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ABSTRACT

The phenomena occurring during curing process is one of the major issues to deal in order to
improve the physical properties of a composite structure. In this work, a multi-instrumentation
setup is conceived in order to have a better understanding of composites curing using different
devices (tunnelling junction sensors, optical fibres and flexible ultrasonic transducers). The
sensors are simultaneously embedded or placed on the surface of a thick carbon-epoxy plate for
monitoring its autoclave cycle. By means of all signals, an evolution of temperature, internal
strains and physical state changes is described. A qualitative statement from all measurements
is provided to have a first approach of the initial state of the composite plate. With this
methodology, the initial state after composite manufacturing can be considered in the structure

design procedure to improve its mechanical performance.

Keywords: curing process, carbon-epoxy plate, tunnelling junction sensor, optical fibres,

flexible ultrasonic transducers.
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1. Introduction

The quality control of long-fibre composite structures represents a technical and economical
challenge for many industries such as aeronautics, aerospace and fluids transport. The nature
of their constitutive layers allows the possibility to implement in-core instrumentation for
monitoring since the manufacturing process until their final application. Numerous studies have
proven the value added of composites in-core instrumentation to follow through-the-thickness
properties [1-3]. However, composites in-core instrumentation still reveals worries which retard
its plenty application. Sensor’s size, autonomy and wire connexions are the major issues to deal

with in order to fulfil this approach in the industry.

The use of bulk sensors on composites from different technologies and principles have been
widely study [4-11]. A rough classification could gather them in two main categories: 1)
electrical devices and 2) optical devices. On one hand, electrical devices take advantage of the
conversion of external stimuli into an electric change, in terms of resistance, current or
potential. On this classification we can find thermocouples [8, 9], pressure transducers [10],
piezoelectric sensors [11, 19] and dielectric analysis devices (DEA) [12, 13]. On the other hand,
optical devices take advantage of the perturbation of a light beam, in terms of wavelength or
period, to quantify an external phenomenon. Optical fibre devices can be distinguished on those

working based on Snell’s law [5-7] and those based on Bragg’s refraction index [2-4, 14, 15].

Based on the state-of-the-art knowledge, new sensors based on improved materials’ science
features have been promoted. On the electric devices side, tunnelling junction sensors (TJS)
[16, 17] and flexible ultrasonic transducers (FUT) [18-20] are attracting researchers’ attention.
On the optical devices side, micro-structured optical fibres (MOF) [21-25] have been developed
in order to maximize the quantification of the light beam perturbation. These recent
technologies have been showed efficient diagnosis on the thermal phenomena which occur
during composites curing. A deeper knowledge of the curing reaction will aid to reply on many
snags that appear in the fabrication stage and, in consequence, will improve the mechanical

properties of the composite structure [26-30].

Other approaches for composites in-situ monitoring involves new technologies for self-sensing
components. Smart modified fabrics [31-34] and smart modified resins [35, 36], mostly by

adding carbon nanotubes (CNT), are taking advantage of key processing approaches for
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nanotube/fiber hybridization and its application as sensors. On one side, coated fabrics with
carbon nanomaterials, have been subjected to compaction and flow monitoring tests, showing
promising results. On the other side, the addition of nanoparticles on thermoset resins, at
relatively low volume fractions, form electrically conductive networks. The -electrical
conductivity of the network is sensitive to deformation, temperature, and other external stimuli
[32, 33, 37]. CNT, graphene coated, and carbon fibre sensors have been developed for
monitoring complete moulding process through the real-time resistance change [38]. The nano-
reinforcement sensor approach can be extended, not only for manufacturing track, but also for
diagnosing and evaluating the health stages of polymeric composites on in-service conditions
and failure. Despite all these current features, industrialization and cost-benefit issues,
regarding large “smart composites” production, limit the application of these approaches. It is
true that a single system could not afford the life-span of the composite component. At the end,
sensing methods, which modify the less the industrial lines, are the ones that are most attractive

to industry partners [39].

The project called “Multi-sensor Instrumentation for the Composite Materials and Structures
(I2MC)” puts together the expertise of seven research teams with the goal to study the in-core
instrumentation of composites structures by applying the Multi-Instrumented Technological

Evaluator toolbox (MITE toolbox) [40-42].

In this collaboration, the members of the project propose a multi-instrumentation set up for
monitoring a composite structure during its curing process. The main goal is to compare the
signals from different embedded devices such as tunnelling junction sensors (TJS), flexible
ultrasonic transducers (FUT) and micro-structured optical fibres (MOF). Sensors sensitivity for
detecting temperature changes as well as residual stresses and strains are evaluated in order to

confirm its performance for curing’s monitoring.

In this paper, the capability of the different sensors to acquire complementary information from
the polymerization process is labelled. The goal is to have a general overview of the devices
used, experimental setup as well as the first results. First, a global explanation of the
experimental set up is provided. Then, a comparison between each embedded sensors signal
(TJS, FUT and MOF) with the reference thermocouples measurements is discussed. Finally,

the concluding remarks and further work are addressed.



2. Sensing devices and subject of testing

2.1 Tunnelling junction sensors (TJS)

Tunnelling junction sensors (TJS) are electronic devices which take advantage of inverse
polarization of P — N junctions. During the last decade, the LAAS has tested the TJS on micro-
fluids applications and as thermal micro-actuators [16, 17]. The TJS consist in a silicon
polycrystalline prism doped with Phosphorus and Bore by low-pressure chemical vapour
deposition (LPCVD) to form P —N junctions. The P — N junction, known as Symmetric
Thresholds Element (STE), can be considered electrically as two Zener diodes connected by

the cathode. A schematic of the TJS configuration is shown in figure 1-a.

To stimulate the P — N junctions, the TJS is polarized continuously. In other words, the TJS
receive a range of electrical current and returns a range of electrical voltage. For a current
polarization value below 100 nA, the voltage is zero because the electrons of the P — N junctions
do not have enough energy to cross the potential barrier. Between 100 nA and 10 mA, the
increment of energy produces the shrinkage of the potential barrier, allowing the electrons to
pass through it and the voltage increases gradually. This fact is a pure quantum physics
phenomenon, known as “tunnelling effect” or “tunnelling effect conduction”. After 10 mA, the
energy increases exponentially giving to the electron flux a free way through the P—N

junctions. The equivalent circuit of the TJS is illustrated in the figure 1-b.

The interest on the tunnelling effect conduction lays onto its dependence to temperature changes
[16]. The sensibility to temperature changes becomes evident when the polarization current gets
a value within the tunnel effect interval. For a fixed polarization current, the voltage will
fluctuate as regards on the increment or decrease of temperature. This condition makes the TJS

affordable for monitoring temperature changes.

TJS employed in this study case have 2x2x0.3 mm as nominal dimensions and they are glued
onto a flex Kapton® wire, as depicted in figure 1-c. For TIJS polarization, a
SMU 2612 Keithley® power source controlled by Labtracer software is used. Efficient study

cases of TJS manufacturing and electrical-thermal response are fully described in [16, 17].

2.2 Flexible Ultrasonic Transducers (FUT)
Flexible ultrasonic transducers (FUT) are one of the non-destructive techniques (NDT) which

can be used to reveal the presence of internal defects in a structure. Nowadays, several
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researches are interested in the ultrasonic transducer to infer some phenomena during

composites fabrication or mechanical loading.

FUT works thanks to the piezoelectric effect of their constitutive micro-layers. By receiving an
electrical stimulation, the FUT produce a high-frequency wave that can travel through any
material which the FUT is in contact to. The parameters of the ultrasonic wave after travelling
are unique and it depends only on the atomic composition and the physical state of each
material. Therefore, if a defect exists inside the monitored material, the wave parameters such

as the amplitude or the delay time will change.

The FUT employed on this work are composed by bismuth titanate (BIT) powders dispersed
by sol-gel spray onto a lead-zirconate-titanate (PZT) substrate of 4 mm diameter. Then, this
compound is placed onto a stainless-steel foil of 12.7 mm length. This disposition gives the
FUT their main characteristics: flexibility, good ultrasonic coupling with the sample to measure
and functioning at relatively high temperature (< 500°C) [18, 19]. This last characteristic makes

the FUT very promising for monitoring composites during their curing process.

During all polymerization cycle, FUT are stimulated producing different echoes which travel
through-the-thickness of the composite plate. On this work, only the echoes generated by the
FUT at the mould’s side are treated. These echoes are illustrated in figure 2 and described as
follows:

- L echo generated by the FUT at the mould’s side which travels through the rod and
it is received by the FUT at the composite’s side.

- Lp+sc: echo generated by the FUT at the mould’s side which travels through the rod and
the composite, it rebounds inside the composite and it is received by the FUT at the
composite’s side.

- Lom: echo generated by the FUT at the mould’s side which travels through the rod, it
rebounds at the mould — composite interface and it returns to the FUT at mould’s side.

- Lomsc: echo generated by the FUT at the mould’s side which travels through the rod
and the composite, it rebounds at the FUT — composite interface and it returns to the

FUT at mould’s side.



As the thickness of the composite plate is being modified during the curing cycle, the
parameters of the echoes recorded (amplitude and the delay of time) can give indications of the

different polymerization stages.

2.3 Microstructured Optical Fibres (MOF)

Fibre Bragg Gratings (FBG) are currently employed in composite structures to follow physical
phenomena inside their plies [21-26]. Nowadays FGB’s implementation needs to be involved
from the composite manufacturing process until the composite’s failure. However, due to the
thermo-mechanical coupling of the in-situ spectra, additional signal treatments must be done in
order to have reliable information. Furthermore, the discrimination of thermal data
(temperature) from the mechanical data (axial strains) stays laborious and sensible to the type
of optical fibre [22]. Moreover, the transverse strains resulting from the curing reaction, are
often not detected or denied from the FBG’s response. These transverse perturbations must be
considered with the purpose of having a proper interpretation of the FBG’s recovered signals

[21, 23, 24].

Most of the FBG instrumentation only detects the temperature variations and strains
fluctuations in the axial direction of the optical fibre. Nonetheless, transverse strains are also
interesting to analyse because their link with residual stresses that often appear in the course of
composites curing [24, 26]. Measurement of transverse strains inside composites has been
proposed with Microstructured Optical Fibres (MOF) [25]. These innovating sensors have an
array of air-holes inside their doped core. This microstructural characteristic makes them very

sensible to transverse strains [27, 28].

MOF used in this study have a 125 pm diameter Germanium doped core with three air-holes.
Thanks to their birefringence nature, non-polarized light is used to produce two Bragg peaks
(4p; and Ap;) corresponding to each orthogonally polarized mode propagating inside the optical
fibre. The peaks’ separation (44) is related to the phase modal birefringence (B) and the grating
period in the fibre core (4). The relation between all these parameters can be written in the
following expression:

AA =2y, —Ap =2xBxA Eq. 1

The peaks’ separation is considered the MOF main parameter, instead of the individual
wavelengths. This approach simplifies signal detection because no reference wavelength is
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needed. The sensitivity to transverse strains can be derived with the value of the modal phase
birefringence (B) if the grating period (A1) is constant. Additionally, one of the major advantages
of MOF is their low sensitivity of peaks’ separation to temperature changes; therefore, no

thermo-mechanical coupling in the signal will appear [25, 27].

During curing cycle, the seven embedded MOF are actives and their optical signals are analysed
by a si425 Micron Optics spectra analyser. An illustration of the cross-section of the MOF

employed in this work and its initial spectrum are depicted in figure 3.

2.4 Subject of testing, composite structure

The composite structure studied here is a M10 HS300 carbon-epoxy plate of 230 x 640 mm
with two drop-offs as shown in figure 4. The composite plate has three zones with different
thickness. In first place, the “current zone” has 20 plies with a quasi-isotropic lay-up: [0/45/0/-
45/0/45/0/-45/0/90];. Then, the “thick zones™ have 36 plies with the following lay-up: [0/45/0/-
45/0/45/0/-45/0/90/0/45/0/-45/0/45/0/-45];. Finally the “over-thick zone” has 52 plies with the
next lay-up: [90/0/0/90/0/45/0/-45/0/45/0/-45/0/90/0/45/0/-45/0/45/0/-45/0/90/90/0]s. The
drop-off zones are built with a 2.5 mm single latter step from the 11% ply to the 26™ ply. This

type of structure is representative of the design singularities currently found in aeronautics.

3. Experimental set up
The multi-instrumentation of the composite structure can be divided in two sets: the in-core
instrumentation and the surface instrumentation.

The in-core instrumentation involves the following sensors, as shown in figure 5:

a monitoring patch with a tunnelling junction sensor (TJS) on the 7% ply at the centre of

the current zone (patch 1);

- amonitoring patch with a tunnelling junction sensor (TJS) on the 18 ply, 50 mm after the
end of the drop-off on the thick zone (patch 2);

- a micro-structured optical fibre on the 7% ply, 50 mm above the central line of the plate
(DTG™ CAP 1),

- a micro-structured optical fibre on the 7% ply, 50 mm below the central line of the plate
(DTG™ Strip 1);

- a micro-structured optical fibre on the 7% ply, 5 mm above the central line of the plate

(DTG™ CAP 2);



a micro-structured optical fibre on the 7% ply 5 mm below the central line of the plate
(DTG™ Strip 3);
two micro-structured optical fibres on the 26 ply at the over-thick zone (DTG™ Strip 2
and PCF Strip 1);
a micro-structured optical fibre on the 10" ply at the middle of the current zone (PCF

Strip 2).

The surface instrumentation involves the following sensors:

a pair of flexible ultrasonic transducers (FUT) at the centre of the over-thick zone (FUT 1);
a pair of flexible ultrasonic transducers (FUT) at the centre of the current zone (FUT 2);

a pair of flexible ultrasonic transducers (FUT) at the current zone, 55 mm below the central
line of the plate (FUT 3);

a pair of flexible ultrasonic transducers (FUT) at the thick zone, 50 mm after the end of the
drop-off (FUT 4);

a pair of flexible ultrasonic transducers (FUT) at the thick zone, 50 mm before the end of

the plate (FUT 5).

Then an assembly of thermocouples is installed in order to provide a reference for the

temperature at the different zones of the plate:

a thermocouple between the mould and the composite plate, 10 mm from the plate’s lower
side at the over-thick zone (TC1);

a thermocouple on the 26™ ply at the centre of the over-thick zone (TC2);

a thermocouple on the 50% ply, 10 mm from the plate’s upper side at the over-thick zone
(TC3);

a thermocouple between the mould and the composite plate, 10 mm from the plate’s lower
side at the current zone (TC4);

a thermocouple on the 10% ply, 10 mm from the plate’s upper side at the current zone
(TCS);

a thermocouple on the 18" ply, 10 mm from the plate’s upper side at the current zone
(TC6);

a thermocouple between the mould and the composite plate, 10 mm from the plate’s lower
side and 10 mm from the end of the plate at the thick zone (TC7);

a thermocouple on the 18" ply, at the central line 10 mm from the end of the plate at the

thick zone (TC8);
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- athermocouple on the 34t ply, 10 mm from the plate’s upper side and 10 mm from the end

of the plate at the thick zone (TC9).

Both, the surface instrumentation and reference thermocouples are shown in figure 6. All lay-
up operations and embedding procedures are done manually with an appropriate environment
in a grey room, in order to preserve the electronic and optical characteristics of all embedded

devices. Illustrations of these procedures are shown in figure 7.

To have a better data acquisition during the curing process, adaptations to the mould and the
wire connections are considered. In the case of the FUT, some adjustments are addressed on
the metallic mould to acquire better measurements. With the aim to improve the parameters of
the ultrasonic echoes, we increase the mould’s thickness at the five FUT target points described
before. The mould was drilled to obtain 30 mm diameter holes, then they are refilled with steel
rods of 55 mm height, bonded with epoxy based glue. In this way, one device of each pair of
FUT is placed below the rods. The other FUT device is placed face to the composite plate and
surrounded by a silicone pyramid of 115 x 55 x 15 mm?3. This adaptation is conceived to leave

a softer print on the composite plate when the pressure rises inside the autoclave.

Other adaptations are provided to improve the passage of all wire connections outside the
autoclave. For the MOF a pass-cable is used to exit the optical pig-tails. For the TJS and FUT,
coaxial cables are connected to ceramic dominos which enable a correct exit for all cables.
[lustrations of the general adaptations of the experimental set-up and the placement of the plate

inside the autoclave are shown in figure 8.

The polymerization cycle begins at room temperature (25 °C). Then a 2°C/min heating slope is
provided to reach a 90°C plateau lasting 45 min. After that, the temperature rises with the same
2°C/min slope, to have a 120°C plateau lasting 2 hrs. When the second plateau ends, the cooling
phase is fixed with a -1°C/min slope to get back at room temperature. For the pressure, we apply
2 bar from the beginning of the cycle until the end of the first temperature plateau. Then, the
pressure is increased to 5 bar until the end of the polymerization cycle. During all the autoclave
cycle, vacuum is fixed at 0.9 bar. The autoclave parameters are shown in figure 9. Experimental
setup was carried twice. As numerous sensors were employed, authors consider it enough due

to the cost-benefit of the experimental campaign.
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4. Results and discussion

4.1 Tunnelling junction sensors (TJS)

A total of 45 TIJS polarizations, from 1 nA to 10 mA, are induced during the curing cycle in
order to follow the temperature changes inside the composite plate. The space of measurement
of the TJS is detected between 2 mA and 5 mA, where the sensitivity to temperature changes

gets quantifiable. The voltage dependence to the temperature variation is illustrated in figure 10.

In order to establish the link between the voltage variations of the TJS and the temperature
changes of the composite plate, a temperature — voltage — time diagram is built. Figure 11
shows the TJS voltage variations for two current values, 2.75 mA and 3.8 mA, and the
temperature measurements of the thermocouple TCS5 during the curing cycle. On this diagram,
voltage decreases when the temperature rises and voltage increases when temperature
diminishes. The TJS voltage has an inverse relation to the composite plate temperature. The
TJS sensitivity at 2.75 mA is —5.6 £ 0.2 mV/°C and at 3.8 mA is —5 = 0.2 mV/°C. The TJS
sensitivity has an average value of —5 £ 0.2 mV/°C for a current polarization between 2.5 and

4 mA [16].

With these results, the trustworthiness of using tunnelling junction sensors for composites
curing monitoring is pointed. TJS will get more attention not only for their temperature
sensitivity, but for their capability for detecting strains too. The reliability of TJS for detecting
residual strains inside composites after curing cycles will be one of the key-points in the

incoming research.

4.2 Flexible Ultrasonic Transducers (FUT)
After the polymerization process, only the echoes L., and L,,, can be employed for the curing
monitoring, because they are strong enough. Unfortunately, the echoes L3, and L4 are too

weak to be linked with the polymerization phenomena.

Because of the stability and strength of the L,,, echo, one of the main interests is to understand
its evolution through the whole curing process in the different zones where the FUT are placed.
The other interest is to compare this echo with other signals like thermocouple or FBG

measurements.
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The return time of the L,,, echo, reflected from the interface between mould and composite,
could be used to represent the temperature variation in the mould during the curing process.
Figure 12 shows the temperature variation in the mould by means of the return time of L, echo
of FUT 3 and the measurements of TC4. Remember that FUT 3 is placed at the current zone on
the area of 20 carbon-epoxy plies. The return time and the temperature have similar evolutions,

according with the autoclave pre-settings.

If we consider the difference between the depart time and the return time of the echo, this “time
delay” of the ultrasonic wave can be analysed as a function of the physical state of the composite
material. Time delay variations can be attached to the chemical and physical phenomena
happening inside the composite plies. Figure 13 shows the evolution of the time delay for the
duration of the curing process. There are five recognizable phases which are described as

follows:

S1: phase where mould temperature is a little above the room temperature. In this phase the
resin has a lower viscosity which provides a good coupling between the mould and the plies.

The time delay decreases and more ultrasonic waves go through the plies.

S2: phase where temperature continues rising till 90 °C. The viscosity of matrix decreases, the
speed of sound diminishes and the time delay increases until the point D1. This time delay
increment is caused by a partially melting of the resin causing an irregularly impregnation

among fibres.

S3: phase corresponding to the 90 °C plateau. Theoretically, the time delay should not present
any change. However, the time delay diminishes gradually until the point D2. In this phase, it
is considered that the polymerization reaction starts. The composite morphology defined by the
mix of the solid state of the fibres and the glutinous state of the resin could be the cause of
ultrasonic fuzziness. Nonetheless, more experiments should been carried out in order to confirm

this hypothesis.

S4: phase located during the second temperature slope, from 90 °C to 120 °C. In this phase, the
polymerization reaction is almost fulfilled. The evolution of the time delay presents a point D3,
probably related to the matrix jellification. After this point, time delay decreases drastically,

because of the matrix reticulation until the signal stabilizes during the composite consolidation.
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S5: phase linked to the composite consolidation. The time delay decreases steadily because of
the autoclave cooling. This final reduction is certainly related to the final composite

solidification.

As figure 13 shows, echoes time delay treatment is a reliable technique to infer the initial state
of composite plates during their manufacturing. FUT are capable to acquire and transmit
through-the-thickness ultrasonic waves that can give signs of the physical state of the composite
plies and, therefore, to infer qualitative information of the physical phenomena happening

during composite curing cycle.

4.3 Microstructured Optical Fibres (MOF)
For instance, we are interested to infer the existence of transversal strains on the current zone
of the composite plate. Therefore, the measurements obtained by the FBGs of the PCF Strip 2

are treated.

In first place, the sureness of MOF well-functioning has to be proven by comparing the FBGs
signals with the reference thermocouples. Figure 14 shows a temperature — wavelength — time
diagram for the TC5 and for the two peaks produced by one of the FBG of PCF Strip 2 MOF.
As depicted in figure 14, wavelength and temperature evolve in similar ways during the curing
cycle, hence, MOF has a good functioning all over the polymerization process. In second place,
the insensitivity of peaks’ separation to temperature variations must be assured too. Figure 15
illustrates both diffraction peaks (slow and fast) at room temperature (15 °C), and at the middle
of both plateaus (90 °C and 120 °C). Even when the individual wavelengths change, the peaks’
separation stays constant throughout the totality of curing cycle. In consequence, peaks’

separation presents no sensitivity to temperature.

Because peaks’ separation is the main parameter for the MOF, this characteristic was recorded
during all curing cycle. Discrepancy on peaks’ separation results as consequence of transverse
stresses. For that reason, the peaks’ separation is an excellent qualitative indication for the
presence of transverse strains inside the composite plies. Figure 16 pictures the peaks’
separation in the course of the curing cycle. There are five recognizable segments which are

described below:
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R1: segment concerning the beginning of the curing cycle until the first plateau at 90°C. A little
increment on peaks’ separation is observed before arriving to the plateau. This alteration can

be related to plies relaxation because the carbon fibres are drowned in the resin flux.

R2: segment corresponding to the 90°C plateau where any change of peaks’ separation is

perceptible.

R3: segment when temperature rises from 90°C to 120°C and autoclave pressure increases to
5 bar. When the second temperature slope begins, peaks’ separation diminishes gradually until
the beginning of 120°C plateau. This peaks’ separation diminution is a clue for inferring the
existence of slight micro-strains inside the carbon-epoxy plies. The drop of the peaks’

separation is about 22 pm which corresponds to a compressive transverse strain of ~ -130 pe.

R4: segment including the 120°C plateau. Peaks’ separation stays constant during the
reticulation of composite plies, meaning that no transverse strain is measured by the MOF

S€nsor.

R5: segment during the cooling stage of the composite structure. Peaks’ separation presents a
remarkable reduction. The cooling down to room temperature is associated with a large
decrease of the MOF signal and thus with the development of substantial transverse residual
strains in the composite material. The large decrease of the peak separation, 275 pm, results in
a transverse strain of ~ -1620 pe. With this signal shrinkage, there is a strong evidence that

transverse strains appear mainly for the duration of the composite consolidation.

As figure 16 shows, the evolution of MOF peaks’ separation is a trustworthy practice to observe
the appearance of transverse strains during the composite curing. MOFs can detect qualitative
information of residual stresses in the composite plies. Nonetheless, the estimation of the

residual stresses is a need that will be answered in further work.
5. Conclusions

A multi-instrumentation setup is placed for the monitoring of a composite plate during its curing

cycle to know the initial state of a composite structure after its manufacturing process.
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A carbon-epoxy plate with two drop-offs is instrumented, in-core and at its surface, with
23 devices such as tunnelling junction sensors (TJS), flexible ultrasonic transducers (FUT),

micro-structured optical fibres (MOF) and thermocouples (TC).

For the tunnelling junction sensors (TJS), temperature — voltage — time diagram is built to link
the temperature changes in the composite plate and the TJS voltage changes. The TJS sensitivity

has an average value of =5 + 0.2 mV/-C for a current polarization between 2.5 and 4 mA.

An assembly of flexible ultrasonic transducers (FUT) detected the composite curing phases.
Mould-composite coupling, passing through resin reticulation and finishing with composite
consolidation are identified. The viability of FUT to estimate the composite polymerization

evolution is proved.

A new technology of micro-structured optical fibres (MOF) is applied to estimate the presence
of transverse strains inside the composite plate. The evolution of peaks’ separation for the
embedded MOF shows quantitative indications of the appearance of transverse strains, in this

study case up to 1600 pe, at the composite cooling down, which are related to residual stresses.

Finally, the results from the multi-instrumentation show the complementary potential of all
these new technologies for monitoring the curing cycle of complex composite structures.
Further work will be focused on the estimation of curing residual stresses as depart to estimate

the in-service strength of composite structures.
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MULTI-INSTRUMENTATION MONITORING FOR THE CURING PROCESS OF A
COMPOSITE STRUCTURE.
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MULTI-INSTRUMENTATION MONITORING FOR THE CURING PROCESS OF A
COMPOSITE STRUCTURE.
Highlights:

1. The use Tunnelling Junctions Sensors (TJS) for monitoring temperature variations in
composite curing.

2. The use of Flexible Ultrasonic Transducers (FUT) for monitoring phase change in
thermoset resin consolidation.

3. The use of Modified Optical Fibres (MOF) for monitoring residual strains in composite
cooling.

4. The embedding of three different sensor technologies inside a carbon-epoxy composite
plate to track temperature, strains and polymerization during its curing process.
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behaviours in different current regimes, b and ¢) micrograph of the assembled TJS.
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Figure 8. Illustrations of the general adaptations for the experimental set-up: a) FUT’s mould
adaptation, b) placement for the FUT acquisitions, c) silicone pyramid for the composite FUT
and d) final disposition of instrumented composite plate.
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Figure 16. Evolution of peaks separation (44) for the two peaks of FBG 1 of PCF Strip 2 MOF
during curing cycle.
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