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ABSTRACT

For over three decades, fibre Bragg gratings (FBGs) have been incorporated into buildings and various structures including
those made from fibre reinforced polymer (FRP) composites as sensors to monitor the structural health. Furthermore, as
FRP composite technology has matured the maximum size of these structures has rapidly increased and thus the
manufacturing process itself has become a critical factor in the overall success of these projects both financially from a
quality control prespective. An example is ensuring that the infusion of resin into the glass reinforcement mats within the
mould has completely wet all the fibre surfaces without leaving dry patches. Checking this issue is problematic as checks
can only take place after infusion has completed. We report the use of FBGs to monitor and locate the flow front of a resin-
like liquid through glass reinforcement mats within the mould during the infusion process of Resin Transfer Moulding
(RTM). During the infusion process, the liquid flow front velocity generates a viscous force that causes the FBGs to
produce both a blue and red wavelength shift. We found the wavelength shifts are small but still significant and reasonably
repeatable for the same conditions, the same depth, location of sensor within the mould and the same velocity of flow front
yielding an error of +1.5pm.The blue wavelength shifts ranged from 8pm to 17pm depending on the flow front velocity
for the “resin-like” liquid. Evidence is presented showing that the main factor of this FBG spectral behaviour is the viscous
force.
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1. INTRODUCTION

Fibre optic sensors have been incorporated into composite material structures for structural health monitoring (SHM) for
over three decades?, leading to the creation of many successful and profitable companies?. Until now academic and industry
researchers have concentrated on the SHM of composite structures during their operation®. However, composite structures
have become significantly larger* and the manufacturing process is now a critical factor in their financial viability due to
the defects that may occur in the manufacturing process. A major step in the manufacturing process is the infusion of resin
into the glass/carbon reinforcement mats within the mould®. The majority of liquid moulding composite processes involve
the placing of dry mats within a closed mould then infusing the resin through the dry reinforcement mats. Ensuring that
the resin has reached all regions of the mats in the mould is problematic—especially for large and complex moulds. This
can also be critical because inspection occurs only after the infusion finishes®.

Recently, researchers have reported both blue and red wavelength shifts occurring at the time when the liquid flow front
approaches the FBG sensors, thus showing potential for monitoring the flow-front of resin into and through a mould®?,
though without offering any in-depth investigation of analysis of the observed spectral behaviour of the FBG sensors

We report here the first in-depth study on the underlying mechanism causing these FBG wavelength shifts and assess their
feasibility as a strategy to monitor and to locate the flow front of the resin-type material (the fluid used has a similar
viscosity to epoxy resin) during the RTM process of composite manufacturing.. We found the wavelength shifts are small
but still significant and reasonably repeatable for the same conditions, with blue wavelength shifts of 10.3pm £1.5pm.
These conditions are depth, location of sensor within the mould and the same velocity of flow front; between layers 1 and
2, on the mat x-y plane (129mm, 122mm, see the reference axis’s is shown in Figure 1a ) with a flow front velocity of
1.69x10°3ms? + 5x10-°ms™.
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The magnitude of these wavelength shifts depended upon the sensor’s location relative to the inlet and outlet vents of the
mould. The sensor’s blue wavelength shift varied from ~10pm to ~400pm and this spectral behavior occurred at different
infusion times, depending upon the location of sensors in the mould and the temporal evolution of the flow-front of the
resin..

2. EXPERIMENTAL PROCEDURE

To demonstrate the potential of this approach we used a simple mould containing four bidirectional reinforcement glass
(BRG) mats. Each BRG mat (22x25cm) consist of ribbons/bundles of glass fibres, typically with diameter of 30 to 60um
and are held together by a waive/stitched thread and are called tows. The BRG mats consist of two layers of tows, with
each layer of tows having a different orientation. angles of 45° and 90°,, see Figure 1. Furthermore, the stitching holds the
BRG mats together and holds the tows in position along with facilitating the handling of the mats. Some initial experiments
were conducted to determine the minimum effects of micro bending on the spectra of the FBG sensor when the vacuum is
applied; Based on this, the FBG sensors are placed parallel and between adjacent tows at the 90-degree side of the mats,
in the x-y plane see Figure 1b. The four BRG mats are symmetrically stacked (z-direction) with the sensor initially placed
between BRG mat layer 1 and layer 2 for a series of repeatability experiments, see Figure 1c.
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Figure 1. The BRG mats and the location and orientation of the FBG sensor within the mats. (a) Schematic top view of
the overall layout of the mats and optical fibre with sensor (b) Pictures of either side of the mats. (c) the symmetric
arrangement of mats with the four layers stack.

During the repeatability experiments, the orientation of the BRG mats within the mould remained the same, a schematic
of the reinforcement orientation is shown in Figure 1c. The liquid used as a resin surrogate was a mixture of glycerol and
water (100:17.02 ratio respectively), which has a similar viscosity to the uncured resin. A dye is added to the fluid to ease
visual monitoring of the flow front. Epoxy resin was not used due to environmental considerations. Furthermore, the optical
fibre that contains the sensor is placed across the entire mould and is anchored/adhered to the sealant that is used to create
a vacuum between the vacuum bag and mould support and is referred to as “tacky tape” (ST150 Vacuum bagging Sealant
Tape). The experimental arrangement is shown in Figure 2: the mould setup in Figure 2a and optical arrangement in Figure
2b.
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Figure 2. The experimental arrangement of apparatus. (a) Picture of the vacuum bag mould (b) Schematic of the optical
apparatus.

3. RESULTS FROM EXPERIMENTS

3.1 Repeatability experiments

The process is divided into three stages: laying up, application of vacuum and infusion. Initially, the four BRG mats are
stack symmetrically on the mould support, shown in Figure 1b with the sensor place in between layers 1 and 2, care is
taken to ensure the FBG sensor does not move during the stacking. The tacky is adhered to the mould support and then
vacuum plastic film adhered to the tacky tape encapsulating the stack of BRG mats and inlet and out port. Following
encapsulation the vacuum rotatory pump is connected outlet port with the inlet closed to create a vacuum. The final stage
opening the inlet port valve to allow resin-like liquid to flow into the mould at atmospheric pressure.

During each stage,the FBG sensor undergoes various blue to red wavelength shifts at the various stages of the
infusion process. The sensor is located between layers 1 and 2 in the same spatial location within the x-y plane of the BRG
mat, an example is shown Figure 2a. The initial red and blue wavelength shifts of the sensor are associated with the manual
tensioning of the optical fibre. The initial first wavelength shift during layup is tensioning applied to ensure that the FBG
sensor is positioned between tows. The following second wavelength shift is due to the vacuum condition imposed upon
the mould itself. These two shifts can vary; the tension red wavelength shift is approximately 100 to 200pm and the second
blue wavelength shift is due to the compaction and contraction of the mould due to the vacuum, which yields shifts from
50pm to 200pm. The magnitude of the blue shift depends upon the initial strain given to the fibre during the laying up
procedure and vacuum condition created by the rotary vacuum pump, see Figure 3. Following the vacuum stage, the
introduction of the resin generates a secondary blue wavelength shift, which then evolves into a red wavelength shift. This
occurs as the flow front of resin approaches the FBG sensor and as the sensor is submerged the wavelength shift becomes
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red, due to viscous force, experimental evidence will be presented, see Figure 3. The third stage is the continuation of the
red wavelength shift as the rest of the mould fills; it is assumed that as the resin fills the mould the compaction gradually
reduces and the resin flow exerts an additional strain, see Figure 3.
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Figure 3. Example of the temporal evolution of the spectral behaviour of the FBG sensor during the RTM.
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Examples of the wavelength shift measured during the infusion stage are shown Figure 4a. The same spatial location is
used for each experiment, and its position is shown in Figure 4b.

(a) 0.07 -

Wavelength shift (nm)

-0.02 - Time (s)
Figure 4. (a) Typical spectral response of FBG sensors during the repeatability experiments. (b) The location of sensor.

The repeatability experiments with the sensors involved a uniform FBG of length 25mm, period of 532nm (phase mask
1.0065um), at the same location that is shown in figure 4. The spectral behaviour of the FBG sensors was very similar to
what other researchers have reported®®. The blue wavelength shifts ranged from 8pm to 17pm depending on the flow front
velocity for the “resin-like” liquid. The blue wavelength shift yielded an average an error £1.5pm. Example on the
wavelength shift and the location of the flow-front along the optical fibre as function of time is shown in Figure 5a. The
blue band shows the time that the flow front reaches the sensor. Furthermore, the centroid wavelength® of the FBG is
shown in the graphs of temporal spectral response of the FBG during infusion, this offers a higher accuracy in the
measurement of the wavelength shift'°.

The significant variation in the blue wavelength shift from the repeatability experiments shown in figure 4a can be
explained by looking at the blue wavelength shift as a function of the measured average velocity of the flow front of liquid.
The velocity varied from 0.79mm/s to 1.12mm/s. There are several reasons why there are velocity variations, firstly, two
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batches of the resin-like liquid were made during the repeatability experiments and the was small variation in temperature
of the laboratory and the effectiveness of the vacuum.

There appears to be a strong relationship between these two parameters, examples of blue wavelength shifts at the same
location but differing velocities of the flow front are shown in Figure 5b. Assuming that other conditions are constant in
this series of experiments, it is known the viscous force is given by, F,, = uA e where g is viscosity of the fluid and A is

the area of the vacuum mould and V/z is the rate of shear stress and V is the velocity profile from the mould support
surface upwards and across the mats layers (z-direction) . Furthermore, a Newtonian fluid has a linear relationship between
shear stress and velocity gradient across the mats %; 3—‘;, therefore assuming the same velocity profile, the magnitude of the

velocity will be proportional to the viscous force, which is seen in Figure 5b. A camera is positioned above the mould, its
view can be seem from Figures 2a and 4a. The infusion process is filmed and the flow front is measured from stills from
the film are equal time periods to estimate the velocity.
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Figure 5. Typical results from the repeatability experiments the sensor is between layers 1 and 2, on the mat x-y plane
(129mm, 122mm) (a) Firstly, the centroid wavelength shift of the FBG sensor during the infusion of the mould as a function
of time during the infusion of the liquid, secondly the position of the flow front of the liquid along the length of the optical
fibre containing the sensor during the infusion of the mould. (b) The measured blue wavelength shift of the FBG sensor as
a function of the measured flow-front velocities measured from the camera data.

3.2 Viscosity experiments

Following the experimental observations of the spectral behaviour of the sensors made in the initial sets of experiments, a
series of infusion experiments were conducted with liquids with different viscosities. The viscosity was adjusted by varying
the ratio of water to glycerol was varied from 17.02/100 to pure glycerol, resulting in the calculated viscosity values are
shown in Table 1. The sensor was placed at the same spatial location in the x-y plane and between the 1%t and 2" layers
and parallel to the tows and laid on the 90° side of the BRG mat within the mould. The overall spectral response to the
various viscosities is shown in Figure 6. There are several observations: firstly, the response occurs more rapidly for the
lower viscosity fluid since it fills into the mould more quickly. Secondly, that as the viscosity increases the blue shift
increases, see Figure 7a, which is a direct indicator that the overall force on the sensor is increasing. This is expected since
the viscosity of the liquid is directly proportional to the viscous force generated by the ingression of the liquid during
infusion. Thirdly, the velocity of the flow-front decreases as the viscosity increases, see Figure 7b, which indicates that the
magnitude of velocity is not the dominating factor. The friction of the liquid (viscosity) to the supporting surface and the
layers within the mould is higher, and thus the rate of velocity change of the liquid away from the support surface through
the mats in the direction would be greater. Therefore, so is the rate of shear stress from the supporting surface and across
the mat layers, thus the a dominant factor is the viscous force. This assertion is further strengthened by the results given in
the Figure 5a; for a liquid with the same viscosity as the velocity increases, the force will increase.
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Table 1. The overall characteristics of the viscosity experiments

Water Glycerol Calculated Velocity of liquid in the Maximum blue wavelength
volume ratio | volume ratio viscosity mould at the sensor shift (pm)
(Nsm?) location (ms™)

17.02 100 0.12 0.001655 4.8

12 100 0.19005 0.001143 9

8 100 0.2936 0.0008171 11.56

4 100 0.49027 0.0006148 16.56

2 100 0.65682 0.0004306 21.8

0 100 0.90568 0.0002661 24.56
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Figure 6. The spectral evolution of the central wavelength of the FBG sensor during the infusion process with the sensor

at the same location with different liquid viscosities.
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Figure 7. The spectral wavelength response of the FBG sensor during the infusion process as a function of (a) viscosity of

the liquid (b) the peak velocity of the liquid approaching the sensor.
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4. CONCLUSION

A series of experiments were conducted to investigate the possibilities of using FBGs to monitor the flow front of resin
during the infusion process of the manufacturing of composite structures. It was found that FBGs experienced a blue and
red wavelength shift, with typical blue wavelength shifts of 10pm and for a given set of conditions that this spectral effect
is repeatable. Furthermore, evidence has been presented to illustrate that this spectral effect is due to the viscous force
created by the flow front of the ingression of liquid. This importantly shows that the FBG sensor spectral behaviour can
be understood in terms of the physical conditions that are occurring within a mould during the RTM process, the flow front
of the resin during infusion. Therefore, were there is a flow front of resin into a mould this effect and FBG have the the
potential to be used to monitor this critical stage in the manufacturing of fibre reinforced polymer composites.
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