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ABSTRACT

Within this work, we present a novel approach for Structural Health Monitoring (SHM) of composite materials during the
autoclave curing process. For this research, samples of Carbon Fiber Reinforced Polymer (CFRP) have been manufactured
with optical fibers embedded, both in the middle of the stack and on its surface. The strain development of the CFRP
during the curing process has been monitored employing the Optical Frequency Domain Reflectometry (OFDR) technique.
This technique allows the conditions of the element to be tracked not only during the operational lifetime of the composite,
as in most of the research in this field, but also throughout the manufacturing process. The reported measurements
demonstrate the potential of distributed optical fiber sensors for monitoring CFRP structures while their manufacturing,
providing a unique opportunity for early detection of damages that may result in critical failures (e.g. delamination and
debonding) and for improving the quality of the manufacturing processes and the final strength of the product.

Keywords: Composite materials, CFRP, distributed optical fiber sensors, optical fibers, strain measurement, OFDR,
curing process, structural health monitoring

1. INTRODUCTION

Carbon Fiber Reinforced Polymer (CFRP) is an extremely strong and lightweight composite material widely used in
aviation [1], space [2], automotive [3], and civil applications [4]. The use of CFRP is increasing in number and volume in
the last years and the variety of applications that require their stiffness and specific strength is continuously growing.

The potential of these structures has been boosted in recent years by the creation of the so-called intelligent composites [5]
that provide active structural health monitoring information. An intelligent CFRP composite can be created by integrating
an optical fiber into its structure and using it as a sensor. The concept of optical fiber distributed sensing in composite
materials has been known and used for at least 30 years [6]. This technology enables the creation of “intelligent materials”
which allows for continuous structural health monitoring and status diagnosis during their operational lifetime [7] [8].
Several parameters can be monitored, such as strain and temperature, delivering a full picture of the condition of the
material [9]. This approach enables not only to control the state of the material and prevent the damage of the structure but
also to find critical faults such as delamination or debonding that may result in failure.

There are other well-known conventional technologies for the structural health monitoring of CFRP structures, such as
scanning methods or point sensors like electronic sensors and fiber Bragg gratings [10][11][12][13]. However, these
technologies present several drawbacks, like being cost and time consuming, presenting limited access or view to certain
areas in the structure, and having a complex installation including the requirement of a lot of cabling. Having a distributed
optical fiber sensor integrated directly into the material reduces the complexity of the system, therefore the costs and the
overall weight of the structure are also reduced — which can be crucial in some applications. It also provides continuous
monitoring along the whole length of the fiber without dead zones. Moreover, an embedded optical fiber makes the sensors
an integral part of the composite structure, enhancing the potential of monitoring not only during the operational lifetime
of the structure but during their entire life including manufacturing. All these benefits combined with the common
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advantages of optical fibers [14] — like immunity to electromagnetic interferences — make "smart composites" the perfect
technology for the aerospace, aviation, and automotive industries.

In this paper, we demonstrate the potential of distributed optical fiber sensors for the monitoring of the material autoclave
curing process during the manufacturing of CFRP composites. A similar approach was already tested in other works with
the usage of other composite production methods or optical fiber point sensors [15][16][17][18]. However, to the best of
our knowledge, this is the first time the combination of distributed sensing OFDR technique with the autoclave prepreg
curing method is studied.

2. GOAL OF THE MEASUREMENTS

As mentioned before, it is crucial to monitor a CFRP structure while its operational lifetime, but it is equally important to
analyze the manufacturing processes to address beforehand any structural failure risk. During the manufacturing of CFRP
structures, some defects that are invisible or barely visible with the naked eye may occur if it is not monitored properly.
These possible failures may result in for example delamination, debonding, or cracking which can be fatal once the
structure is launched. At the moment, to detect the presence of defects inside the materials, a Non-Destructive Inspection
is performed after the manufacturing. However, the main limitation of these techniques is that the composite can be
checked only at the moment of the test, not during the whole operating time. All these failures can be detected with SHM
based on a distributed optical fiber sensor that detects strain changes in the affected regions.

The goal of the presented experiment was to prove that it is possible to measure the evolution of the induced strain during
the curing of the composite. Composite curing is a fundamental step in the manufacturing of CFRP structures. However,
monitoring this step is complex due to the harsh conditions required (high temperature and increased pressure) and to the
difficult and limited access (the composite structures are placed inside a vacuum bag for the autoclave process). Moreover,
autoclaves are not adapted to offer the possibility of exiting optical fibers or other additional sensors for connecting them
with an interrogator unit. For these reasons, generally, the strain development during the process is not monitored.

However, gathering knowledge about the precise values of the residual stresses generated in the manufacturing of the
composite material can positively influence the quality of the process and the final strength of the product. Distributed
optical fiber sensors play a key role in this application as they can be employed in such harsh conditions and they use a
minimum space inside the autoclave chamber. This technology can provide a better understanding of the residual stresses
that are generated during the curing and that may result in the weakening of the composite structure. Moreover, the
proposed solution could also be employed to monitor the stress development in a broken structure that is being repaired
through a curing process, like for example the addition of composite layers in weakened areas.

3. TEST SETUP
3.1 Optical fiber distributed sensors

Optical fibers, besides the well-known applications in the telecom sector, can also be used as optical sensors to detect a
wide range of parameters, like temperature, strain, or pressure. They present many advantages in comparison to
conventional electronic sensors, such as lightweight, reduced space and cost, flexibility, and electromagnetic interference
immunity[14].

Optical fiber sensors were initially realized as pointwise sensors, however, distributed sensors have gained most of the
attention in the last years due to their key advantages. These specialty sensors benefit from an overall cost reduction by
allowing measurements of tens of kilometers with a high spatial resolution and no dead zones, and they provide real-time
monitoring of the health of the structures and their environmental conditions in a variety of applications [19]. There exist
several distributed sensing techniques, but recently, the Optical Frequency Domain Reflectometry (OFDR) has gained
significant attention in distributed sensing applications due to its relatively high spatial resolution combined with a large
dynamic range. The ability of this technology to measure a high range of strain (even small changes in residual stresses),
and the capacity the optical fibers provide to perform measurements in the presence of high temperature and pressure,
make this type of sensor the perfect tool for monitoring the autoclave curing process of a CFRP structure. Therefore, a
single fiber embedded in a composite material can provide a full understanding of the health of the whole structure at once.
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In this work, we employ the OFDR technique with a strain resolution of 1 pe, a sampling resolution of 2 mm, and a

repetition rate of 30 s.

3.2 Test samples

To analyze the strain evolution during the composite curing process six samples were manufactured. The samples consisted
of a prepreg stack with optical fibers embedded. For the sake of comparison, we employed 2 different test layouts (3
samples per each). The first one with the optical fibers embedded in the middle of the composite stack, and the second one
with the optical fibers at the top of the composite stack. In all the samples, the optical fiber crosses the composite sample
longitudinally 3 times to provide 3D measurements of the structure strain. The sample layout is presented in Figure 1.

Aluminigm plate Composite test Optic fiber

| sample |

Figure 1. Sample and optical fiber layout.

The material used for the samples is the space-qualified M18/M55]J prepreg. This material was chosen to reproduce as
close as possible a final application of the technology. The type of optical fibers employed is SMF (Single Mode Fiber)
with a reduced diameter and a special coating. This fiber was chosen due to its high-temperature resistance and its minimum
influence on the structure of the composite [20]. The sample dimensions are specially designed considering the size of the
curing chamber. All samples were put inside a vacuum bag and placed on aluminum plates. An example of one of the

samples prepared for curing is shown in Figure 2.

Figure 2. Sample in the vacuum bag before curing.
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3.3 Composite curing setup

The setup used for the curing of the tested samples is presented in Figure 3. This schematic represents the employed
measuring setup which was prepared to ensure the optimal conditions for M18/M55] prepreg composite material curing
and the possibility to route the optic fibers outside the pressure chamber.

The test setup was based on a curing pressure chamber (1) connected to a vacuum pump (2) and a compressor (3) to apply
the proper values of pressure and vacuum in the vacuum bag. The chamber was connected to a thermal regulation device
(4) working based on the information provided by a thermocouple in a feedback loop (5). To perform the measurements,
the test sample (7) was connected to an interrogation unit (6) using an optical fiber pigtail coming out from the thermal
chamber (8). The temperature and pressure change was applied following the standard curing procedure.

The pressure is set at 6 bars for the whole process. The vacuum also remains constant in the whole process at -0.25 bar.
The first stage of the process begins with heating the sample from room temperature to 180 °C at a constant speed of 1.2
°C per minute. Once the maximum temperature is reached the curing stage begins, where the temperature remains constant
at 180 °C for 2 hours. Finally, in the last stage, the sample is cooled down at a constant speed of 1.2 °C per minute. When
the temperature reaches 50 “C the pressure and vacuum are released and the process is finished.

9

Figure 3. Composite curing setup.

4. RESULTS

4.1 Predictions

As beforementioned, in a thermal curing process, three main stages can be distinguished: heating at a constant gradient of
temperature, curing at a constant temperature, and cooling at a constant gradient of temperature. Based on the thermal
coefficients of the materials involved in the test (carbon fiber, epoxy resin, aluminum, and glass optical fiber) the following
predictions were made: In the first stage, the strains in the sample should grow (elongation) due to the positive thermal
coefficients of the materials; In the second stage the strains should remain the constant or get smaller as the resin undergoes
a cross-linking process; In the third stage, the strains should get smaller and even change from elongation to compression
due to the different thermal coefficients of the materials [21][22].
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4.2. Experimental results

The optical fibers were spliced in series to measure all the parts embedded into composite simultaneously. This is possible
due to the use of distributed sensing, which allows achieving measurements in each part of the fiber. The OFDR traces
were continuously recorded along the whole curing process.

The raw data gathered from the device was in form of spectral shift. According to the current state of the art, it is assumed
that the spectral shift is linearly proportional to the temperature or strain change of the sensing fiber. The proportionality
coefficient, called respectively temperature sensitivity or strain sensitivity is a characteristic value for each particular fiber

and it depends on the material and processes used in the manufacturing of the fiber. In the case of a typical single-mode

fiber, those coefficients are equal to: —1,25 G—IZZ and —0,15 % . The whole relation can be defined with the following

equation:

Av =S, AT + S, Ae (1)
Av — spectral shift (wavelength frequency),

S7, S; — temperature and strain sensitivity coefficients,

AT, Ae — temperature and strain change regarding equilibrium state.

As can be seen, the spectral shift depends on both temperature and strain. As during the experiment both parameters could
be changed (the temperature due to the heating and the strain due to the residual stress development) a solution to
distinguish both effects must be provided. Therefore, apart from the testing fibers we employed an additional fiber loop
attached on the surface of the vacuum bag for reference and temperature compensation. The fiber was positioned in the
way that it was convoluted in the area of the composite sample (it was not excessing its surface). This fiber was exposed
only to temperature changes, not to other forces. The signal from the fiber inside the composite was compensated with the
temperature data from the reference loop in postprocessing. Since both strain and temperature measurements were
conducted optically, the compensation process could be easily provided by the simple subtraction of the raw data
measurements. This way, the data from the fiber inside the composite could be translated into strain.

The compensated spectral shift for one of the samples is presented in Figure 4, the data of an OFDR trace before the curing
process on the left, and after curing at room temperature on the right. The green areas marked on the plots correspond to
the temperature reference fiber loop, whereas the red areas correspond to the optical fibers inside the composite. As can
be seen, some residual stresses remain in the red areas after the curing process is finished.
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Figure 4. Spectral shift before and after curing.
After processing all the OFDR traces and obtaining the strain values from the spectral shifts, the evolution of the induced
strain as a function of the curing time can be plotted. Figure 5 and Figure 6 show the results obtained for a sample with the

optical fiber in the middle of the composite stack, and a sample with the optical fiber on the top of the stack respectively.
For the sake of simplicity, only the results of these two samples are shown, as a repeatable pattern was found for all the
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samples of the same type. The plotted data correspond to a single fiber section that crossed the sample longitudinally. The
strain data were averaged for the fiber length to get the mean value of the strain change for every timestamp.
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Figure 5. Evolution of the strain during curing - sample with fibers in the middle of the composite stack.
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Figure 6. Evolution of the strain during curing - sample with fibers on the surface of the composite stack.
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Based on the plots above, three main strain scenarios can be identified. During the heating stage, positive strain starts
appearing due to the elongation of the sample; during the curing process (stage exposed to a constant temperature) the
strains remain constant; and during the cooling stage, the value of the tensile strains decreases with temperature. However,
at a certain time, we can observe a change in the strain values from positive to negative (from elongation to shrinking). At
this stage, the effect of the strain induced inside the sample during the curing process is observed. These results are in
agreement with the predictions carried out before performing the test. It should be mentioned that only one major difference
was found between the sample types. Through the curing process, the samples were heated to a certain temperature to
activate the thermoset process and then cooled down. The samples with optical fibers in the top of the stack presented
shrinkage strains earlier than the samples with the optical fibers embedded in the middle of the stack.
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As mentioned before, the analysis presented above was performed by using the averaged value of strain along one of the
fiber sections inside the sample to show the general dependence between temperature, time, and the induced strain.
However, the strain measured along the fiber can also be visualized as functions of the curing time and the sample length
providing a 3D map of the process. An example of this visualization is shown in Figure 7.
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Figure 7. 3D Map of the strain distribution in the sample during the curing process.

5. CONCLUSIONS:

The presented work demonstrates the possibility to continuously monitor the composite thermal curing process with the
use of an optical fiber distributed sensor. The obtained data is consistent with the test predictions. Three sets of two types
of samples were analyzed presenting a repeatable pattern. The parameters set in this experiment show that this kind of test
can be performed in other manufacturing methods that are conducted in similar conditions. The maximum long term
temperature set in the test was 180°C, the measured strain was in the range from 1600 pe to -550 pe, and the test was
conducted under a pressure of 6 bar and vacuum of -0,25 bar. The preparation and analysis of two sets of samples (fiber
on the surface and in the middle of the stack) allowed us to conclude that for the composite layers on the top shrinkage
strains were detected earlier than in the samples with fibers in the middle of the composite stack due to the only reason of
the location of the fibers.

The presented technology allowed gathering data all along the curing process. Moreover, as distributed sensing enables
measurements in the whole fiber length, strain gradients along the sample can be analyzed. The obtained results provide a
detailed analysis of the development of the strains induced in the curing process and provide a potential monitoring
solution. With the application of distributed sensing technology in the composite curing process, SHM data is available
from the very beginning of the CFRP life cycle and not only for its operational lifetime. Moreover, the gathered data can
possibly be employed for composite production optimization and for the early detection of possible damages in
manufacturing that can remain invisible to other techniques.
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