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Abstract: Liquid Resin Infusion (LRI) processes are promisingnufacturing routes to
produce large, thick or complex structural partbeyl are based on the resin flow
induced, across its thickness, by a pressure applo a preform / resin stacking.
However, both thickness and fiber volume fractidntlee final piece are not well
controlled since they result from complex mechasiswhich drive the transient
mechanical equilibrium leading to the final geonwatr configuration. In order to
optimize both design and manufacturing parametews, also to monitor the LRI
process, an isothermal numerical model has beerla®d which describes the
mechanical interaction between the deformationthefporous medium and the resin
flow during infusion [1,2]. With this numerical mel it is possible to investigate the
LRI process of classical industrial part shapesvalaate the numerical model, first in
2D, and to improve the knowledge of the LRI procdbge present study details a
comparison between numerical simulations and areraxpental study of a plate
infusion test carried out by LRI process under stdal conditions. From the numerical

prediction, the filling time, the resin mass ane timnickness of the preform can be



determined. On another hand, the resin flow angth&rm response can be monitored
by experimental methods during the filling stagee®ey issue of this research work is
to highlight the changes in major process pararaeadering the resin infusion stage,
such as the temperature of the preform and resh tlee variations of both thickness
and fiber volume fraction of the preform. Moreovéhnis numerical / experimental

approach is the best way to improve our knowledgéhe resin infusion processes, and

finally, to develop simulation tools for the desigihadvanced composite parts.

Key words. Liquid Resin Infusion, numerical simulation, compan, industrial

condition, resin flow, filling time, thickness, &b volume fraction.

1. Introduction

During the last decade, the Resin Infusion Proce@R#°) have become popular for
manufacturing structural polymer-based composkéB. have been indentified as cost-
effective alternative to conventional autoclave ofanturing technique. For example,
with RIP it is possible to produce complex and khparts with very good mechanical
properties and with less waste than traditionalhaoes [3, 4]. However, the process is
rather difficult to control, first because the maolsms driving the infusion stage are
guite complex, and second with the existing indaktechnology physical parameters
such as thickness or resin front on small dimerssiane not accessible. Since
industrially the thickness must be controlled mebi, understanding in details the
filling stage of infusion is of prime importance.

As one type of RIP, Liquid Resin Infusion (LRI) pess seems quite promising. In
this process (Fig.1), resin is distributed throaghighly permeable flow enhancement

fabric placed on top of the fibres perform stackinge to a pressure differential created



by a vacuum at the vent of the system, resin impegp across the compressible
preforms,i.e. in the direction transverse to the preform ‘plariédie LRI process leads
to final part quality improvement since the redihing and curing stages are distinct.
On the contrary, the thickness and fiber volumetioa of the final piece are not well
controlled during the process because, first, efube of a vacuum bag instead of a rigid
mould and second, due to the large preform defeomathen vacuum and pressure are
applied. Therefore, the final properties of the posite parts strongly depend on the
process parameters. In order to optimize both deasigl manufacturing parameters, a
numerical model has been developed which describesmechanical interaction
between the deformation of the preform and thenrisw during infusion stage [1]. To
validate the numerical model and to improve thewdedge of the resin infusion
process, this research work will deal with the nooa simulations and experimental
studies of the major process parameters of a phdision test carried out by LRI

process under industrial conditions.

Figure 1 about here

2. Resin infusion modelling

Early numerical model of resin infusion processevetbped can be found for
example in the work oLoos and MacRae [5]. Authors developed a two-dimensional
analytical model for Resin Film Infusion (RFI) pess, which takes into account the
porosity and compaction of the vacuum bag, but thdynot study the resin-preforms
interaction during the deformation of the preforithen, Ambrosi and Prezios [6]

proposed an approach to deal with the injectiortgsses in elastic porous preform for



one-dimensional problems by using a modified mormanbalance equation of the fluid
and solid phases.

Recently, several models have been developed éorettin flow and the response of
the preform in Liquid Composite Moulding (LCM) pesses [7-13, 26-28]. Generally,
the models mentioned provide some partial inforamatbut they are not suitable for
integration into solvers under our industrial cdiwtis, based on the finite element
method.

More recently, an exhaustive model has been degdlbyCelle et al. [1, 2]. It was
established and implemented in an industrial emwivent by coupling general 3D
formulations of solid, fluid, and porous mecharti@sepresent a transient resin flow in
an isothermal compressible porous mediitns based on the resin flow induced across
its thickness by pressure applied onto a prefomasin stacking. A strong coupling
between resin flow and response of the preform praposed in this model. The
implementation of this model was realized by usHrg-Flot libraries and the filling

algorithm of the PAM-RTN™ software.

2.1 Model geometry

In the macroscopic model froi@elle et al. [1, 2] the two components (resin and
preforms) are represented in 3 different areasratggh by moving boundaries (see
Fig.2). This model includes proper boundary condsi and continuity conditions at
moving interfaces. The macroscopic modelling aakges direct numerical coupling of

the fluid and the solid parts while offering reasble computation costs.

Figure 2 about here



2.2 Modélling thefluid part

Resin infusion processes are characterized by w lsv infusion velocity. The
Reynolds number measured in these processes ieslittedt the resin flow must be of
laminar type. Classically, the resin can be conmemleas a Newtonian incompressible

fluid [14]. Then, the constitutive law associatedhwthis fluid can be described under

the current material configuratio?n and at time as the following equation:
(%)= 27D (x,t)~ pet)l (1)
with ;(x,t) the Cauchy stress tenS(E(x,t)the strain rate tensaw, the fluid dynamic

viscosity, p(x,t) the hydrostatic pressure in the porous medium lartide second-

order identity tensor.

In the purely fluid region
A pure fluid resin area is present in the RFI psscésee Fig. 2a). The resin flow is
modelled in this zone by using the mass and momeaiance equations. Finally, the
Stokes’s flow (eq.2) is described by:
qZ\_/—ip =0
- (2)
div(v) =0
with v the resin velocity.
Resin flow within the preform
The resin flow through the preforms consists in gsiaf the problem of a viscous

fluid flowing in a compressible porous medium. Un@emacroscopic approach, the

Darcy's law (eq.3) or Brinkman's equation can dbscthis resin flow. We are more



interested in Darcy's law because of the low pehitigaof our preforms (typically 10
11113 m2).
K

{Op-pQ) (3)
n

v=-

wherev describes the Darcy’s velocitj? the permeability tensop, the resin pressure,
pthe resin density and the acceleration vector due to gravity. Moreoves Ibcal
resin velocity\7r can be deduced from the Darcy’s veloc;'mand the porosity of the

preform ¢ (v, =v/g). It is must be pointed out that permeability kné preforms is one

of the main factor controlling the resin flow withthe preforms. As such, it is a key

parameter to modeling resin infusion [15, 16].

Resin flow within the distribution medium

To study the resin flow within the distribution mwh (draining fabric in our cases)
during LRI processes (fig.2-b), different ways possible:

1. Model as a pure resin region,

2. Use the Brinkman's equation due to a higmpability of draining fabric,

3. Consider the approach proposed by Ngo andmiari7], which describes a
combination of the Stokes's and the Brinkman's fiyjna computational parameter,
which equates 1 in the intra-tow region and O anititer-tow or open region.

In order to simplify the numerical model, the diagfabric is represented as purely

fluid region and the flow can be modelled througbtaekes approach (eq.1).

2.3 Modelling the solid part
Modelling the solid part focuses on the behavidulrg and wet preforms, which can

be regarded as a same solid medium. An updatedahgigin formulation is adopted to



describe this porous medium deformation. During th&usion stage, the resin
hydrostatic pressure influences the response optérm. In order to account for the
resin - preform interaction, the Terzaghi's modeddopted (eq.5) [18], which takes into
account directly the presence of the resin in tleéorthing preform through its

hydrostatic pressure:

g=0, -1 5)

This model postulates that the total stresss decomposed into an effective stress

E which acts in the preform skeleton and a resinrdstatic pressur@ . The
saturation levek is equal to 0O in the dry preform and between 0 Ardr modelling

the behaviour of the wet preforri=1.is second-order identity tensor.

3. Numerical studies of theresin infusion process

Prior to validate the numerical model by some camspas with experimental
approaches, sensitivity studies of important mactufieng parameters in the LRI
process must be carried out. In order to ensatelisic phenomena can be observed, a
plate is considered here. It is a basic geome#agsitally employed in industry to assess

and tune RIP processes.

3.1 The basic assumption of resin flow

Even if the thermo-chemical model was proposedhéwtork ofCelle et al. [1, 2], as
the real infusion processes involve complex medarsituations on which we focus,
isothermal condition was considered here, corredipgno constant resin viscosity. On
the other hand, as indicated earlier permeabilitythe preform is always a key

parameter in LCM processes [15, 16], quite trickps$sess even if some recent progress



permits to anticipate its introduction in realisstmulations [19]. Here, as a first
approximation, the Carman-Kozeny's relation (e¢R6) is employed to determine the
permeability tensor:

df2 (1_Vf )3

K=—— "
16h, V,

(6)

with d, the average fiber diameten, the Kozeny's constant (a vector) avidthe

fiber volume fraction of the preform. It must betined that this permeability will
change in our simulations, since the fiber volumaetion is updated with respect to the
preform deformation all along the process. It ie of the great advantages of setting a

general 3D framework to couple resin flow with joref deformation [1, 2, 21].

3.2 Boundary conditions
The boundary conditions for simulating the infusioina plate by LRI process are

shown in Fig. 3. For the solid system, at the baigip of the infusion, the vacuum bag
creates a mechanical boundary pressure on thecewfathe preforms (Fig. 3a). Both

displacement and stress vector continuity are phest between the flow enhancement
fabric and the preform. Zero in-plane displacemeaftthe preforms are prescribed on
lateral edges. Applying the vacuum, strong defolmmathrough the thickness of the

preform is observed (see Fig. 3b, remeshing iretme of the prefrom and considering
no deformation of flow enhancement fabric) andréen enters the flow enhancement
fabric. Resin normal velocity and pressure boundaogtinuity are enforced on the

interface between the pure resin area (zone ofStbkes flow) and the wet perform

(zone of the Darcy flow). Resin velocity is null both sides of the preform due to the

presence of the vacuum bag.



Figure 3 about here

3.3 Numerical sensitivity studies

Unless specified, a preform with the dimension838% mmx 335 mmx 20 mm was
used in these numerical studies. Moreover a comsgt law of the dry preform
corresponding to the NC2 (Non Crimp New Conceptdpoed by Hexcel
Reinforcements) fabrics mentioned in [1] was emetbguring the compaction phase.
The resin viscosity and the initial porosity of fweform (before compaction) are equal

respectively to 0.03 Pa.s corresponding to a RTés@rat 120°C, and 60%.

3.3.1 Test of convergence

Convergence tests allow us to indicate the requitedber of elements to be used. In
this test, we mainly observe the evolution offiigitime versus the number of elements
in the structured mesh (Fig.4), as this evolut®aogually more important than the other
output parameters.

The blue curve on Fig. 4 shows that for a numbeelements larger than 900 (the
number is always computed after remeshing), tHendiltime is stabilized in the
numerical simulations. This necessary test wasopedd before every numerical
simulation. The other two lines on this figure wekdained by an analytical approach
corresponding to a constant thickndssnd a constant isotropic permeability of the

preform K :

h2
2KP

ne (7)

wheret the resin filling time,h the thickness of the preform (a constarn),the

permeability of the preform (a constant) aRdthe pressure differential between the



resin inlet and outlet located at a distamc&om each other. This analytical expression
can be deduced straightly from the Darcy’'s law3egssuming constant properties and
a constant pressure gradient. Since the analgmaloach can not take into account the
variation of the thickness of the prefrom during filling phase, the maximum (after
infusion) and minimum (after compaction) thicknessere chosen for the calculations
(see the analytical results 1 and 2 on figure 4) @nen compared with the numerical
simulations results. Moreover the average permi@alibtained by the numerical
simulation (3.29 18" m%) was employed in these analytical approximaticisally, the
filling time in the stable zone of the numericahsiations is well bounded by analytical
results, due to the evolution of the thicknesshef preform during the resin infusion

stage.
Figure 4 about here

3.3.2 Changesin the geometric dimensions
For thedraining fabric

The results of numerical simulations based on tienge in initial thickness of the
draining fabric are shown in Table 1. The dimensiohthe preform remain constant:
335 mmx 335 mmx20 mm. On the contrary, another constitutive lawhefpreform in
compression is employed, corresponding to the maatesed in the experiments (see
§4.1 below). The corresponding permeability afsmpaction stage is 5 T m® We
note that changes in the thickness of the draifiadyic almost do not disturb the
numerical results. It yields a small variation loé ffilling time (2%), which corresponds

mainly to the evolution of the mesh density of stireicture. From an experimental point
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of view, it is assumed that the thickness of thagrding fabric can not change during the

infusion process, but this will not affect the miaatured plate anyway.

Table 1 about here

For the preform

In our numerical model, the thickness of the pmefas more important than any
other geometrical parameter. Under industrial cihoras, changes in the thickness of
the preform generate a series of variation of mpjocess parameters after the infusion
stage. Table 2 shows the numerical simulation testdrresponding to the different
thicknesses of the preform. As a different constitulaw in compression was used in
this numerical simulation, a plate thicker than tme computed in the previous tests
was obtained after the filling stage. We noticet tiven the initial thickness of the
preform varies, filling time, resin mass absorbed dinal thickness of the preform
change unlike the fiber volume fraction that deesalely on the preform behavior and
the initial porosity. As expected, if the thicknessreases, it requires longer time and
more resin to infuse completely the preform. Theleton of the filling time versus the
changes in initial thickness of the preform is shaw Fig. 5. A non-linear evolution
was obtained as expected from the simple relatieq.7). Complementary studies
permitted to verify that varying the length and thi@f the plate affected only the mass

of resin absorbed.

Table 2 about here

Figure 5 about here
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4. Experimental Approach

For the experiments, a RTM6 resin was considergether with G1157 "unidirectional

fabrics" reference G1157 produced by Hexcel Coitpmra

4.1 Characterisation of thedry preform response

To characterize the dry preform behaviour befostnrenfusion, an independent test
of transverse compression with the G1157 UD usddarfollowing LRI test(48 plies
composite plates 090; 90; Os]s) was achieved in the laboratory of Hexcel Corpaon
Zwick Z300 (300 kN) machine. The experimental csreé force versus displacement
through the thickness of the preform were obtaifddeen Cauchy stress in the fabrics
normal direction was expressed as function of spoading logarithmic strains such as
presented in Fig.6. The compression results shaivdty fabrics have a strongly non-

linear behaviour.

Figure 6 about here

4.2 PlateLiquid Resin Infusion test

Infusion experiments were conducted with 48 pliesposite plates [090; 905 Og]s,
made up of G1157 UD. The dry preform dimensions3@® mmx 335 mmx 20 mm
and the total mass measured is 1.56 kg. The expetahsetup used to characterize the
infusion test is shown in Figure 7. This infusiastt was carried out under standard
industrial conditions, using a heating plate withugpper lid to guarantee homogeneous
thermal conditions. Before infusion, the resinrnsheated to 80°C in a heating chamber,
while the preform is heated at 120°C. The resimyegd exit are presented also in this

Figure 7, and a balance is used to measure thememss absorbed by the whole system

12



during the infusion stage. A micro-thermocouple {J & inserted in the middle of the
entry tube to monitor the resin temperature andalehe initial filling time. To initiate
the measurement of the resin mass, another miermticouple (TC2) associated with
the mass capture unit is placed at the same locasol C1. In the outlet pipe, micro-
thermocouple (TC7) is used to monitor the tempeeatinange of the resin outlet and
therefore to determine the filling time. To detdw temperature of the preform and the
resin flow front during the filling stage [22, 23],micro-thermocouples (TC3-TC6) are
placed across the thickness of the preform, aténéer of ply 10, ply 25, ply 40 and ply
46 respectively. The ply number (1 to 48) is dadifiem the flow enhancement fabric
(draining fabric) towards the bottom of the prefortheating plate). All the
thermocouples are located at the center of theghtng the same direction as for the

carbon fiber to minimize intrusivity [22, 23].

Figure 7 about here

4.2.1 Temperatureof resin inlet and outlet during thefilling stage

Fig. 8 shows the temperature change measured hy-thiermocouple TC1. From
this measure, we can not only identify changefiéentémperature of the resin entry but
also detect time O of the filling stage. As indedhpreviously, because of the difference
in temperature between the resin and the prefordrop of temperature is observed,
which indicates the time of resin arrival in thdrgriube at 52 s corresponding to time O
of the temperature measurement and resin flow fdetéction. After this time, resin
inlet temperature increases due to the effect efttbating plate, but it remains at a

fairly low level, between 82°C and 92°C.

Figure 8 about here
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As indicated previously, micro-thermocouples TC2 &iC7 are placed in the entry
and exit tubes respectively. They can monitor bokbt and outlet temperatures while
the mass of the resin is measured. Fig. 9 givesdimperature changes of these two
thermocouples versus the filling time. From thems ipossible to obtain time 0 of the
resin mass measurement (at 70 s) and to estimatdutation of the infusion stage
(1100 s). Temperature evolution of TC2 is identicathat of TC1 since they are fixed
at the same place. Regarding the temperature ot outlet (measured by TC7), we
obtain a rather stable evolution, between 104°C188&1C. The increase in temperature
after 1170 s indicates when the resin exits froengreform and enters the outlet tube,
as the resin is warmer than the empty tube. Theoétitke filling stage can be deduced
and the total filling time is about 1100 s.

From an experimental point view, a standard LRpss should be performed under
a closed lid and in an oven [25] in order to obtam isothermal condition. After a
combination of the resin temperature curves in those-lid test (Figure 9, resin inlet
temperature: 83°C-88°C and resin outlet temperatl®d°C-108°C) and another LRI
test in an oven (resin temperature : 99°C-103°Q)[@5dd a comparison of the dynamic
viscosity evolution of the RTMB6, a resin viscosity0.058 Pa.s corresponding to 100°C

(given by Hexcel Corporation) was employed in thiéofving numerical simulations.

Figure 9 about here

4.2.2 Resin flow front across the thickness of the preform
Temperature evolutions of the preform during thién§ stage are given in Fig. 10.
Time 0 corresponds to the initial point of the meament (deduced from TC1 placed

in the inlet tube, see Fig. 8). Before resin infnsia temperature gradient of about

14



0.3°C/ply is found across the thickness of the qraf The temperatures tend to
decrease when the test begins and the ‘cold’ isdett free to fill in the preform. These
temperature signals decrease more and more wherghefront flows gets closer to
the thermocouples, until the minimum temperatureldgined when resin flows over
the thermocouples. The times when the minimum teatpee is reached for each
thermocouple are indicated in Figure 10. It revélaésresin flow front positions in the
preform as demonstrated in [22, 23]. As the hegtiatg continues to heat up the whole
infusion system, temperatures increase again. fily, one can note for TC5 and
TC6, placed at ply 40 and 46, a small zone whezetemperature increases rapidly at
about 940 s. This may be related to the heat cdimfueffects due to the contact
between the heating plate and the resin.

From these information the change in resin flownfrposition across the thickness
will be figured out and compared with the one clted by numerical simulation (see

section 5.3).

Figure 10 about here

4.2.3 Resin mass absorbed during thefilling stage

The change in resin mass versus the filling timenduthe infusion stage is shown in
Fig. 11. One can verify out that the infusion rdéereases during the filling phase for a
constant pressure differential applied. At the beumjig, the resin enters quickly the tube
and then the draining fabric; it corresponds to gtreng slope in the first part of the
curve. Regarding the whole filling duration estiethfrom TC2 and TC7 (see Fig. 9),
the mass absorbed by the resin infusion syster@5sy7With the industrial requirement

to ensure a complete infusion, the inlet tube watsctosed immediately after the resin

15



entered the outlet pipe at the end of the fillitage. Consequently, the resin mass still

increases after 1100 s. This additional infusioagettakes usually a few minutes.
Figure 11 about here

4.3 Curing and cooling phases

After the infusion stage, the temperature of thefggm is about 120 °C. It is then
increased to 180 °C and maintained for about twotor the curing stage. Finally, the
plate is cooled down to room temperature. A measent of the average thickness of
the final plate (measured in 25 points) shows 12abi with a coefficient of variation
of 6.36%. The fiber volume fraction of this plat then estimated to 62%. Further
estimates show th#étte voiddefectsin the final plate are about 0.7%. Although several
micro-thermocouples are present in the preformyieedow void contentis obtained in
our composite part. It can be verified again tlm&t micro-thermocouples used in our
experimental studies to monitor the resin infugimocess have a negligible intrusivity

[22, 23].
5 Comparison of numerical smulation and experimental analysis

5.1 Input simulation parameters

Concerning the geometrical parameters of the pmefdiney were already presented
previously: the initial thickness of the preform sveneasured at 20 mm before the
compression under the vacuum bag. The surface dio/erare 335 mm 335 mm.
The initial fiber volume fraction of the preform waalculated at 39%. The constitutive
response under compression corresponding to faBrid$7 was determined in section
4.1 (see figure 6). Regarding figure 9, a resiassty of 0.058 Pa.s corresponding to

100 °C was chosen (see section 4.2.1)
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In order to realize a representative numerical &tian of the real infusion test, an

analytical expression of the saturatemhsversgermeability K.) of the unidirectional

fabric G1157 used in the infusion test is introdljae was obtained experimentally by

Nunez [24] as a function of fiber volume fractidry knowing both total thickness and

areal weight (eq. 8).

K,=1.626010" ¢, - 2.818110'(M, I 1.474 101V, - 2.048 1t (8)

5.2 Simulation results and comparisons with experimental data

Simulations have been realized with 1458 triangbeeh velocity-pressure elements.
Adequate boundary conditions were used to represenfroperly as possible, the
industrial environment (see Fig.3). ExperimentatBsin infusion has been performed
under a vacuum pressure of 1.4 mbar.

The numerical results and a comparison betweeretiperimental and numerical
simulation are given in Table 3. Generally, a gagdeement can be observed between
these two studies for the major parameters. Sirecadchieved a standard plate infusion
test with closed lid, the thickness variation of foreform could not be assessed unlike
in previous studies [23]. A second comparison veadized in an open-lid infusion test
carried out on 24 plies fabric G1157 compositegdand is presented later.

Changes in resin mass used during the filling stags detected by the mass
acquisition unit (see Fig. 7), even if this is assabsorbed by the whole infusion
system. It can be considered that little resin iaman the draining fabric after a
complete infusion stage. Regarding the filling tjrbeth experimental and simulation
results are close (13% of difference). It must béced that the filling time depends

strongly on both permeability and resin viscosityp major input parameters quite

17



tricky to assess. For the experimental value inl&dh the filling duration of the
preform is estimated by removing the time requidhe filling of the draining fabric

(100 seconds) at the beginning of the infusion test

Table 3 about here

Another comparison of a plate infusion test withG#157 plies is presented in Table
4. The experimental protocol and properties arenatrthe same as the test mentioned
above. This test yields two additional informatiofi) numerical simulation was
performed for the resin infusion test with a difiet thickness of the preform, (2)
variation of the thickness of the preform during thling stage could be measured by a
fringe pattern projection technique under differerperimental conditions (lid open)
[23]. Similarly to the previous comparison, the raroal simulation and experimental
analysis are very similar in the compaction ph&se.the evolution of the thickness and
the fiber volume fraction, a good correlation canroted between the numerical and
experimental approaches. The resin mass is direethted to the thickness of the
preform, consequently it also leads to a satisfgatorrelation with that of numerical
simulation. However the difference in filling time more pronounced here (18%).
Indeed, it is well known that poor thermal concigolead to resin viscosity increase,

and longer infusion stage.

Table 4 about here

5.3 Resin flow front evolution during thefilling stage
Fig. 12 presents the experimental, numerical aralydical results concerning the

position of the resin front during the filling se&gf the 48 plies plate infusion test (see

18



section 4.2). For the numerical simulation resuibsasses the flow front position 5
nodes were selected across the stacking thicknesseopreform, on a same line
corresponding to the TCs position (at the centeplpfplane, see section 4.2). On the
other hand, experimentally 4 micro-thermocouple€3ITC6) have been used to
characterize the resin flow by measuring change®nmperature of the preform [22]
(see Fig. 10). Here we should point out that tlsenreakes about 50 seconds to arrive in
the middle of draining fabric, consequently it mi&t subtracted this time to each
thermocouple to determine the evolution of the rreBbnt position through the
thickness of the preform.

In figure 12, time of resin arrival at position 28@orresponds to the time when resin
is in contact with the heating plate at the botwhmnfusion system. In the case of the
comparison with analytical results (eq.7), accaumtfor the thickness variation is
mandatory. Considering an average thickness ofpthorms may be used as a first
approximation, in this very basic geometry. Numarisimulations account for the
preform deformation, the average thickness of ttefopm can be computed (between
the maximum and minimum thickness mentioned preshiguand be integrated in the
analytical calculations. Comparing the three cumesterest, a very close correlation
can be noted here for the estimates of resin foosttion in the middle of the preform

between the experimental approach and numericailation.

Figure 12 about here

6 Discussions

19



Different manufacturing conditions generate différeresin flow and process
properties. The effects of varying some importaioidpction parameters are discussed

here.

6.1 Variation of the thickness of the preform

Results of two plate infusion tests (24 and 48 G1fkes) under standard industrial
conditions (with closed lid) were presented whidtfied by the initial thickness of the
preform. Comparisons of the major parameters ofrésén infusion process obtained
experimentally in these two cases are presentdalote 5. We got generally the final
composite plates with almost the same fiber voldraetion, and the other important
output parameters of the test with 48 plies arettmes those for the test with 24 plies.

It should be pointed out here that the temperadfiteeating plate in the test with 24
plies & 115° C) is lower than in the test with 48 pliesl@5 ° C). We can postulate
straightly that in the test with 48 plies, the heglbemperature of heating plate shortens
the duration of the filling stage by lowering thesin viscosity. Normally, the filling
time is not proportional to the preform thickne#isis confirmed by the previous
numerical simulation results (see Fig. 5). Compaxéti the test with 48 plies, there
was only half of resin mass absorbed during thasioh stage with 24 plies, as this
parameter depends strongly on the porosity andvtheme of the preform. On the
contrary, for the thickness of the final plate,rthare not such relations between these
two infusion tests. Thickness is also related tesd other parameters, for example, the

vacuum level, the resin mass, the curing rate ar@hs

Table 5 about here

6.2 Changein theresin temperature during infusion
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Temperature of resin flow is another significantgmaeter in the infusion tests, as the
resin viscosity depends strongly on it. The keyadat the process have also been
compared between two plate infusion tests with Wé&sdabric G1157 under different
experimental environments: the close-lid test ahé bpen-lid test (Table 6).
Temperature of the heating plate differs verydiiti these tests. On the contrary, in the
open-lid test the low temperature of the resintialed high temperature gradient across
the thickness of the preform disrupted the reswfboth in the draining fabric and the
preform. As the resin could not flow properly dugyitihe filling stage, much longer time
was necessary to infuse completely the preformthadinal composite part presented
more porosity. Finally, one can observe a thiok@mposite plate manufactured with
lower fiber volume fraction and that the thickne$she final part is more homogenous

in the close-lid infusion test.

Table 6 about here

6.3 Estimation of the per meability of the preform

As an essential parameter, permeability of thegponefplays an important role not
only in the real resin infusion process but als@um numerical model. Normally, we
have three possibilities to estimate the permeaglwh the preform: the simplest way is
to postulate a constant permeability during the levffiling duration; another classical
method relies on the Carman-Kozeny's equation ptedepreviously (eq.6) that is
largely used in the LCM modeling, but the Kozerggsistant should be determined in
advance; eventually a more precise way requiresxparimental approach to assess the
real permeability of the preform, but this measwahoften faces difficult experimental

problems.
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Fig. 13 presents the change in the resin fronttiposiversus time calculated by
numerical simulation using 3 different methods ébedmine the transverse permeability
of the preform. These calculations are based onotte mentioned previously (see
section 5) corresponding to a standard LRI proeeds48 G1157 plies with closed lid

presented in the section 4.2. A nice correlatiomated for the numerical simulation
results obtained through the Carman-Kozeny's egudgq.6 andf = 10) and the

experimental analytical expression (eq.8) respeltivihe Carman-Kozeny's equation
can be adopted in the numerical analysis for asinn@afusion test cases.

On another hand, an important difference in thenrdéont evolution could be
observed when we compared the results obtainedamitnstant permeability (4x16
m?) corresponding to permeabilities calculated fréva &verage porosity through eq.8
and the experimental expression (eq.8). At therivegg of the infusion stage, it can be
observed obviously that the resin flows more rapidi the case of a constant
permeability (4x18* m?), since the permeability obtained experimentaligspnts a
lower value. On the contrary, the analytical perbilégt deduced from the experiments
becomes greater than 4Xf0n? in the last part of the infusion stage. As a cosidn, a
pure estimate of the permeability will change disethe filling times. Here filling
times are 27% longer for constant permeability.sThighlights also the need for
simulations accounting for preform deformation, &meece permeability update during

the infusion stage.

Figure 13 about here
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7 Conclusions

In this paper, numerical and experimental asedy of the resin infusion
manufacturing process were presented. Subsequestiye general comparisons
between numerical simulation and experimental tesuére realized based on a plate
infusion test by LRI process under industrial coinds. From these comparisons and
some additional discussions on the most importeotgss parameters, we consider that
our numerical model is able to deal with the problef interaction between resin flow
and the deformations of the porous performs dutfiegresin infusion stage. It has also
been demonstrated that only a numerical model les mbhandle preform compaction
during fluid infusion and is able to account formpeability variation and hence yield
realistic filling times.

Although a good correlation can be obtainedvbeh numerical simulation and
experimental approach, some problems remain toobeed both in the numerical
computations and experimental measurements. On@ pr@blem corresponds to
characterising the industrial conditions, such ke tesin viscosity, the preform
thickness before compaction, and more generallythieemal environment. The next
step in this validation process will hence focusttiermal and chemical aspects of LRI

processes.
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Table 1 Numerical simulation studies accordingh\ariation of the thickness of the
draining fabric

Thickness of the Thickness of the | Fiber volume

L .| Filling time | Resin mass .
draining fabric (s) absorbed (g preform after fraction after

(mm) infusion stage (mm) infusion stage
6 635.2 1245 18 44.4%
8 638.2 1245 18 44.4%

10 625.2 1245 18 44.5%




Table 2 Numerical simulation studies accordingh\ariation of the thickness of the

preform
Thickness of . Thickness of Fiber volume
o Resin mass the preform .
the preform | Filling time (s) : . fraction after
absorbed (g) | after infusion | . .
(mm) infusion stage
stage (mm)
20 625.2 1245 18 44.4%
25 758.1 1557 22.5 44.4%
30 994.2 1868 27.0 44.4%
35 1403 2181 315 44.4%
45 2703 2806 40.5 44.4%




Table 3 Comparison between numerical simulationexprimental results of a plate
infusion test with 48 G1157 plies carried out byl lpRocess

Experiment
Initial condition Averagethickness of the 20
preform (mm)
Surface dimension 335 mmx 335 mm
Fiber volume fraction 39%
Mass of the preform (g) 1560
Experiment Simulation
After compaction Averagethickness of the 13 12.7

preform (mm)

Fiber volume fraction 60% 61.5%

- Average thickness variation of
After filling the preform (mm) — 1.25
Fiber volume fraction _— 56.0%
Mass of resin used during the 205 750

infusion stage (Q)

Filling time of preform (s) 1000 872




Table 4 Comparison between numerical simulationexpérimental results of a plate
infusion test with 24 G1157 plies carried out byl lpRocess

Experiment
Initial condition Averagethickness of the 10
preform (mm)
Surface dimension 335 mmx 335 mm
Fiber volume fraction 39%
Mass of the preform (g) 780
Experiment Simulation
After compaction Averagethickness of the 6.5 6.35
preform (mm)
Fiber volume fraction 65% 61.5%
After filling Average thickness variation of 0.55 06
the preform (mm)
Fiber volume fraction 55.5% 56.1%
Mass.of resin used during the 350 375
infusion stage (Q)
Filling time of preform (s) 500 410




Table 5 Experimental data of the standard LRI te#s 24 and 48 G1157 plies with

closed lid
Infusion test with Infusion test with
24 plies 48 plies
Initial averagehickness of the 10 20
preform (mm)
Initial fiber volume fraction of the 39% 39%
preform
Filling time of the preform (s) 500 1000
Resin mass absorbed (Q) 350 705
Average thlpkness of the final 6.25 12.02
composite plate (mm)
Standard variation of the thickness 5 4% 4.5%
of the final composite plate
Fiber volume frqctlon of the fina 59 5% 62.4%
composite plate




Table 6 Comparisons of the key process parameteisr uwo different
experimental conditions for 48 G1157 plies

Close-lid infusion

Open-lid infusion

test test
Temperature of the heating plate ~125°C ~130°C
Initial temperature gradient across the 03 0.75
thickness of the preform (°C/ply) ' '
Temperature of resin inlet 82°C < T < 92°( 70°C < T8°C
Filling time of the preform (s) 1000 2870
Averagethlc.kness of the final 12.02 1241
composite plate (mm)
Standard variation of t_he thickness (of 4.5% 7 6%
the final composite plate
Fiber volume fraction of final plate 62.4% 59.8%




Responsesto thereviewers
(Paper for Journal of Composite Material, Ref. No.: JCM-10-0654)

The authors wish to thank the reviewers for themments and corrections that
have been thoroughly examined. Below are given tbgponses to the
reviewers’ demands and remarks.

Reviewer(s)' Comments to Author:
Reviewer: 1
Comments to the Author:

This paper deals with an important topic: the asialpf fabric deformation and resin flow in

composite manufacturing with flexible tooling. larficular, the experimental measurement
may be an important contribution. The paper cam@opublished, however, as it is in the
current form. The reviewer suggests the paper lbepaed for publication only after the

following points are addressed.

1. The reference list is incomplete. The arghghould include in "Introduction” some
important references about the analysis of fabefomnation and resin flow. Some comments
on the originality of the current paper (comparethuhese papers) should be made.

. Hubert, Poursartip, A review of flow andngeaction modeling relevant to thermoset
matrix laminate processing, Journal of Reinforcéabtits and Composites, (1998), 17, 286-
318.

. Loos, Rattazzi, Batra, A three-dimensionadel of the resin film infusion process,
Journal of Composite Materials, (2002), 36, 1253312

. Li, Tucker Ill, Modeling and simulation éfvo-dimensional consolidation for thermoset
matrix composites, Composites Part A, (2002), 33-892.

Author’s answerThe papers mentioned by reviewer have been addibe ireference list [26,
27, 28], some comments were made in the “resirsiofumodelling section”.

2. Equation (5) (Terzaghi’'s law) was deriveshsidering the force equilibrium in Z
(through-thickness direction). Considering the ioidjforce equilibrium equation (dSij/dj=0),
the stress equilibrium equation in Z should be dpzf) where j=x,y,z . Remind that
Terzaghi's law was obtained from dSzz/dz=0, by rgrp the shear stress gradients
(dSzx/dx=0 and dSzy/dy=0). This may be valid in ¢hse of soil mechanics where the shear
stiffness of the porous medium is negligible (sgl bed). However, the shear stiffness of
fabric reinforcements may not be negligible in tmanufacturing of high performance
composites. In most of modeling and simulation woikquation (5) was assumed, whereas
the above three references presented the influginsieear stiffness and shear stress gradient
on the force equilibrium. | suggest the authors enedime comment on this point.



Author’'s answerWe do not ignore the shear response of the fabFtos.macroscopic stress
in the wet preform can be described, through ax@Prsion of the genuine Terzaghi’'s model
which is in fact a mere superposition of hydros&tcomponents of the fluid and solid phases
but can be sufficient in this approach as demotestreeveral times by many other authors :

0, =07 —.9; (i,j=1.23)

Hence, the full 3D response of the fabric is regnésd, accounting ‘only’ for the resin
hydrostatic pressure which indeed should be inttedun further refinement of the response.

3. The authors concluded that they obtaineddgagreements between numerical
prediction and experimental measurement. It is ,hhodvever, to accept since Tables 4-5
show great discrepancies between numerical predid@nd experimental measurement of
mold filling time (1000 vs. 872 in Table 4 and 5¢4) 410 in Table 5). As shown in Figs 9-
11, the resin temperature was neither uniform rmrstant, whereas the isothermal mold
filling simulation was performed. Hence, this migheéld some error in the assumption of
isothermal condition used in the simulation. Irsthiork, the constant resin viscosity at the
temperature 100°C was applied whereas the temperaflues measured by thermocouples
TC3-TC6 (Fig. 11) were 105-120°C. Some comment khdae made on the limit of
isothermal mold filling simulation. | understandaththe authors developed the thermo-
chemical model in the previous works (referencés[fl) as the authors indicated in Page 7.
What prevented the authors from using this model?

Author’s answerWe agree with the reviewer's comments: it is harddmpare the numerical
simulation and experimental measurement regardisgcomplexity of the process and the
process parameters variability (temperature ->oggg, permeability, ...).

Filling time: Tables 3 and 4 (in revised versiohpw as whole good agreements between
these two techniques — text changed accordinglpeBmental results of filling time, 1000 s
in Table 3 and 500 s in Table 4 show the time wiesm exits from the prefrom and enters
the outlet tube. But numerical simulation resultgilbng time (872 s in table 3 and 410 s in
table 4) indicate the time when resin flow arriashe bottom of the prefrom, this resin flow
is uniform. However, Figure 13 shows a good agregrmetween numerical and experimental
flow front positions across the thickness at thatreeof the preform.

Yes, experimental measurements showed that the tesiperature is neither uniform nor

constant. We have some important reasons to clavos®thermal filling numerical model:

1. From an experimental point view, we want to reakreisothermal filling stage, so a
standard LRI test is carried out under a closetith an oven (see another paper of ours
in Journal of Composite Material). In a LRI procgssformed in an oven, the resin
temperature varies between 99°C-103°C. In this,casehave a quasi-isothermal test
condition.

2. The thermo-chemical model is being developed (esfees 1 and 2) for upcoming curing
and cooling stages modelling.

3. Using our current filling model but we can modebperly the resin mass, fibre volume
fraction and preform thickness. Consequently, weiobd good agreements in these
parameters, but filling time (see tables 3 andXf).another hand, we do have pointed out
the importance of the temperature during fillinggst (see table 6).

Now, the current paper shows the analyses of exeatal approach and numerical

simulation, and the general comparison of majorampaters of the LRI process.

Corresponding research work should be continued.dBvelopment of thermal model will be

one of our important perspectives.



In figure 10, TC3-TC6 show the temperature of tihefgrm, but not the one of the resin.
Finally, a reference to another paper of ours cotetewith LRI test in an oven and some
comments have been added in the section 4.2. atidycl

4.  The discussion on the linearity of viscpsaand filling time (section 3.3.2) could be
removed. As the isothermal filling simulation wased, we can predict this linearity easily in
the numerical simulation as well as in the anaftsolution.

Author’'s answer:The section 3.3.2 has been removed (Table 1 agdrd=i5 have been
removed relatively).

5.  One of the important features in composi@gnufacturing processes employing flow
channel (or high permeability layer) is the flowadelag effect. The flow in the high
permeability layer leads the flow in the prefornddhe transverse flow through this lead-lag
zone makes a significant contribution to the pmef@ampregnation. Hence, through-thickness
permeability is a key parameter to process modelmghis work, the authors presented only
the in-plane permeability (Eq. 8) in the numericg@imulation. Then, the transverse
permeability was estimated in the section 6.3. Wiadue of the transverse permeability was
used in the simulation results presented beforeséitdion 6.3? In Fig. 14, the curve for the
permeability measured experimentally was providétbw was it obtained? By an
independent measurement? Or by inverse identibicatPlease specify it.

Author’'s answer:Permeabilities are first modelled using a Carmagdfy's approach
(Equation 6), corresponding to 5¥0m? in every direction. Then Equation 8 is used, it
represents an analytical expression of the satlitaémsverse permeability measured by R.
Nunez on UD fabric G1157. Influence of the permktgbis addressed in section 6,3.
Differences in using these measurements and Cakuoaeny' approach are shown in Figure
13.

6. Darcy’'s law was introduced in Equation (8Xhere is a movement of fiber (i.e. fabric
deformation), fiber velocity should also be consédieto compute Darcy’s velocity (U_darcy-
U_fiber, see the reference [20].). If the fiberoaty can be ignored, make some comment
how this can be valid (e.g. dimensionless analysis)

Author’s answerit is one of the main strengths of our macroscdmpgroach [1, 2, 21] to
accounted for resin flow in deformable preformsicsi solid/porous mechanics is directly
coupled with fluid mechanics. This can be represgnising Updated Lagrangian scheme
where fluid flows across the updated configuration, using an ALE approach where
convective (differential) velocity is accounted forconservation equations.

7.  The term “porosity” has been used as dffermeanings through the manuscript. In
Page 5, “porosity” means 1-Vf.” In page 17, “potgsimeans “void type defects.” Please
rephrase “porosity” to be consistent.

Author’s answerit has been corrected, now the “porosity” meand iix the paper.
8.  All the test conditions should be clearsdribed. For example, the authors presented in

Tables 1-3, the thickness and the fiber volumetivacof the preform at the moment of “after
infusion.” In general, the thickness and the fibelume fraction are not uniform through the



part, just after “resin infusion.” Were they obtaghas the average values? Or, were they
measured after the preform was relaxed after thex frolume fraction became uniform during
the post filling stage?

Author’'s answer:All the test conditions have been re-verified alescribed as clearly as
possible. Tables 2 and 3 (in revised version) sttevnumerical simulation results. For the
numerical simulation, the thickness of the prefatacking is uniform under our infusion
assumption (the resin fills rapidly the drainindgpria and then infuses the preform by and by
through the thickness).

As pointed by reviewer, however, in the experimesiiady thickness is obviously not strictly
uniform, as demonstrated in a paper of ours [25bgopublished. Tables 3-6 (in revised
version) have been modified to indicate the ave(agatial) thickness.

In the section 4.1, the condition for preform coessibility test should be specified since the
number of fabrics and the stacking sequence @sting effect) may affect the test result.

Author’'s answer:To characterize the dry preform behaviour beforsinranfusion, an
independent test of transverse compression withséimee reference tissue UD used in the
following LRI test, the number of fabrics and thacking sequence have been added in the
section 4.1.

9. English should be polished throughout thenuascript. | do not want to list all the
writing issues, but just some representative exampl

. Awkward expressions to rephrase:

final piece (Page 1), industrial piece shapes (Rageiece -> part or product

thanks to (throughout the manuscript)

proposed to deal with the approach of injectiorcpsses (Page 3) -> proposed the approach
to deal with...

strong experimental problems (Page 22) -> difficult

. Vague description:

as the preform and resin temperature (Page 1)onon€f preform thickness? fiber volume
fraction? Be specific!

permit to access (Page 2)

resin flow and cure are distinct (Page 2)

numerical coupling (Page 4)

in the porous (Page 5) -> in the porous medium

. Typos:

across the compressible performs (Page 2)
dry and wet performs (Page 6)

Dary’s law (Page 9)

See Fig. 11 (Page 18) -> Fig. 8?



table 4 (Page 18) -> Table 4
. Plural and singular nouns:

the deformations of the preform (Page 3),

responses of the preform (Page 4),

isothermal conditions (Page 7),

the previous calculations (Page 10): the only oakutation was provided before this
statement!

. Grammar issues or misuse:

a key parameter in (Page 6) -> a key parameter to

is composed into (Page 7) -> is decomposed into

some recent progress permit (Page 7) -> some rpoegitess permits
elements number (Page 9) -> number of elements

control the temperature change (Page 13) -> moartobserve

is remains (Page 14)

enters into (Page 15), enters quickly into (Page 16

much more time (Page 22) -> much longer time

model able to (Page 23) -> model is able to

Author’s answerThe English problems mentioned here have beenatedén the paper and
further improvements have been brought by an Emgixecialist.
Authors thank the reviewer for taking time to haefpin improving the quality.

Reviewer: 2
Comments to the Author:

The authors did quite difficult experiments. Batisinot easy to find a new idea or
experimental results. Most of experimental restdis be deduced in an engineering sense by
another researchers.

P.14

In LRI process, a pressure applied in resin is kegudower than atmospheric pressure.
Therefore, Cauchy stress (Fig.7) obtained in theesment of force versus displacement
through the thickness of the preform is quite higimpared to normal resin pressure of LRI
process.

Author’'s answer:Yes, in LRI process, the pressure applied in resanmally equates
atmospheric pressure. Figure 7 presents the expetaincompression curve in out-of plane
direction for dry UD fabric G1157 upto a fiber vole fraction of 70%. Here, we want to
show that the dry fabrics used in our resin infodiest have a strongly non-linear behaviour.
However, the beginning of this compression curvau@y stress < 1E+05 Pa) is useful in the
numerical simulations to follow the finite defornuats.



P.16
It should be described whether the viscosity of BTWas measured in this study or was

given by the manufacturer.

Author’'s answer:The viscosity of RTM6 is not measured in this stumyt given by the
manufacturer (HEXCEL). This explication has beedeatlin the paper (in the section 4.2.1).

P.20

In table 5, fiber volume fraction after filing ithe same 56% at the experiment and
simulation. But mass of resin used during the imiustage are different, respectively 3509
and 375g. | think the used resin is dependent el fiber volume fraction instead of initial
fiber volume fraction. The author should explaia tkason.

Author’s answer:Reviewer 2 is perfectly right, a further precisiuas been added : 56% is a
rounded number. More precise fiber volume fractiafter filling are now given : 55.5% and
56.1% respectively for the experiment and the nizaksimulation. These fiber volume
fractions depend highly on the thickness of thdqore.

Tables 3, 4, 5 and 6 (in revised version) have Ineedified accordingly.
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