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Final properties of a composite part depend strongly on the chemical, mechanical, rheologic and thermal characteristics of its implementation. From this point of view, the control of process and the quality control thus become two important tools for the engineer to guarantee the capacity of production, the attributes, and the conformity with the standards, the durability, the esthetics, the reliability, the performance and the reputation of composite product made by any manufacturing process. 
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Process and strategy of control for LCM family

[bookmark: _Toc399963098]Various techniques of process linked to the product

Among the manufacturing processes used for these materials, the processes of molding by transfer of resin said " Liquid Composite Molding " ( LCM) becomes more and more popular, because they present an excellent potential for the production to big volume. The process LCM includes, by this generic name, a family of processes of shaping of composites, in which a dry reinforcement or a preshape are placed on the bottom of a mold, which is then closed and in which a resin revives liquid is injected under the influence of a gradient of pressure. Secondly, the thermodurcissable resin reticules in the mold under the influence of the rise of the temperature to form the matrix. At the end of the cooking, the part can be turned out. The infiltration of resin by injection and that by infusion are two big families subdividing the range of the processes LCM :
· In the first family, we find the moulding by transfer of resin (" Resin Transfer Molding " or RTM), the moulding by transfer of resin " light " (" Resin Transfer Molding Light " or RTM-Light), the moulding by transfer of resin under vacuum (" Vacuum Assisted Resin Transfer Molding " or VARTM) and the moulding by compression (" Compression Resin Transfer Molding " or CRTM) there. The RTM and its by-products use the gravity, the movement of a piston or the differential of pressure created by a pump "to push" the resin in the cavity via the port(bearing) of injection.
· In the second family of processes, we make the space in the cavity of the mould and the resin is infused in the part  under the influence of the atmospheric pressure (" Vacuum Assisted Resin Infusion " or VARI). The infusion can be also assisted by a network of preferential canals activated at distance (" FAST Remotely Actuated Channeling " or FASTRAC), by the use of an middle draining (" Liquid Resin Infusion " or LRI), often called SCRIMP (" Seemann Composites Resin Infusion Molding Process ") in the nautical domain and by the infusion of resin arranged in films inserted between the layers of the reinforcement ("Resin Film Infusion" or RFI).
[bookmark: _Toc399963099]General presentation of control tools
There are several categories of sensors with or without thread who are currently in the course of development or already available on the market. These last ones can be installed one
Grind LCM and\or a dissimilar composite part, so supplying for the operator all the information needed for studying the progress of several variables of state such as the temperature, the stream of heat, the pressure, the debit and the degree of curing. Thus, it becomes possible to manipulate directly or indirectly these variables of the process and, after all, to intervene on the material microstructure, phases separation. In order to monitoring the process, the industrial groups use nowadays several types of sensors or computing methods on samples before getting the right process configuration.[bookmark: _Toc399962823]Figure 1 : Sampling methods

Any chemical or physical information made accessible by sensors can be used for online monitoring of resin formation, resin location in the mold and resin cure. Generally these parameters are recorded as functions of the reaction time that the resin synthesis lasts. The thermoset resin can be analyzed either by an in-line, on-line, at-line, or off-line sampling strategy. The first two allows a quicker response in the feedback loop. 
Nowadays, most of common control and monitoring techniques includes different types of sensors : 
· Point-wise detection sensors: Collect information at specific locations of the mold. Most of the available sensors are of this type. To increase the spatial resolution using these sensors it is necessary to have more measuring locations. The amount of measuring points is upper limited by the disturbing influence of the sensors on the manufacturing process. Hence, this fact limits the maximum resolution.
· Large area covering sensors: Collect information of all or at least big areas of the mold. Most of them (like digital camera systems) allow obtaining the desired information without disturbing the process, but they are limited when large complex structures are monitored. That is because sometimes is not possible to have some parts of interest in the mold transparent, or the complexity of the structure limit the accessibility of the camera.



[bookmark: _Toc399963100]Description of techniques for LCM process monitoring and control
Especially as the processes of putting After studying the different processes of composites fabrication, we are going to turn now on a specific identifications of control parameters for the Liquid composite Molding process. According to our researches, we identified three main parameters to control during the process.
[bookmark: _Toc399963101]Progression of flow 

[bookmark: _Toc399963102]Factors of influence

As we have seen before, the flow of the resin inside the mold could be characterized by the Darcy’s law. The use of Darcy’s law requires information about the material modeling. That is a reason why a major aspect to model is the perform textile permeability that characterizes the resistance offered by the porous medium to fluid flow. 
However, access to the right simulations of resin behavior about speed and way of diffusion is difficult due to the dependence on a multitude of parameters which are not easy to qualify such as:

· Preform architecture
· Fiber volume fraction
· Emplacements of vent and inlets
· Variations of inside temperature
· Pressure of injection which is applied

[bookmark: _Toc399963103]Control of the parameters

Physical control : sensors

The most common way to control the flow resin direction and speed is based on flow sensors. It also the most used tool to follow the flow of resin nowadays. The following ones could also be used in order to control the curing or the porosity.
Acoustic sensor: The acoustic sensors work according to the principle that any physical change in the environment surrounding a sensor is going to echo as a local variation of the acoustic impedance. Thus, the passage of a fluid such as the resin can be captured by the distribution of an acoustic signal along the mold. 
Pressure sensor: This instrument of measure is generally established constituted by a diaphragm provided with an extensometric capacity which can associate a deformation with a pressure. These sensors can be settled in the mold of a way not intrusive. Several striking facts during the manufacturing of a composite part can be found by the pressure sensors : the arrival of the resin to the vent  or the beginning of the withdrawal. By looking on the datas which are recorded, it is possible to avoid racetracking effects.
Digital cameras: it is possible to make the follow-up of the progress of the front  of resin in the fibrous reinforcement with the help of cameras and of algorithms of pictures analysis. 
 This method is rather adapted well to the industrial processes LCM using molds semi translucent or transparent, using transparent vacuous covers such as the processes LRI, VARI and SCRIMP.
Furthermore, this strategy of visual follow-up by digital cameras can be useful for experimental studies of the flows and future progress.
SMARTweave sensor  : The SMARTweave sensor was developed in 1993 for measuring the progression of the resin front and controlling the flow parameters for mainly LCM processes.The use of this sensor is based on a set of electrically conductive wires that are placed crosswises the fabric layers of the preform. When resin flows across the mold and reach a certain position of the grid of wires, an electrical circuit is closed at this position and an external voltage indicates that the resin has reached this point. 
[image: ]
[bookmark: _Toc399962824]Figure 2 : Principle and application of SMARTweave sensor
Dielectric analysis sensor : A large number of studies have focused on dieletric measurement as a means of determining resin flow and cure at the same time. This kind of system measures the changes of dielectric properties of the resin which progress during the cross-inking process. A sinusoidal voltage is applied and as a response, the resulting current is measured. From these values, the ion mobility is determined and used to calculate the dielectric properties. [image: ]
[bookmark: _Toc399962825]Figure 3 : Experimental setup for dielectric online monitoring
Simulation with virtual molding

This method is generally based on the construction of a meshed model which is going to calculate the progression of the flow about one control parameter. Then, a comparison between the model and the real progression is made for adapting the eventual differences.

In order to obtain a computational framework that can be used for these intend in on-line control systems, it is proposed a novel technique based on configuration spaces. The application of these spaces in LCM processes is called Flow Pattern Configuration Space (FPCS). This technique allows to represent the actual filling process in terms of configuration parameters. In this works, the camera is defined as a grid of customary sensors used in RTM where the pixels acts as a punctual sensors. The global sensor frame can be considered as a matrix of nodes that produces a space discretization. [bookmark: _Toc399962826]Figure 4 : Example of finite elements simulation

[bookmark: _GoBack]For the definition of these spaces, it is necessary to choose the configuration parameters. In this sense, one of the parameters commonly used in LCM processes for the front progression is the filling time. [bookmark: _Toc399962827]Figure 5 : Example of optimal vent oriented fluid flow pattern
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Figure 6 : Different race tracking scenarios and FPCS


[bookmark: _Toc399963104]Comparison of control methods
 According to the configuration or the size of the composite part to produce, the control methods present several advantages or bad points. The following table summarizes the pros and cons of each one.
	Control methods
	Pros
	Cons

	Pressure sensor
	· This sensor can be used for several parameters of control
· High signal to noise ratio
· Low user intervention
	· Expensive
· Intrusive technology, required the mold to be machined
· Localized sensing

	Cameras
	· relatively little expensive approach in terms of cost of equipment
· non-intrusive
· ease of real timing facing
· possible flow sensing over a large area
	· Less appropriate for the processes LCM requiring stiff molds such as the process RTM.
Indeed, the industrial molds used in the processes RTM, SRIM, CRTM and ACRTM is especially made of stiff materials

	SMARTweave sensor
	· Possible cure monitoring
	· Low realibility
· Low signal-to-noise ratio due to electromagnetic interference
· Needed to be careful about no connections touching each others

	Dielectric sensor
	· Small size
	· Intrusive technology
· Localized sensing

	Simulation FPCS
	· Very good knowledge of the front behavior
· not limited for the type of process (VARI, VARTM and RTM)
· not limited for the dimensionality of the mold and the complexity of gates and vents

	· Hard to let in place
· requires to known material properties
· introduces additional computational cost

	Acoustic sensor
	· Compact
Economic possess
· A good resistance in high temperatures and in wear 
· An insensitivity in front of magnetic electro interferences

	This type of sensor is only capable of positioning the front of resin during the filling of the mold, according to the surface proportion of the sensor covered by this polymer. It is thus about a strictly local and directional measure of the progress of this front in the mold.




[bookmark: _Toc399963105]Industrial uses

Analytical treatment of the flowing evolution and using electricalc variation is difficult except for a few simple geometries. Therefore, numerical methodologies for flow simulation were developed in past decades for RTM and extended to other processes more recently. Nonetheless, this control is still on a research step in order to adapt it to the mass production.

Generally speaking, the industry is nowadays in favor of pressure sensor for their low cost, their durability but also for the fact that they can be used to control other critical parameters such as thermic variations. 

[bookmark: _Toc399963106]Curing of resin Diego
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Although the FTIR information is less specific com-
pared 10 MS or NMR in terms of precise structural
determination, the measured spectral fingerprints
are of sufficient quality to be used as time-
dependent pattemns for online control of the resin
manufacturing process (9. FTIR spectroscopy was
used to study the cure behavior of DGEBA Vinyl
ester-styrene resins both in the bulk and near silane
treated interfaces [10,11]. While for the bulk mea-
surements transmission measurements were used,
the cure behavior in close proximity to the interfaces
was analyzed via attenuated total reflectance (ATR)
measurements. The authors found that the con-
version of styrene was significantly higher during
curing close (0 a silane-treated surface whereas con-
version of the vinyl ester was comparatively lower
than in the bulk of the co-polymerization mixture.
‘This indicates that silanized glass fibers (which are
often used as reinforcement) have an influence on
the composition of the cross-linked network by
potentially forming a polystyrene-rich interphase of
lower glass transition temperature in the region
close to the reinforcement fiber [11]. Numerous other
curing studies have been performed using FTIR real-
time measurements, for instance, on epoxy resin cure
[12] or polyurethane formation [ 13,

Similarly. for the same reason of straight-forward
peak assignment, Raman spectroscopy is also a
‘prominent method for process control. Both methods
are applicable under process conditions, and robust

ment (spectrometers. sensors) that can be used

HANDBOOK OF THERMOSET PLASTICS

the conversion in photo-polymerization of acrylate
coatings was measured in-situ 18] on thin poly-
mer sheets by NIR spectroscopy and the thickness
of the coating was also determined [19,20]. The
curing of epoxy resin was studied with NIR [21],
A laid fabric pre-impregnated with epoxy resin
was studied by NIR, and it was possible to deter-
mine both the resin content and the volatile con-
tent of the pre-preg quickly (with a measurement
time of 305) and with high accuracy [22]. NIR
was also applied in the quality control of the
manufacturing of glass fiber pre-pregs impreg-
nated with phenolic resin (23], In the latter study,
resin content of the pre-preg, its pre-curing degree,
as well as the volatile content was verified. NIR
spectroscopy has been used in combination with
theometry, DSC, atom force microscopy, and
nanoindentation to study the dynamics of network
formation and the evolution of morphology on
nanoscale in an epoxy-amine thermosetting poly-
mer [24]. The combined use of NIR and ultrasonic
measurements for resin curing was studied by Alig
and co-workers [25]. There is potential of online
monitoring of the complete manufacturing process
of aminoplast-impregnated paper sheets as pre-
pregs for decorative laminates [26].

Recently, the far infrared region is becoming
increasingly exploited in the context of process
analysis by application of so-called terahertz spec-
troscopy. For instance, the curing of dental compo-
sites has been studied by this method [27].
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only one side of the mald (172,731

Duing messrement, & snwsoidsl voliage is
appled and as a respune, the resuling curent s
measured,long wilh e phase s eween vlage
and curent. From thse value, e on mobilty (on
conductiviy) and the slgnmeot o the dipoles ae
determined nd vsed 10 calulute the dilctc prop-
entes (penmitiity. ' loss acor, <), OF primary
ineret it egand 1 curig s te o viscosty:this
i the ecprocal valu ofthe on conductiviy, which
isproponional 1 the ks acor 1

“The sk et fov diclectric onine monioing o
he cur belavior o b fbeiepoy rsin

polesier esinglss iber composite sig the v
o bog process s shown i Fre 15511

A main disudvaniage of dieecic sensing s it
localized information; In the cmbodiments men-
tioned above, anly on sigaal was cllcted, which
represeed the erage measure of cure for the
whole sample. However, especaly with <omplex
heee dimensional shapes of malded parts, this
averagd information may ot b useful 10 appro-
prisely desribe the sniial pints of iers,
Hence, o ncease spaialresoluion ofthe nform
i on rein e, sevral dieecrc semors 1¢ed
o' employed that cover the whole area of the
ool Different statgies have been descrbed for
ihi. For instnce, 3 lneal sensor (75] was wsed 0
mostor the posiion of the esin flow font slong
he Lot engeh of the sensor Two parllel carbon
b tows were used ax clctroden of 3 fineal
diclectic sensor 1o moritor s flow 170, Single
carbon ibers have alko been used 2 sensor fbers
o composite maerials flloving e cure process
o, for insnce, epoxy esins 7], Here, the varia:
o i elctical resance of th carbon fber sre
the response used 10 sense the thermo-mechanical
behaviorduring cure, Thre lrge paralll-plat s
sor were employed 1o monior diferent regions of
he mold (711 To improve spatal resoluon,a 8
of dieecic ensory[10] was wed in RTM, which

@

=t

i pE |

Flgure 18.6 Uitasonic squipment (3 Schemate roposentaton o he xporimental

Google
Livros e a B 2 ©®  Adicionaraminha biblioteca v Escrever critica Paginaza7 v | < > o -
e — m s Hasosook o s Pasrs

10 for core montoring

oy Utrasound measutament n one-sids ransmission mod (51, () ndustal urasound measuremont
oquipment mourted on an extudor (4], and () ulasoric sosor robo (54

711 Thereore, the surface qualiy of the manutac-
ared prt s ot afected.

Ultrasonic Sensors

Physical propeies of the sysem s sceessible
v ulrsonie smors, which modiy e
wave propagation troush the material (amely
Tongitdiaal and shear wave velocies and relee.
on cocticients). Therefoe, two.crkical sages
during the crosslinking process can he deteced:
elaion and viification (451, Ulirasonic tech-
nique a5 means o following the core proces of
resing (such 3 cpoxy or amino resins or unsa-
rted polyesers) hs been deseribed lecady many
years ago. for imstance, by Al and bis <o
worker 12673 53] and oers (5193 The prin-
cipal setup (48] and an indusial application
cxample for ulrsonic messurement cquipment
194 e depicted schematcaly in Fizors 16

Alhough ulrsonic sensors ave grea potenisl
for the ndusuial manitorin of i cure, e major
Vimiaion of arer mpementation of te technol.
oy mentioned i the herature was he reuiement
of et contae o the sensor with the resin 10 b

contct between resin and ultsonic tansducer
extends he applcation of ulmsoric sensors o o
positc manaficuring technologes such 35 Flament
Winding, pltusion, and open mold proceses (15

Ulssonic online monioring can 3o be com-
ined with aber esime messarement technie
such s, for nsance, NIR spectroscopy o obain 3
decper understanding of the cure process. Only
ecenty 4 fresing repor has becn published
25 thr describes the combined use o a it
s senar with online NIR spectroscopy 10 fol.
Tow the photo-plymerizaton ineies of different
s (srylte, cpoxie, crylaed plyurchanes,
catonic cpoxies. Through simuliancous recording
ofthe comersion-ime (by NIR) and modulus-ime
by uleasound) profiles,the authors could dfferen.
Vit between the s and the diffosion comolled
polymerization reimes (23] Such 4 combinaton
of various techaiques is very usefl sice both e
evolution of hemical composidoniconsition o 3
andeing resin and the conesponding mecharical
heological properies are followed and amlyzed
Together at the same sample.

Fiber Optic Measurement, Fiber
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relation between pixels and Finite Elements. The filled pixels determines the
percentage at which each Finite Element is filled, see Figure 6. (right).

-

/ lhants

3. MOULD FILLING TRACKING WITH FLOW PATTERN TIME SPACES

The camera vision permits to relate the actual process with the previous FEM
simulation. Hence, it is possible to use the simulation for the on-line control process.
Although this is possible, it is not useful because the sampling rate decrease until
unacceptable values, even if proxy simulators are used. In addition, it requires to known
material properties. For this reason, in [4] is proposed an on-line permeability estimator
but it also introduces additional computational cost.

Since on-line FEM or proxy simulations requires high computational costs, the proper
flow front behaviour reference is obtained in a previous off-line process simulation, see
Figure 6, but it is necessary a low computational cost strategy to define the on-line
control actions result of the comparison between the real and simulation (reference)
behaviours. In order to obtain a computational framework that can be used for these
intend in on-line control systems, it is proposed a novel technique called configuration
spaces. This technique permits to represent the actual filling process in terms of
configuration parameters, instead of a customary Cartesian axis. The application of
these spaces in LCM processes is called Flow Pattern Configuration Spaces (FPCS).
For the definition of these spaces, it is necessary to choose the configuration
parameters. In this sense, one of the parameters commonly used in LCM processes is

Figure 6 Example of FEM-CCD associations
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the FPCS is the time at which the flow achieves each node. The other parameter is the 0
angle defined by an interest pont, that is, the nozzle injection or the vacuum vent, to

the evaluated point location. This configuration space is called Flow Pattern Time

Space (FPTS). Therefore, given a simulation results, one parameter is computed as an

angle formed between the interest point and each node, 6. The normalized filling time,

% in the interval [0...1] is the second parameter. Through these configuration

parameters, there are two possibilities to represent FPTS, called FPTS-2D and FPTS-

1D where the flow fronts are translated to exact circles or exact straight lines

respectively. In Figure 8 shows the required computation to obtain the FPTS.

Figure 7 Example of optimal vent oriented fluid flow pattern
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the FPCS is the time at which the flow achieves each node. The other parameter is the 0
angle defined by an interest pont, that is, the nozzle injection or the vacuum vent, to

the evaluated point location. This configuration space is called Flow Pattern Time

Space (FPTS). Therefore, given a simulation results, one parameter is computed as an

angle formed between the interest point and each node, 6. The normalized filling time,

% in the interval [0...1] is the second parameter. Through these configuration

parameters, there are two possibilities to represent FPTS, called FPTS-2D and FPTS-

1D where the flow fronts are translated to exact circles or exact straight lines

respectively. In Figure 8 shows the required computation to obtain the FPTS.
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tracking scenarios are simulated. In Figure 12 are shown the simulation res
the shadowed zone determines different areas of high permeability. In these
simulations, the last node filled is considered as optimal vent. These nodes are defined
as interest point for the FPTS representation.

" 100
of\| ®|

&)

Case b) Case ¢)

Figure 12 Different race tracking scenarios and FPTS defined for V1, V2, V3 and V4

Each FPTS stores inherently the simulation information. It is easy to identify which
simulated case matches the actual filling process. For instance, Figure 13 represents the
filling case a) in every FPTS defined for each vent.
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