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Abstract: A novel direct approach to detect the resin floent during the Liquid Resin
Infusion process under industrial environment isppsed. To detect the resin front
accurately and verify the results, which are deduoem indirect micro-thermocouples
measurements, optical fiber sensors based on Fresfiection are utilized. It is
expected that the results derived from both tecresgwill lead to an improvement of
our understanding of the resin flow and in paracyprove that micro-thermocouples
can be used as sensors as routine technique unoleexperimental conditions.
Moreover comparisons with numerical simulationscagied out and experimental and

simulated mold filling times are successfully comgoh
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1. Introduction

Recently, Liquid Composite Molding (LCM) processhave been developed as
interesting alternative processes to prepregs. dzpe the resin infusion-based

processes (LRI/RFI: Liquid Resin Infusion/Resimfrilnfusion) are now considered as
cost effective processes to make lighter thick eaachplex composite structures [1].

They have been developed to overcome some of riieations encountered in Resin
Transfer Moulding (RTM) [2]. The resin infusion pesses can be utilized in flexible
conditions, for example, in low cost open moldshwiicuum bags in nylon or silicone.
As these processes only require low resin pressutdahe tooling is less expensive than
RTM rigid molds, they are particularity suitabler fmany small and medium size

companies.

As one type of resin infusion processes, LRI pre@Eems quite promising. In this
process (see Fig.1), resin infusion is performedubh a highly permeable draining
fabric placed on the top of the fibers preformsdiferential pressure is created by a
vacuum at the vent of the system which leads to rdsn impregnation in the
compressible perform, mainly in the transversedtioa. The LRI process leads to final
part quality improvement since resin flow and cuee distinct. However, both
dimensions and fiber volume fraction of the finaéqe are still not well controlled
mainly because of the large variation of the penfenlume when vacuum and pressure
are applied. Indeed, dimensions result from a teabsnechanical equilibrium between
flow dominated phenomena and preform compactioncivhs strongly non-linear.
Controlling the resin flow is therefore a main isga master the composite parts service
properties. An experimental approach is developede hto monitor the main

experimental data during the LRI process, sucthagésin flow, in order to improve



our knowledge, characterize the physical mechanamscompare the measured results

with a numerical model [4][5] predictions.

Experimental techniques dealing with flow front @werization can mainly be found
in the literature related to permeability measuneimissues. The determination of
permeability in the preform plane has been integigistudied by measuring the one
dimensional and radial flows in resin injection ggeses [6-8]. Compared with the in-
plane flow measurement, the transverse flow deteds however considered much
more difficult. The first results for transverserpeability were published in 1971 by
Stedile [9], and then this detection was extende®drnas and Han [10, 11]. After the
development of in-situ sensors such as thermidtermocouple and optical fiber (OF)
sensor [12], this technique has been widely usedudy the resin front in RTM [7, 13,
14] and resin infusion processes [15, 16]. Micranefauge [17] or pressure sensors
[18] were also employed to characterize the infugimcess. More recently, ultrasound
technique [19] and OFFM (optical full field method20, 21] have monitored

successfully the transverse resin flow during tRd/Lprocesses.

In order to reduce the complexity in the measurdémeénle decreasing as much as
possible the perturbation in the real manufactugmgcess, during the whole LRI
process micro-thermocouple and (OF) sensor have bged in this article to monitor
the resin infusion process (Figure 2-b). It wasvahdhat these two types of sensors
could not only overcome the drawbacks of existiaghhiques used in our industrial
conditions, but also characterize the resin flowifpan, the filling time, the curing time
and the preform temperature which are key paraseatentrolling the part quality

manufactured through LRI process.



2. Monitoring LRI process by (OF) sensor and micrathermocouples
2.1 Principle

2.1.1 Thermocouples

Micro-thermocouples of type-K have been used in eperimental study, because
they are commonly used under industrial environme&hts type suites well to harsh
environment and presents a wide range of temperah@asurement (between —75 °C
and 250 °C). One thermocouple is composed of 2swimeChromel/Alumel with a
diameter of 79um. This will induce very little disruption durindneé infusion process
(Figure 2-b). Data is acquired by an acquisitionit:uAgilent 34970A, a multi-
acquisition system with 20 channels for measuritgctec current, voltage, and
resistance. The frequency acquisition meets ouwrimregents (maximum frequency of
20 values/s), and its resolution is 0.1°C in terapee measurement. The calibration of
the measurement system has been achieved in andwemg 7 isothermal heating
conditions and compared with a reference platinuabg (PT100). The resolution of

this calibration is 0.1°C too.
2.1.2 Fresnel’s (OF) sensor

To determine the resin flow front and monitor theecadvancement, the idea is to
monitor the refractive index of the resin during filling and curing stage. In fact, the

reflection coefficientR between two media of refractive index and n, can be

calculated by using Fresnel’s laws [22, 23]. kxpressed as:

2
R=| 2T 1
n+n,

Moreover, the refractive index is sensitive to digngariations. Indeed, the Lorentz-



Lorenz law establishes a relation between refracitidexnand density of a liquid

medium (Equation 2). HerR,, is the molar refractivity and! is the molar mass.

n“-1_R,
=M 2
Vi

As the reflected intensity at the end of an (OR)ehels on the external reflection
coefficient, one can monitor the resin front andyrde of cure by observing the

variations of the reflected intensityaccording to relation 3. In this relatioA,is a
transmission coefficient anBl, represents the amplitude of background noisetviioe

constants must be determined at the beginning ai eaperiment [22]. Fig.3 gives a

schematic view of the measurement system.

| = AR+B, 3

2.2 Monitoring a plate resin infusion process

2.2.1 Experimental Set-up

Experiments were conducted with 48 plies compqgsdates [@ 90; 90; Os]s, made up
of “UD fabric” reference G1157 produced by Hexcar@ These carbon fabrics are
plain weave with 96% of weight in the warp direatiand 4% of weight in the weft
direction. The preform dimensions are 335 mi835 mmx 20 mm. For the resin, the
experimental LRI tests have been performed usingm@oxy resin RTM-6. Resin is
preheated to 80°C in a heating chamber beforeioriué\ heating plate located below
the semi-rigid mold heats the whole infusion systé@ime external pressure prescribed

over the stacking is uniform and equal to the l@alospheric pressure, induced by the



vacuum ensured in the sealed system. Fig.4 shaggltite infusion test carried out by
LRI process, the resin inlet and outlet are indidain this figure. The lid helps us to
obtain a homogenous temperature field during thediand curing stage: in classical
tests, the filling temperature is 120°C and thengutemperature is 180°C maintained

for a period of two hours.

For the purpose of detecting simultaneously thepgature variation of the preform
and the refractive index of the resin, the testsis in infusing a thick plate
instrumented with one (OF) sensor and six micrortioeouples. All of the sensors
positions are shown in Fig.5. Five micro-thermodesgare located across the thickness
of perform. Thermocouples 3, 4 and one (OF) seasoembedded at center of the mid-
plan, with 1 cm between each sensor. Thermocoupteidserted in the inlet of the

system for monitoring the temperature of resintinle

2.2.2 Results

Fig.6 gives the temperature and optical signahefdensors located at the center of
the mid-ply during the whole LRI process (the temapg&re evolution measured by
thermocouple 3 merges exactly with the one measbsedhermocouple 4 in this
figure). These signals can be split into 5 parisstFthe resin arrival time and the
minimum temperature can be observed at zone 1,hwdtands for the filling stage. It
can be observed that a sudden decrease in thes{@f and a minimum temperature
occur. We infer that at the beginning of the infursithe extremity of the (OF) is in
contact with air, so its reflection coefficient t®st a high level. During the infusion
stage, the resin passes over the extremity of@g. (Due to the instantaneous decrease

of the reflection coefficient, the reflected lightensity falls down. After 350 s, as the



temperature increases, the refractive index andréfiected light intensity decrease.
Then, in the zone where temperature increases @pmiee (OF) signal should continue
to decrease [22]. For purely experimental reasdims, phenomenon has not been
characterized completely in this zone.

Zone 3 corresponds to the curing stage. An isothketemperature was imposed. A
temperature peak can be observed at the beginiagne 3. The zone between the
beginning and the end of this peak correspondsdanicreasingeflected light intensity,
which relates to the density of the resin, accagydanEquation 2 [24]. During this stage,
the liquid resin is transformed into a solid thrbwan exothermal reaction; it involves an
increase of resin density. Once the reflected ligtensity no longer changes, it can be
considered that the curing phase is finished aadéhin is cured at 5000 s. During the
cooling stage in zone 4, the resin volume is desa@atherefore its density is increased
and the signal of (OF) is also increased relativély the end of LRI process, both
temperature and reflected light intensity stabilizeone 5.

The purpose of this study is to characterize tsnréow during the resin infusion
process. Consequently, mainly the phenomena in zgree during the filling stage, are

of interest.
2.2.3 Analysis of the filling stage

2.2.3.1 Initialization of the infusion stage

The change in the temperature of resin inlet isgmeed in Fig.7. The temperature
falls down at 10 s, which can be considered abdgnning of test. Due to the effect of

resin flow, thermocouple 1 sticks on the warmeetirpipe, then its signal gives the



temperature of both resin and inlet pipe. It vabdesveen 90 ° C and 100 ° C during the

filling stage.
2.2.3.2 Evolution of the temperature

The five curves in Fig.8 have similar features galiye Time O corresponds to the
beginning of the infusion process determined frowa itesults in the Fig.7. Generally,
there are temperature differences of about 10°tBeabeginning of infusion stage and
5°C in the end. The temperature during the infusitage tends to decrease when the
test begins and that the resin is left free to ifillthe preform. This phenomenon
confirms the presence of resin that tends to cambrdthe preform, because the
measurements of micro-thermocouple 1 show thattéhgerature of the resin inlet
remains below 100°C (see Fig.7). The temperatugeats decrease more and more
when the resin front flow is getting closer to tthermocouples. The time when the
minimum temperatures are obtained can be considesdtie resin front arrival at the
thermocouples locations. This phenomenon will helisd in the following section
(paragraph 2.2.3.3) when the period around thermim temperature is zoomed. After
this minimum is reached, the temperatures of tleentbcouples increase, because the
resin temperature continues increasing while tfanto the preform. When the resin
reaches the mould at the bottom, it is very rapidigited by conduction (see the signals
of TC 5 and TC 6). Eventually the saturated preforeach a stabilized temperature at
about 1300 s, which is related to the filling dioatof the infusion stage acquired by

the industrial monitoring of the experimental agtas.



2.2.3.3 Detection of the resin flow by (OF) sensor

Fig.9 shows the light intensity reflected by thel ef (OF) and the temperatures nearby
this fiber versus time during the filling stage.eTkignal reflected by the fiber / air
interface is perfectly stable initially. When thesin reaches the end of the (OF), the
light intensity falls down due to the instantaneahsnge in refractive index. After 5
seconds, the (OF) signal returns to the initiakleand then falls down again. It may
reveal that there is some air mix in the resin ftbat is to say the resin flow may not be
homogeneous. When the end of the (OF) is fullyaurded by resin, its signal becomes
stable and it can be considered that the resirt fieaches the center of the mid-ply at
350 s. On the other hand, regarding the micro-tbecuple, we consider that once the
resin front arrives in its vicinity a minimum tempaure is reached. Responses of
thermocouples 3 and 4 exhibit a minimum at aboGt 82315 s for thermocouple 3 and
325 s for thermocouple 4), which represents a 9%#erdnce between the two
measurement techniques. The low mismatch could ¥ptaieed by the following
considerations: in order to fix the position of leadbermocouple, a little quantity of
resin (the same resin as the one used in the anfusst) has been used to glue the head
of the thermocouple; moreover, the carbon fiber hagood thermal conductivity.
Changes in the thermocouples measurements shoacldt earlier due to this, but the
difference is acceptable regarding the characiems$tinfusion duration. So, according
to the times corresponding to the minimum tempeeatone can estimate the time
required for the resin to reach the vicinity of leanicro-thermocouple placed in the
preform under our experimental conditions. The fm®diction of the resin arrival time

through the thickness of the preform by each theouple in the closed lid test is



figured out and presented in the Table 1. In thievieng, micro-thermocouples will be

used to estimate resin flow front during the fifjistage.

3. Characterization of the resin flow under differat experimental environments

As indicated before, the micro-thermocouples cawvige general information on the
resin flow in the preform during the infusion stagecause of their low cost and easy
implementation, these sensors are good candidateototor the LRI manufacturing

process under different experimental environments.
3.1 In-plane characterization in closed lid infusia test

In the present studies, two infusion tests aatized under two different experimental
conditions. The same reference reinforcements asih las used in previous test are
considered here. For the first experimental coodjtthe preform thickness is reduced
and flow front advancement and resin mass are samebusly monitored. Then, some
infusion conditions will be changed in the secoest.t Before resin infusion, the four
edges of the preform stacking should be closed allyrby some adhesives to ensure
that the resin infuses first in the draining fakaimd then mainly across the thickness of
the preform. In order to observe a longitudinalrréow and the evolution of responses
of micro-thermocouples, we let the edge close éordlsin inlet (right hand side in Fig.1)

to be free. All the experimental results are presgbelow.
3.1.1 Experimental condition 1

The composite plate is made up with 24 plieg9@]s. This resin infusion test is
carried out under the standard industrial condgi@nith the lid closed). Five micro-

thermocouples are placed on the mid-plane (plyf@2monitoring the resin flow on a
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ply plane. TC5 is at the centre of the plane, a@d 7o TC4 are glued on the edge of

this ply, 5 cm away from the plate edge (see figide

Fig.11 shows the evolution of temperature versue tior these 5 thermocouples on
the mid-ply. Time 0 corresponds to the beginninghefinfusion process when the resin
enters the inlet pipe of the system. Initially, leé@mperature curve is rather stable, they
are between 101°C and 104°C. These 5 temperatuvescinave similar evolution,
comparable to what was described previously. As thmimum temperatures
correspond to the resin front arrival, we noticatttihe resin reaches the mid-ply after
120 s. It can be noted that thermocouple TC5 ished with a delay of 55 s. This delay
may be due to side effects such as "race-trackiren@mena” (see Fig.12) [25, 26],
which may change the progress of the fluid frord arfusion pressure [27]. The times
when resin flow arrives in the vicinity of the thewcouples are reported in Tab.2. At
the end of the infusion stage, temperatures ab#liged again after 550 s and the filling

time measured using standard industrial tools gb@€ss.
3.1.2 Experimental conditions 2

In order to observe the longitudinal flow, the piref will be rather thick and the
micro-thermocouples should be placed on the ply ihaloser to the bottom of the
prefom. 48 plies composite plateg fl; 90; Og]s are used and the micro-thermocouples
are placed on thé%ply, positions of which are shown in Fig.13. TG6at the centre of

the ply, the other thermocouples (TC7-TC10) aregaleb cm away from the plate edge.

Fig.14 shows the changes of temperature on ply 8c# observe that there is very
little difference in the temperature (about 1°@)aigiven plane, between the beginning

and the end of the infusion. The temperature cuime$C6, TC7 and TC9 have similar
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evolution as recorded in previous tests. The medstimes corresponding to the
minimum temperature for these 3 thermocouples arednin Tab.3. The arrivals of the
resin front around TC7 and TC9 are very close. iRsnt passes over TC6, located in
the center of this ply, 115 to 140 s earlier. TWe tther curves in this figure (for TC8
and TC10) are presenting similar profiles, which different from the previous tests.
We have observed two zones of decreasing temperaial two minimum temperatures
in these two zones. As explained, in the standestidome rubber tapes are placed on
the 4 edges of the preform stacking to ensurett®atesin flows transversely. For the
present test, we left the side near the resin ecer&ree. It is therefore possible to obtain
a longitudinal flow at the beginning of the infusidest, which is revealed by
thermocouples TC8 and TC10. The response of TC8Taht0 has two minimum
points. It can be supposed that a small quantityesin flows through the draining
fabric and enters the preform at the beginninghef filling stage. The resin film is
heated after entering the preform by the systemsioh, giving the first minimum
point. Then, when the second minimum temperaturcegiired, we consider that the
transverse resin front passes around the thermbzotipis scenario is based on the
difference in the longitudinal and transverse pexpiigy. Finally, the time when the
minimum temperature is achieved on each thermoeorgieal the infusion direction:
from the resin inlet side towards the outlet sifibe resin front is not homogeneous
along the x direction, but along the y directidnsinearly homogeneous (directions are

given in Fig.13).

3.2 In-plane and transverse detection during LRI pocesses

We have already shown the monitoring of resin floeth in planes and transverse

direction during LRI process in closed lid testohder to grasp more information about
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the resin flow, it is interesting to characteridee tresin front both in-plane and
transversely in the same infusion test under adifearent experimental conditions. Our
principle of resin front characterization by midl@ermocouples is based on
measurements of local temperature evolution; tbheeetwo tests are chosen with very

different thermal conditions: the test with opetiddand in an oven.
3.2.1 Opened lid test

Fig.15 shows the thermocouples positions in théoprefor the test carried out with
the lid left open. Fig.16 gives the changes in terajure measured by thermocouples
placed across the thickness of the preform. Thenmuim temperature on each curve is
marked in Fig.16. The time corresponding to resantf arrival can be clearly observed,
it is reported in Tab.4. One can verify that thsimeflows almost transversely ply by
ply. The curve in Fig.17 presents the position le# tesin front during filling stage
estimated by the results of Fig.16. Time O corresigao the time when the resin front
reaches the position of TC9. The filling time cepends to the infusion duration only
for the preform (we remove about 100 s, the timetli@ infusion of draining fabric
assessed using a scale). From Fig.17, it can becdddthat the resin infuses more

slowly and with more difficulty through the thickseof the preform.

Fig.18 provides information on the resin flow irethlane of ply 3. It can be noted
that a large temperature gradient appears in #ss The time of resin flow arrival
estimated by each thermocouple in this ply is pressein Tab.5, a non-uniform front is
observed. The resin flows quickly through the cenfethe ply (TC5). Compared with
the previous test, with the closed lid, becauseptgature is higher in the center it
implies a lower resin viscosity, and then fastew8 in that region. In-plane resin flow

is estimated using thermocouples TC1-TC4 insenteg@gly 3. One observes that the
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resin first arrives at the upper right corner amishes to fill in the bottom left corner.

This phenomenon, observed inside the preformeis#ime at the beginning of infusion,
when the resin impregnates the draining fabric. alée note that the infusion is much
slower across the thickness (see Fig.16) thanemplane, accordingly to corresponding

permeability.

3.2.2 Resin infusion within an oven

In this case, we want to get a resin flow during thRIl process in a more
homogeneous thermal environment. The positionsiofasthermocouples are the same
as shown in Fig.15.

Temperature evolution of each thermocouple is ptesein Fig.19 and Fig.20, the
minimum temperature is indicated on each curve aBge of the rather homogeneous
thermal condition, it is difficult to find exactlyhe time when the minimum value
appears in some thermocouples curves. For exam@lé,shows a long zone with a
very small variation of temperature. The resolutainthe data acquisition system is
known to be 0.1°C; this zone is virtually stable, the time corresponding to the
minimum temperature has been chosen as the ipdiat of this stabilization zone. The
times when resin front arrives around the thermplasuis then estimated, they are
noted in Tab.6 and Tab.7. For the measurementssathne thickness of the preform, the
same phenomenon is observed, as in the previots tes resin infuses ply by ply
through the thickness. For the measurements iraaeplthe infusion order is always
from the resin entrance towards the resin exit. fllheg time is about 1500 s for the
whole system, with 100 s to infuse the drainingrifalnd 1400 to infuse the perform

itself.
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Fig.21 describes the resin front position estimdgdicro-thermocouples across the
thickness of the preform during the filling stagiee(determination of the initial time is
the same as in the previous tests). This curve shbe same trends as those in the

opened lid test (see Fig.17): for a given presdifferential, the flow front decreases.

3.3 Discussion

Different manufacturing conditions generate différeesin flow in resin infusion
processes. The important parameters of the praduatie compared among three plate
infusion tests with 48 plies UD fabric under diffat experimental environments: the

closed lid test, the opened lid test and the tésinvan oven (see Tab.8).

In the opened lid test, the low temperature ofréen inlet has disrupted the resin
flow both in the draining fabric and in the preforilBecause the resin cannot flow
properly during the filling stage, we need much entime to infuse completely the
preform, and the final composite part presents mpoeosity in the preform.
Consequently we can observe a thicker final platd Bess resin received by the
preform. On the other hand, the tests with a cldskdnd within an oven have similar
temperature of resin inlet. AlImost the same kewpeters are obtained for the process,
but different preform temperatures bring some slighriations of filling time. The
preform used in the closed lid test is warmer ttiemoneinfused within an oven, so a
shorter filling duration has been observed. In ¢hego infusion tests, low temperature
gradient in the preform and warmer resin allow aget the final parts with a higher

fiber volume fraction than in the opened lid infusi
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The approximate positions of the resin front dufiiigng stage under three different
experimental conditions are compared in Fig.22th&tbeginning of resin infusion, the
curves of the tests with closed lid and within aermincrease with the same trend due
to the same temperature in resin inlet and herseosity. Then the infusion rate in the
closed lid test becomes higher than the one ofteéke within an oven because the
preform used is warmer. The resin flows more sloimlfthe opened lid infusion test
than in the other two tests because of a lower ¢eatpre at resin inlet and a higher
temperature gradient in the preform. Finally, thiéedent thermal conditions lead to
different resin flows and then very different fil§j times, twice as long for other thermal
environment such as in the closed lid test.

A comparison can be made between experiments andations of the filling stage
for these cases studied here. Simulations have teadimed with 1462 triangle-mixed
velocity-pressure elements. In our numerical matélas been considered that the resin
viscosity isconstant, so we chose the experimental resultbefclosed lid test and
within an oven for comparison. As a first approxiioa, Carman-Kozeny’'s equation
has been employed to determine the average perimetdnsor of the preform [4]. The
boundary conditions have been selected to represgnproperly as possible the
industrial environment. The resin infusion has bperformed by a vacuum pressure, at
1.8 mbar. At initial conditions, the thickness bketpreform is 20 mm and its fiber
volume fraction is 39.5%. After compaction, compiatas yield a thickness of 12.7 mm
while measurements give 13 mm. At the end of tliedistage, numerical simulations
show that the filling time of the preform is 109%vkile the experiment yields 1200 s
for the closed lid test and 1400 s for the teshivitan oven (after removing 100 s to

infuse the draining fabric). Regarding the possiarf resin front during the filling
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stage, we obtain generally a good correlation a tesults between numerical
simulation and the closed lid test (see Fig.22)e Tilling time of the test carried out in
an oven is much longer than the simulated onestalube lower temperature of its
preform (normally, the temperature of the prefosmabout120°C). In the simulations,
the main problems are not only the use of an isothmumerical model, which does not
take into account the variation of the resin terapge, but also to estimate the
permeability of preform by using a Carman-Kozengtguation. On the other hand,
other simulation factors can not be neglected eithech as the mesh dependency,
filling algorithm, macroscopical approach... To sum, wnly a global numerical
framework associated with proper experiments peusito get a deep insight into the

mechanisms controlling the filling stage of resifusion process.
4. Conclusion and future work

Resin flow detection has been monitored using loitict and indirect approaches.
As a novel direct approach, (OF) sensor based esnEt reflection is used to detect the
resin flow front during a plate infusion processden industrial environment. It is
feasible to monitor the whole LRI process, espcia detect the resin flow and the
advancement of the curing stage. Micro-thermocauplen follow the temperatures
inside the preform during the process. Even isibasically an indirect approach, the
results obtained prove that they can be used téirgetnformation on the resin flow in
the preform. Because the thermocouples are littleisive and friendly-user, this article
presents a complete study about the resin flow taong in the preform during resin
infusion processes. Firstly, a two-dimensional flsaacquired in the preform, but the
flow across the thickness of the preform is alwslgsver when compared to the one in

the plane of the ply. Secondly, the race-trackihgnmmenon has been met when there
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is weak temperature gradient in the plane; on thatrary, the resin flow depends

strongly on the local temperature. Finally, thetficonfrontation between experimental

and numerical simulation results has led to the fimlowing points: complexity of the

infusion phenomenon and encouraging correlationterfilling time in the infusion

stage.

In the future work, several (OF) sensors in théed#ht measurement points in the

preform will be proposed. These results can adsettier the measurements of the

micro-thermocouples. Moreover, the monitoring o€ tburing degree will be also

carried out in different plies by (OF) sensors.
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Tab.1 Times corresponding to the minimum tempeestaneasured by the thermocouples

placed across the thickness of the preform.

Number of
TC2 TC3 TC4 TC5 TC6
thermocouples

Time (s) 130 315 325 650 730




Tab.2 Times corresponding to the minimum tempeestaneasured by the thermocouples

placed on the mean plan in experimental condition 1

Number of thermocouples TC1 TC2 TC3 TC4 TC5

Time (s) 145 125 130 120 175




Tab.3 Times corresponding to the minimum tempeestuneasured by the

thermocouples placed on the ply 3 in condition 2losed lid test.

Number of
TC6 TC7 TC8 TC9 TC10
thermocouples
Time (s) 730 845 200 415 870 200  A4(

DS




Tab.4 Time of resin arrival over the thermocouesoss the thickness of the preform used in

the opened lid test.

Number of
TC5 TC6 TC7 TC8 TC9
thermocouples

Time (s) 1900 1450 750 275 55




Tab.5 Time of resin arrival over the thermocoumeghe ply 3 of the preform used in the

opened lid test.

Number of
TC1 TC2 TC3 TC4 TC5
thermocouples

Time (s) 2800 2500 2450 2050 1900




Tab.6 Time of resin arrival over the thermocoumeaghe ply 3 of the preform used in

the infusion test within aaven

Thermocouples TC1 TC2 TC3 TC4 TC5

Temps (s) 1440 700 1440 950 1150




Tab.7 Time of resin arrival over the thermocougeoss the thickness of the preform used in

the infusion test within aaven

Thermocouples TC5 TC6 TC7 TC8 TC9

Temps (s) 1150 850 450 130 50




Tab.8 Comparison of the key process parameters gthoee infusion tests under

different experimental conditions.

Closed Iid Opened lid Within an oven
Temperature of resin
90°C<T<100°C| 70°C<T<78°C 895°C<T<96°C
inlet
Initial temperature of
~125°C ~130°C ~102°C
the preform
Filling time of the
1300 3000 1500
whole system (s)
Thickness of the final
12.02 12.41 12.08
composite plate (mm
Fiber volume fraction
62.4% 59.8% 62.1%
of final plate
Resin mass in the final
550 520 540
composite plate (g)
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