that cure is faster on the top surface
than on the bottom surface of the specimen, because light
transmission through the impregnated reinforcement is
limited.

On the top surface of specimen 1 (diamond markers),
the measured hardness increases with time and con-
verges to a value in the order of 78, reflecting the depen-
dence of the degree of cure on time expressed in
Equations (3) and (4). After 10 s of irradiation, an average
hardness value greater than zero was measured, indicat-
ing that the resin gels between 0 and 10 s of irradiation.
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Extrapolating the hardness readings to a value of zero
indicates that the surface provides resistance to indenta-
tion after approximately 9 s of irradiation. Here, this time
is taken as an estimate for the point of gelation. The max-
imum hardness is reached after approximately 30 s. Any
additional irradiation has no significant influence on the
degree of cure. These observations were used to estimate
H, in Equation (3).

On the bottom surface of specimen 1 (square
markers), the resin is still liquid after 10 s of irradiation
but is gelled after 20 s. Extrapolating the hardness read-
ings to zero gives an estimate of 19 s for the gel point.
Whilst the hardness as a function of time would be
expected to show the same qualitative behavior as the
hardness on the top surface, the measured hardness
increases with increasing irradiation time, but then
decreases for ¢t > 45 s. The explanation can only be that
the true radiant exposure (and the degree of cure)
decreases for irradiation times longer than 45 s. As differ-
ent irradiation times correspond to different zones of the
specimen (Figure 6), the shape of the curve in Figure 7
implies that the irradiance was higher near the middle of
the specimen (at intermediate irradiation times) than at
the end of the specimen (at longer times).

Whilst the local irradiance on the top surface of the
vacuum bag follows a parabolic profile (Figure 4), the sys-
tematic decrease in E from the middle (at t = 45 s) to the
end (at t = 90 s) is smaller than the increase in irradiation
time. Hence, this cannot explain a decrease in radiant
exposure and the observed variations in hardness. Here,
the local variation in hardness is related to variations in
the specimen thickness. Before the resin infusion starts, a
uniform pressure (atmospheric pressure) compacts the dry
reinforcement in the vacuum bag. As the resin flow front
propagates, the internal pressure increases in the saturated
part of the reinforcement (to values between atmospheric
pressure and vacuum pressure), resulting in local relaxa-
tion of the reinforcement compression and locally increas-
ing thickness.'**! For specimen 1, this thickness variation
was conserved as the specimen was cured immediately
after the reinforcement was completely impregnated. The
linear decrease in specimen thickness from 3.2 mm near
the resin inlet (corresponding to an irradiation time of
90s) to 1.8 mm near the vent (corresponding to 10 s)
implies that the transmission of UV light decreases from
the vent towards the inlet. Hence, the irradiance on the
bottom surface decreases from the vent to the inlet, which
explains the observed decrease in hardness towards the
resin inlet (i.e., with increasing time).

For specimen 2, the hardness on the top surface con-
verges to the same value as for specimen 1. For clarity,
these data points are not indicated in Figure 7. Values on
the bottom surface of specimen 2 are indicated by the
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triangular markers. The hardness increases continuously
with increasing irradiation time and converges to the
same value as the hardness on the top surface. For this
specimen, the pressure distribution and thickness leveled
out after the feed line was clamped off while vacuum was
still applied. The thickness was 2.1 mm near the resin
inlet (corresponding to an irradiation time of 90 s) and
1.9 mm near the vent (corresponding to 10 s). Hence, the
irradiance on the bottom surface was approximately uni-
form, which implies that the radiant exposure increases
linearly with increasing irradiation time and the degree
of cure increases as described by Equations (3) and (4).

3.4 | Reinforcement properties

The in-plane permeability of the reinforcement was char-
acterized experimentally at different values of V;
(in unsaturated radial flow experiments at constant injec-
tion pressurel®*). As the in-plane permeability has a
small degree of anisotropy, it is approximated by an
equivalent isotropic permeability,

Ke=1.01x10"'m?V; %, (12)

The dependence of the fiber volume fraction on the
compaction pressure, p., was determined experimentally
for dry specimens, measuring the space between stiff
and parallel compaction platens and the corresponding
compaction force on a Universal Testing Machine
(in compaction experiments at a relative speed of 1 mm/
min between the platens). It can be approximated as

pc 0.19

4 | EXPERIMENTAL RESULTS
AND DISCUSSION

4.1 | Reference experiments

For reference, two VI experiments were conducted at dif-
ferent temperatures with no UV irradiation (i.e., H = 0,

n = const.), and the times for complete impregnation of
the reinforcement were recorded:

« At a constant room temperature of 22°C (resin and tool
surface), the time for complete impregnation of the
reinforcement was approximately 24 min (1440 s).

« At a measured temperature of approximately 43°C, the
time for complete impregnation was 320 s. Here, the
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TABLE 3
experimental time for complete impregnation, ¢, and ¢,, and relative

Reference experiments: Calculated time and

difference (¢, — t.)/t., for two different temperatures, T

T (OC) tc (S) te (S) (te - tc)/tc (%)
22 1660 1440 -13
43 264 320 18

resin container was preheated, and the infusion was
carried out on a heated tool surface. Using a non-
contact infrared thermometer, the temperature was
measured on the surface of the vacuum bag during the
infusion.

For uni-directional flow at constant viscosity,
Equation (7) can be integrated to find the time for the
flow front to propagate by a distance x;,

0]

t= ZIZTpr%' (14)
For complete impregnation of the reinforcement speci-
men, X corresponds to the total length, [ = 0.28 m. The
flow-driving pressure difference is Ap = 10° Pa. For
the reinforcement used here, Equation (13) indicates that
the value of @ is approximately 0.77 at a compaction pres-
sure of 10° Pa. According to Equation (12), the correspond-
ing permeability is approximately K,, = 8 x 10~ ° m?
which is substituted for K. This approximation ignores
that the reinforcement thickness, and hence porosity and
permeability, can vary with position and time in VI. The
viscosity of the uncured resin is approximately 4.4 Pa s at
T = 22°C and 0.7 Pa s at T = 43°C. Using Equation (14)
and the values for », ®, K4, Ap, and [ given above, fill
times of 1660 and 264 s can be calculated for the two
temperatures. Comparison of calculated and experimen-
tal fill times in Table 3 shows that relative differences for
both temperatures are smaller than 20%, which indicates
that the results from the infusion experiments are consis-
tent with the measured dependence of the resin viscosity
on the temperature. Here, it is to be considered that the
parameters are hard to control accurately in VI processes,
and that porosity and permeability can vary during the
infusion. Hence, the flow behavior is expected to show a
relatively high variability.

4.2 | Combined effect of temperature
and cure

To study the combined effect of global viscosity reduction
though heating and local viscosity increase through

curing, infusions were conducted at two temperatures
with localized UV irradiation (from the beginning of the
infusion). Here, the specimens were rectangular with
dimensions 140 mm x 115 mm. The infusion set-up was
the same as above. A cardboard mask with the dimen-
sions indicated in Figure 8A was used to cover the sur-
face of the reinforcement specimens in three rectangular
areas with different lengths, [,,. These areas were sepa-
rated by rectangular gaps, where the reinforcement was
exposed to irradiation. The measured resin temperatures
for the experiments were T = 20°C and T = 43°C. Resin
was infused until it was estimated (based on the reference
experiments) that the flow front would have reached the
end of the specimens. Then, the feed line was clamped
off, and the cardboard mask was removed so that the
resin was cured everywhere in the impregnated part of
the reinforcement.

In the specimens infused and cured at both tempera-
tures, the flowing resin gels so fast on the top surface of
the irradiated area that the flow front does not propagate
beyond the edges of the mask (Figure 8B). On the bottom
surface, resin gelation is delayed because of the limited
UV transmission through the reinforcement. Hence, the
resin can flow beyond the edges of the mask before it gels
(Figure 8C). The flow length in the irradiated part of the
specimen, Ax;, was measured for each covered rectangu-
lar area (Figure 9) as a measure for the accuracy of con-
trolling the flow front propagation. The values of Axy
decrease with increasing I, (i.e., the accuracy of control
increases), as the effective pressure drop at the edge of
the mask decreases with increasing distance from the
resin inlet. They increase with increasing temperature
(i.e., the accuracy decreases), as this means that the flow
velocity prior to gelation is increased. Both observations
are qualitatively consistent with the results from the
numerical solution of the flow equation (Section 2.3).
However, the estimate for ¢ in Table 1 does not consider
through-thickness variations in irradiance. Hence, values
of Ax; from the numerical solution (Figure 2) are not a
quantitatively accurate representation of the experimen-
tal observations on the top or bottom surface (Figure 9).

4.3 | Racetracking
To assess whether racetracking can be suppressed using
local UV irradiation, infusion experiments were carried
out at room temperature. Unlike in the reference experi-
ments, a channel with a width of approximately 10 mm
was created along one long edge of the reinforcement
using flow mesh (four layers).

In an experiment without UV irradiation (case 1), the
resin flow front propagates faster in the channel than in
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FIGURE 8 Vacuum infusion
experiments with UV irradiation;

reinforcement covered with a mask;
(A) geometry of mask; I 30 mm
(B) impregnated specimen after

removal of mask (T = 20°C, top
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FIGURE 9 Length of flow beyond the end of the mask, Ax;, on
bottom surface of specimen for rectangular covered areas with
lengths, 1,,,; infusions at T = 20°C (diamond markers) and at

T = 43°C (square markers)

the reinforcement, as the permeability of the flow mesh
is greater than the permeability of the reinforcement
(racetracking). A transverse pressure gradient develops,
which results in a curved flow front shape as resin flows
from the channel into the reinforcement.””! The photo-
graph in Figure 10A was taken before the resin in the
channel reached the end of the specimen. The flow front
positions relative to the resin inlet, that is, the distances
covered by the flow front, x4, are given in Table 4. Here,
i = 1 relates to the reinforcement, i = 2 to the channel.
The difference between the flow front positions in the

flow channel and at the left edge of the reinforcement,
Xp — X1, Was 169 mm.

Using the same set-up, two cases with UV irradiation
were studied:

« For case 2, the reinforcement was covered with a card-
board mask, such that only the channel was exposed
to irradiation. Hence, the width of reinforcement
exposed to irradiation was approximately 0 mm
(Figure 10B).

« For case 3, the channel and a strip of reinforcement
with a width of approximately 10 mm were exposed to
irradiation (Figure 10C).

In both cases with UV irradiation, the flow front in
the reinforcement is approximately straight. Minor devia-
tions can be seen near the left edge (in Figure 10B,C),
where the reinforcement compaction is not quite uniform
as the sealant tape used for vacuum bagging has a differ-
ent thickness. Unlike in case 1, the flow in the channel is
separated from the flow impregnating the reinforcement.
After an infusion time of 5 min (when the photographs
in Figure 10B,C were taken), the flow front position in
the channels, xp,, is 74 mm and 78 mm, while the average
flow front position in the reinforcement, Xz, is 135 mm
and 149 mm, respectively (Table 4). Results for cases
2 and 3 are consistent, considering unavoidable uncer-
tainties in the vacuum bag lay-up. This indicates that the
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TABLE 4 Observations from experiments with racetracking,
corresponding to Figure 8: Flow front positions in the
reinforcement, x;,, and in the channel, xp, at different infusion
times, ¢

Case t (s) Xp (mm) Xp, (mm)
1: no control 74 (left edge) 243
2: 0 mm gap width 300 135 (average) 74
3: 10 mm gap width 300 149 (average) 78

width of the irradiated reinforcement material does not
have a significant effect on the result. It can be concluded
that suppressing racetracking by stopping flow in the
channel through the change in viscosity and gelation is
feasible.

In cases 2 and 3, the edge of the mask separating the
covered reinforcement from the exposed channel (right
edge in Figure 10) is parallel to the direction of the
applied pressure gradient. Transverse pressure gradients
develop as a result of different flow front propagation in
the channel and the reinforcement. As long as the flow
front propagation is faster in the channel than in the
reinforcement, there is transverse flow from the channel
into the reinforcement. As the resin in the channel gels
quickly, only a small amount can flow into the reinforce-
ment. Once the flow front in the reinforcement has
passed the position of the stalled resin flow front in the
channel, xp, resin tends to flow from the reinforcement
towards the channel (in a reversal of racetracking). How-
ever, this effect is small as transverse pressure gradients
and fluid exchange decrease from the resin inlet towards
the flow front.

For case 3, it can be seen in Figure 10C that only a
small amount of resin flows transversely into the 10 mm
wide exposed strip of reinforcement (near the resin inlet),
mainly on the bottom surface of the specimen. For case
2, limited accuracy of reinforcement cutting and applica-
tion of masks means that the width of the exposed

FIGURE 10 Vacuum infusion
experiments with racetracking;

(A) no UV irradiation; (B) UV
irradiation on racetracking channel
only (reinforcement exposed on a
width of approx. 0 mm); (C) UV
irradiation on racetracking channel
and reinforcement on a width of
approx. 10 mm; xp and xp, indicate
flow front positions in
reinforcement and in flow channel,
respectively

FIGURE 11

Vacuum infusion experiments with UV
irradiation, reinforcement covered with a mask with triangular cut-
out; (A) mask removed before impregnation was complete;

(B) mask removed after complete impregnation

reinforcement may not exactly be 0 mm. A very narrow
strip of dry reinforcement separating the impregnated
reinforcement and the empty channel helps to minimize
transverse flow. Hence, flow in the reinforcement and
racetracking channel is separated clearly.

4.4 | Different flow patterns

Experiments were carried out at room temperature, using
the same infusion geometry as in the reference experi-
ments. For one example, the reinforcement was covered
with a cardboard mask (with a triangular cut-out), such
that only a triangular area along the right edge was
exposed to UV light. Figure 11 shows that a converging-
diverging flow develops during the infusion process. In
the experiment shown in Figure 11A, the mask was
removed before the flow front had reached the end of the
reinforcement. As the viscosity increased, the flow
stopped, and the reinforcement impregnation remained
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FIGURE 12
irradiation; reinforcement covered with a mask (strip along flow

Vacuum infusion experiments with UV

direction, with rhombic inclusion); (A) mask removed before
impregnation was complete; (B) mask removed after complete
impregnation

incomplete. Figure 11B shows a complete impregnation.
It is to be noted that the boundaries between dry and
impregnated reinforcement are well defined. As the pres-
sure drop is significantly reduced (compared to the start
of the infusion) when the flow front crosses the boundary
between masked and exposed reinforcement, the distance
traveled by the fluid in the exposed area is very short (see
Figure 2). As the edges of the mask at the cut-out are at
angles of +45° relative to the direction of the applied
pressure gradient, this deviation from the masked shape
is further reduced by a factor of 0.7. On the bottom sur-
face of the specimens, the flow front traveled a distance
in the order of 4 mm (perpendicular to the edge of the
mask) in the exposed area. This deviation was observed
only on the side of the triangle nearer to the resin inlet,
where the effective flow width reduces.

In a second example, most of the reinforcement was
exposed to UV light. Using a cardboard mask, a narrow
flow path with a rhombic inclusion was created along the
axis of the geometry. Figure 12 shows that splitting and
merging flow fronts develop during the resin infusion. In
the experiment shown in Figure 12A, the flow was
stopped by removing the mask, such that the reinforce-
ment impregnation remained incomplete. Here, the flow
pattern is not symmetrical, which is related to the local
non-uniformity of the permeability of the random fiber
material. In Figure 12B, the reinforcement impregnation
is complete, and effects of local permeability variations
are not noticeable.

At the resin inlet, the pressure gradient is perpendicu-
lar to the edge of the mask (bottom edge of the specimen
in Figure 12). At the start of the infusion, the pressure
gradient has a high value (Ap is given, and xy is still
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approximately zero). Hence, the resin can cover a rela-
tively long distance in the unmasked area of the rein-
forcement before it gels and the flow stops. The average
flow lengths in the unmasked part of the reinforcement,
Xp, are approximately 26 mm (Figure 12A) and 20 mm
(Figure 12B), respectively. These values of x; are
observed on the bottom surface of the cured specimen.
Where the edges of the mask are parallel to the direction
of the applied pressure gradient, the maximum distance
covered by the flow front in the exposed area is approxi-
mately 6 mm (near the inlet, on the bottom surface).

5 | CONCLUSION

Composite specimens from a random glass filament mat
and a UV-curable acrylic modified polyester resin were
produced in a VI process. During the reinforcement
impregnation, the resin viscosity was increased selec-
tively through localized irradiation with UV light to con-
trol the resin flow and to realize different flow patterns.
Here, opaque cardboard masks were used to create
defined irradiation patterns. This approach is based on
radical photopolymerisation, where the resin cures only
under direct irradiation and remains uncured in areas
covered with a mask. Hence, the viscosity of the flowing
resin is constant in masked areas. It increases in areas
exposed to UV light until the resin gels and the flow stalls
in a matter of seconds.

Theoretical considerations show that the distance
covered by the moving resin flow front in exposed areas
prior to resin gelation decreases with increasing UV irra-
diance, decreasing applied pressure gradient and decreas-
ing resin temperature. In experiments, the resin flow
front did not propagate beyond the boundaries of the
masked areas on the top surface of the specimens. On the
bottom surface, resin was observed to flow into irradiated
areas, where it covered distances in the order of 10 mm.
As the transmission of UV light through the impregnated
glass fiber reinforcement is limited, the irradiance is
lower on the bottom surface than on the top surface of a
specimen. As a result, the time for resin gelation is longer
and the flow front propagates further on the bottom sur-
face than on the top surface. Because of the dependence
on the pressure gradient, flow lengths in the irradiated
area decrease with increasing distance from the resin
inlet.

Despite the minor uncertainties in the flow patterns
on the bottom surface, it was possible to steer the flow
along converging-diverging paths with inclusions and to
suppress racetracking along reinforcement edges. Practi-
cal applications of the process studied here could be in
process control, that is, compensation for local variations
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in fiber volume fraction and permeability of fibrous rein-
forcements. Selection of other combinations of suitable
resin systems and UV light sources may help to optimize
the process. Its applicability is limited by the requirement
for UV transparency of the reinforcement and the tool. It
would need to be considered in process planning that the
photocuring process is irreversible.
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