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Abstract

In this work, a novel sensing polymer manufacturing technique that allows controlling the resin front
advance during a Vacuum Assisted Resin Infusion (VARI) process is presented. Macroscopic fibres
made of Multiwall Carbon Nanotubes (MWNTS) integrated in different materials fabrics, such as glass,
carbon and Kevlar fibres were manufactured to monitor the resin front advance. This front was
monitored by measuring their electrical resistance due to the impregnation of the resin in the fibres. Due
to their high selectivity and sensitivity, these sensors may be used in manufacturing processes in which
no visual inspection can be performed, such as in RTM.

1. Introduction

Operation and sensing techniques used in infusion and RTM processes which are the most common out-of-autoclave
processes for polymer composites manufacturing, have been improving substantially in the last years. They have the
aim of satisfying more and more the needs of certain profitable industry sectors such as the automotive, space and
aircraft ones [1]-[4] which demand particular materials properties for their applications. Properties such as lightweight
and low density, low level of porosity and consequently of voids and defects, moderate cost, excellent corrosion
resistance, high ductility (except thermosets), and sometimes high toughness and transparency are characteristic of
polymer composites and can be only achieved if several manufacturing parameters such as pressure, fabrics
compaction, temperature and fluid front velocity are rigorously monitored and controlled.

Moving forward to these automated systems in polymer composites industry, and more in particular when using out-
of-autoclave techniques, accurate and the least invasive sensing techniques are aimed to be integrated inside the same
manufacturing process. The most common sensors are the fibre optics [5], [6], capacitive [7], piezo-resistive [8],
temperature [9], pressure [10] and ultrasound [11] ones that give information of the temperature, pressure and position
of the resin front advance. In most cases they are incorporated between the fabrics inside the mould in RTM or inside
the vacuum bag during infusion processes.

In addition, fibre-polymers [4][12] are highly valued in industry for their excellent mechanical properties which are
inherited by their corresponding composites. They can be more easily integrated in the fabrics than other sensors and
may modify much less the laminate structure. Some of the most common fibres used are the ones of carbon, glass and
aramid (i.e. Kevlar). Due to the relevance of these three fibre-composites in industry, carbon, glass and Kevlar fabrics
were tested in this paper under typical infusion conditions by measuring the electrical resistance change of Multiwall
Carbon Nanotubes (MWCNTS) yarns [13].

One of today’s most efficient fibres used as smart sensors are the Carbon Nanotubes (CNTs) [14]-[16] and more
specifically the multiwall ones (MWCNTS) due to their excellent mechanical (high strength and stiffness) [17] and
electrical properties (high conductivity and piezo-electricity) [15]. In fact, they were chosen in this paper as the most
efficient to be used for sensing. Moreover, they can give information about the role that the different mechanical and
thermal variables play in the RTM (Resin Transfer Moulding) and/or infusion manufacturing process. Furthermore,
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they allowed locating the resin front advance in time and measuring the proper physical magnitudes needed to have
high quality laminates at the end of the process. Dry fabrics such as glass, carbon and Kevlar fibres were tested and
VARI using resin Derakane was carried out. Resin was injected through the inlet at atmospheric pressure in a vacuum
bag that covered the fabrics and that was placed on a one-sided mould. Its front advance moved in the direction of the
pressure negative gradient wetting them in a laminar flow regimen while the initial vacuum produced inside the
hermetic bag was displaced.

The paper is structured as follows: Firstly, the materials and technology used in this work are presented. After, results
obtained are discussed. The contribution of the metallic welding between the MWCNT sensors yards and the DAQs
electrodes to the CNTs electrical resistance signal measured for different pressure cycles was studied. A LVDT (Large
Variation Displacement Transducer) was placed on the different materials fabrics in order to determine the contribution
of the MWCNT compaction due to the vacuum pressure cycle. To conclude, a VARI experiment was carried out with
two MWCNT vyards placed along the fabrics in the direction of the flow and placed symmetrically at both sides of the
center so that the effect of these external factors commented above to the resistance change signal measured during the
infusion were measured and discriminated. The results obtained in this paper will have a great impact when fabricating
smart fibre sensors as flexible electronics for infusion monitoring and sensing, and will allow controlling the fluid front
advance in infusion and RTM processes in order to obtain high performance laminates with very good mechanical
properties and low level of defects.

2. Materials and methods

In order to determine the best candidates of CNT yarns as resin front advance sensors, high oriented MWCNTSs and
low-oriented MWCNTS fibres fabricated at IMDEA facilities were evaluated. MWCNT yarns change in resistance
was measured. After and inside a vacuum bag, different types of fabrics were placed on a metallic sheet in order to
study the infusion process. However, with the purpose of studying the welding effect, no fabrics were used in this case
(Figure 1). Finally, and with the goal of accurately knowing the resistance variation produced by the polymer
impregnation in the CNTSs during the infusion process, the same type of infusion commonly performed in a typical
industrial manufacturing process (VARI: Vacuum Assisted Resin Infusion) was performed. After obtaining resistance
change measurements, the contribution of these external factors (weld contacts, vacuum pressure and fabrics
compaction) were subtracted to the signal obtained during the infusion and the electrical resistance change due to the
resin impregnation on the fabrics was obtained. Resistance, fabric thickness and pressure values were monitored on
line using a Labview interface that connected Quantum MX840A DAQ to the different sensors.
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Figure 1. Configuration with electrode contacts neither inside vacuum bag nor in the fabrics
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Figure 2. Vacuum bag configuration with CNT fibres and Glass fibre layers.

In this work, a conventional infusion configuration at room temperature was carried out. Resin employed was Derakane
8084 without catalyst agent. Vacuum pressure was generated using a vacuum electrical pump with polyurethane tubes
connected to a hermetic plastic bag in the outlet. Resin went out through this outlet placed in the opposite side to the
inlet in the direction of the flow and it was taken from a vessel supporting atmospheric pressure. Between the vessel
outlet and the electrical vacuum pump, a tramp was used as resin container. Finally, in order to determine the resin
front advance position vs time, a scale was drawn on the top of the bag and a video camera was placed above the mould
in order to film the resin front advance during the infusion process (see Figure 3) and to compare it with the CNTs
yarns resistance variation vs length. These CNT yarns were placed between the fabrics (one yarn between the 1% and
the 2" fabrics and the other between the 2" and the 4™ ones). In addition, two Omega absolute pressure sensors (see
gray circles in the photo below, the left one is the pressure sensor 1 and the right one the pressure sensor 2 that is far
away from the inlet) were positioned at a quarter and at three quarters respectively of the total vacuum bag length from
the beginning of the fabrics. The direction of the flow is from left to right in the figure below and its laminar flow is
due to the difference in pressure between the inlet and the outlet.
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Figure 3. Infusion set-up with the CNT yarns and pressure sensors inside the vacuum bag

3. Results and discussion

3.1 Selection of the best MWCNT

Very similar change in resistance was shown between highly oriented MWCNT fibres and low oriented ones when a
drop of butanol was released from a pipette and dropped the yarns. However, highly oriented MWCNT yarns are more
difficult to fabricate, are weaker and can be easily broken. This makes highly oriented MWCNTS the best candidates
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for controlling the front advance during an infusion experiment. It was measured that low oriented MWCNT yarns
electrical resistance change was of 10.4 % and highly oriented ones MWCNT 8.6%.

3.2 Effect of the weld contacts in the CNT yarns

As it can be seen in the Figure 4, there is an initial high drop in the electrical resistance when vacuum is produced at
the beginning of the infusion. The reason for this drop is because of the welding between CNT fibres and the electrodes
cables.
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Figure 4. Behavior of the CNTSs electrical resistance with different electrodes welds configurations and for different
pressure values.

3.3 Effect of the vacuum pressure in the CNT yarns

In order to study the contribution of the vacuum pressure in the CNT yarns using different fabrics, several vacuum
cycles were applied to four different types of fabrics in order to evaluate the behavior of the CNT electrical resistance
to vacuum pressure. The procedure followed to apply the vacuum pressure variation consists of two parts: a positive
one, going from the atmospheric pressure to -1000 mbars and a second part going in the reverse direction: from such
vacuum value to the atmospheric pressure again.

As itis shown in Figure 5, a hysteresis cycle in the electrical resistance variation for each of the pressure cycle followed
is observed. A very similar shape hysteresis behavior was measured when using both types of glass fibre and Kevlar
fabrics. Glass fibre was the one with less change in resistance and smaller hysteresis. This is because of its lower of
piezo-resistivity that is highly related to its lower conductivity. This difference is higher when these resistance values
are compared with carbon fibre.
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Figure 5. Pressure vs resistance variation curve for the four textiles used: Kevlar, Carbon fibre, and two types of
Glass fibre.

3.4 Effect of the fabric compaction on the CNT yarns

In order to determine the effect that difference in pressure and consequently, fabrics compaction has in the CNTs
electrical resistance, a LVDT (Large Variation Displacement transducer) was used. The LVDT is an electromechanical
device that transforms the vertical mechanical movement into an electrical signal and gives information about
variations in the thickness of the fibres and fabrics.

It is shown in that CNTSs electrical resistance change is more affected by carbon and normal grammage glass fibre
fabrics than when using Kevlar and low grammage glass fibre. In case of glass fibre fabrics, CNT fibres are more
affected by the vacuum pressure using normal grammage fibres than with low grammage ones.

3.5 Vacuum assisted resin infusion process

Once external factors such as welding, vacuum pressure and fabrics compaction effects on the CNT yarns electrical
resistance were studied, vacuum assisted resin infusion (VARI) was carried out in order to test the CNT yarns as
potential sensors to detect the resin front advance. Furthermore, with the aim of controlling and automating this resin
front advance and reducing the porosity and number of voids, several experiments was performed to dismiss the
external factors described above and that can interfere in the electrical resistance measurements, so that at the end
spatial position of the resin front advance in the fabrics is measured.

In the Figure 6 different regions of electrical resistance variation related to the different physical processes that
were playing during the infusion is shown. These regions are the following:

Fabrics and CNT yarns are at Atmospheric Pressure.

Beginning of the vacuum pressure.

Beginning of the injection. Resin starts to flow. First contact between CNT yarns and resin.

The first pressure sensor is wetted by the resin. There is a pressure and electrical resistance increase detected
by the pressure sensor 1 and the CNT yarns respectively.

The first pressure sensor is completely wetted by the resin and one of the CNT yarns saturated.

The resin gets in touch with the second pressure sensor: external pressure carried by the resin is detected by
the pressure sensor 2. Electrical resistance in the right CNT yarn continues growing until it is saturated.
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Figure 6: Pressure and resistance vs. t time for an infusion process of Glass fibre and Derakane resin

As shown above, electrical resistance of both CNT yarns is reduced when the vacuum pump is turned on and the system
passes from atmospheric to vacuum pressure. This electrical resistance drop is mostly due to the indium welding
contact. Then, electrical resistance slightly decreases as the CNT fibres are slowly being wetted by the resin. In case
we focus on the variation of electrical resistance vs. pressure (Figure 7), instead of plotting the nominal one versus
time, an electrical resistance increase is observed when the resin wets the yarns and again a hysteresis cycle can be
noticed.
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Figure 7: Variation of the change in the CNT yarns electrical resistance vs pressure in the infusion process for the

pressure sensor 1

In addition, the resin front advance as a function of time was studied making use of a video camera placed above the
infusion table. Results are in agreement with the Darcy’s law and are consequence of the capillarity effect. It was seen
that at the beginning of the experiment the resin flowed at higher speed than at the end of the test [18].
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3.6 Total contribution of the external factors and the resin impregnation

In order to know the real contribution of the resin impregnation in the fabrics to the CNT yarns electrical resistance,
the change in the electrical resistance due to the welding effect and to the fabrics compaction was subtracted to the
CNT yarns electrical resistance measured during the infusion process. The variation of the electrical resistance AR ()
to these external contributions measured is very low: 0.03 Q for the left and 0.05 Q for the right CNT yarn.

After subtracting all the external elements that blurred the real signal due to the impregnation of the resin in the fabrics,
the new electrical resistance change signal was obtained and it was very similar to the one obtained in Figure 7 when
the infusion experiment was performed.

The procedure followed in this paper allowed understanding how much external factors such as welding electrical
contacts, vacuum pressure and fabrics compaction affected to the CNT yarns electrical resistance variation during the
infusion. As it was described above, CNT yarns change in resistance are not considerably changed due to the resin
impregnation in the fabrics.

4. Conclusions

In this paper MWCNT yarns were used to monitor the resin front advance along glass, Kevlar and carbon fibre. VARI
(\Vacuum assisted resin infusion) using Derakane was the type of infusion performed and MWNTS electrical resistance
change was on-line monitored while the resin was impregnating the fabrics. Variables affecting the MWCNTSs
electrical resistance such as the electrical contacts between the CNTs and sensing electrodes, the fabrics pressure
change and their compaction were studied and analyzed. As a result, a hysteresis plot either of the fabric compaction
or the MWCNT yarns electrical resistance versus the pressure supported by the fabrics was obtained. It was concluded
that these three external factors were not strong enough to modify the MWCNT yarns electrical resistance owed to the
fabrics resin impregnation during the infusion. These results make the MWCNTS yarns excellent sensors to determine
the position of the resin front advance vs time without the necessity of using neither any visual inspection nor producing
any modification in the laminate structure.
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