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The demand for composite fiber material is significantly high due to its excellent
mechanical properties and its use in various industries. Recently, with the increasing
awareness of environmental issues, researchers are now focusing more on eco-
friendly and green materials. A biocomposite offers a good balance of strength
and stiffness ratio, bending and membrane mechanical properties, balanced thermal
distortion stability, reduced weight and cost, improved fatigue resistance, reduced
notch sensitivity, and, comparatively, better performance than synthetic composites.
Yet, due to the complex anisotropy of the composite material, the inspection and
detection of inner defects become a challenge. Long-pulse thermography is one of
the non-destructive evaluations (NDEs) used to detect defects in composite materials.
However, very limited research has been carried out on the usage of a low-resolution
infrared camera to perform defect or damage inspection on flax composite laminates.
In this paper, an experimental setup of a long pulse thermography system using low-
resolution infrared camera was performed on flax bio-composite to identify impact and
lightning damage. The result highlights that with control parameters, a low-resolution
infrared camera has the capability to capture the lightning and impact defects of
flax biocomposites using the long-pulse thermography system. An image processing
method is then applied to the defect to improve the quality of defect detection and
reduce background noise.

Keywords: flax biocomposite, impact and lightning damage, infrared thermography, NDE technique, non-
destructive evaluation, long-pulse thermography
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INTRODUCTION

Natural fibers like jute, flax, and kenaf are resources from nature
and cannot harm nature compared to synthetic fibers. Natural
fibers are much cheaper than synthetic fiber, have good specific
strength properties and less density, are eco-friendly (Amir
et al., 2018), have good acoustic insulation (Dicker et al., 2014),
are lightweight (Dittenber and Gangarao, 2012), and can be
extracted using a simple process (Arockiam et al., 2018). Much
research has been performed on studying the potential of natural
fiber in engineering. Asim et al. (2018) discussed specifically
the capability of natural fiber/biomass filler-reinforced polymer
composites in aerospace applications, and Naveen et al. (2019)
discussed the selection of natural fiber for hybrid Kevlar and for
personal body armor application.

Flax (Linum usitatissimum), also known as common flax
or linseed, is a member of the genus Linum in the family
Linaceae. It is a food and fiber crop cultivated in cooler regions
of the world. The main components of flax that determine
the physical properties in different quantities are wax, pectin
and lignin, cellulose, and hemicellulose. The percentage of each
component varied according to different researchers (Yan et al,,
2014). Cellulose covers an average of 62-72% of the properties
of this material. Various of mechanical test and analysis have
been conducted on flax fiber to evaluate and explore the strength
of this material. According to Ramesh (2019), 0.4 g of single
flax could produce 20,000 fibers, which makes the flax fiber one
among the strongest and stiffest plant fibers. Along the axis of
the flax fiber, the stiffness (E) of the flax fiber ranges from 45
to 55 GPa, and the strength is at a range of 800-1,000 MPa
(Lefeuvre et al, 2014). The flax fiber has good mechanical
properties and wide accessibility, and is cheap, environmentally
friendly, and easily manageable (Dittenber and Gangarao, 2012;
Sanjay and Siengchin, 2021). The flax fiber also shows better
energy absorption compared to glass fiber at high strain rate
(Kim et al,, 2014), and it has lower density compared to glass
fiber (Ramnath et al., 2014). Modification of flax material such
as alkalization, will reduce the absorption of environmental
moisture, and hybridization with other materials could improve
the mechanical properties (Dhakal et al., 2013). Hence, with
the advantages, the flax fiber has the potential to become a
reinforcement fiber for engineering applications. However, due
to their complex anisotropy of the composite material, the
inspection and detection of inner defects during the operation
become a challenge.

IMPACT AND LIGHTNING DEFECTS IN
COMPOSITE STRUCTURE MATERIAL

It is crucial to understand the mechanical properties and strength
of natural fibers due to the demands in many industries. The
endurance of the material during their service life includes the
capability to withstand impact and environmental situation such
lightning also need to be analyzed. Low-velocity impact damage
often begins with surface defects or internal delamination
(Kroworz and Katunin, 2018). This includes matrix damage such

as fiber-matrix interface damage and matrix cracking (Ravandi
et al., 2017). In an application such as aircraft, small debris on
the runway could cause bigger damages such as delamination
or fiber and matrix breakage (Nur et al., 2017). Studies on
hybridization of flax/glass has shown improve performance on
absorbing impact (Barouni and Dhakal, 2019).

For outdoor applications that use composite materials such
as aircraft, cars, and wind turbine body structures, the materials
are highly exposed to lightning strikes. According to research
by Larsson (2002), an airplane is usually struck by lightning
once a year. In 7 years of data collected by Peesapati et al.
(2011), it is shown that 739 wind turbines had been struck by
lightning, which causes severe damages to the turbine blades and
frame. Hence, studies on lightning strikes on composite materials
became highly important. Studies on lightning strike assessment
on composite and biocomposite wind turbines were performed
using ultrasonic-guided wave and visual inspection methods
(Mat Daud et al., 2018) to evaluate lightning strike defects on
graphite/epoxy composite laminate (Hirano et al., 2010).

Non-destructive evaluation (NDE) has been widely used to
evaluate damage on composite material structure. Numerous
methods have been suggested to detect damage for different
materials either composite, hybrid, or bio composite. However,
it remains as a challenge due to the anisotropy of materials
where each material has difference mechanical properties.
Thermography method has several advantages compared to other
NDE methods, as it does not require pairs to do the inspection,
a non-contact NDE and large inspection area (Brandao et al,
2016). Moreover, thermography monitoring system could be
fully optimized in a manufacturing system when integrated with
a robotic system (Khodayar et al, 2018). Thermography has
performed as one of NDE techniques in research to detect and
evaluate failure material on carbon reinforcement fiber (CFRP)
to detect foreign inclusions and delamination or impact defect
(Ekanayake et al., 2018; Grys, 2018; Saeed et al., 2018) or defect
on bio composite material such as basalt fiber woven composites,
aramid (Diharjo et al., 2013; Kalyanavalli et al., 2018) and kenaf
(Bendada et al., 2013) had been done. Furthermore, Ultrasound
NDE toolshave also been used to evaluate lightning damage
on composite fibers and CFRP composite (Hirano et al., 2010),
on Carbon Nanotube (Logakis and Skordos, 2012), and flax
reinforcement fiber (Mat Daud et al, 2018). Yet only a few
numbers of research had been done using thermography as
the NDE tool to evaluate lightning defects. Roche et al. (2018)
utilized thermography system to monitor lightning defect of
carbon/epoxy composite.

Active infrared thermography (IRT) utilized an external
excitation source to generate heat in the material under
inspection. Several established active IRT techniques are lock-in,
flash or short-pulse (PT), and long-pulse thermography (LPT).
A new extension of the thermography technique, namely, pulse-
compression thermography (PuCT) was introduced using a form
of heating simulation code such as Barker code and Golay
code in the thermography system to detect steel and composite
defects. This technique has been proposed by researchers for
detecting the subsurface defect on the CFRP (Ghali et al., 2011;
Silipigni et al., 2017; Rani and Mulaveesala, 2020). Research
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shows that there is an improvement of signal-to-noise ratio
(SNR) of defect detection on CFRP composites using the PuCT
method. One of the limitations of PuCT is the sideslope that
influences the impulse response reconstruction (Wu et al., 2019).
Moreover, very little research has been carried out on the
impact defect on natural composites such as the flax composite.
Among IRT techniques, LPT has several advantages such as
fast setup with a simple excitation source and lower cost
(Pickering et al., 2013).

The resolution of an infrared camera depends on the total
pixels. Resolution can be separated into low (resolution is less and
equal to 160 x 120 or 19,600 pixels), medium (resolution at 320
x 240 pixels), and high resolution (640 x 480 pixels). However,
most research utilized a high-resolution infrared camera for the
thermography system. Table 1 shows several studies wherein
materials are tested using a high-resolution camera to monitor
natural and synthetic composite materials. A high-resolution
infrared camera is costly especially for commercial and research
applications. As an example, a FLIR camera A655sc with 320 x
240 pixels for industrial and research purposes listed in a website
will cost about £19,158.00. Therefore, it is a limitation for a small
and medium company to set up a thermography system as a
monitoring system for composite products.

The detection quality of an infrared camera can be divided
into several parameters. These parameters are as follows:
excitation source (heating angle, heating duration, and power),
infrared camera resolution, electromagnetic spectrum of the
camera, material physical and mechanical properties (thickness,
emissivity, and thermal conductivity), and surroundings (either
indoors or outdoors that cause radiation received by the camera)
(Kang et al., 2001; Marinetti and Cesaratto, 2012; Usamentiaga
et al.,, 2014; Balageas et al., 2016).

Heat plays an important role in the thermography system. It
is essential to have uniform heat across the surface material to
capture defects. In LPT, proper heating duration is required that
is enough for the temperature to propagate through the surface
of the material and produce a temperature contrast between the
defected and the non-defected area which could be seen clearly
as the temperature starts to decay. The behavior can be captured
using an infrared camera. Heating duration also relies on the
thermal property of the material and the thickness of the material
(Maldague, 2002). It is important to ensure optimum thermal
contrast to detect defects of impact and lightning. The defect area

TABLE 1 | Materials and infrared camera resolution.

Material IR camera References

composites resolution (pixels)

Basalt 320 x 256 Kalyanavalli et al., 2018

Aramid epoxy 320 x 240 Manes et al., 2018

composite

Carbon Fibre 320 x 256, Marinetti and Cesaratto,

(CFRP) 320 x 240, 2012; Grys, 2018; Saeed
640 x 512 etal, 2018

Hybrid 320 x 240 Rizzo et al., 2019

metal/carbon

cannot be captured if the heating duration is too low. However, if
the heating duration is too long, it could damage the material and
cause unwanted reflected radiation that influences the quality of
the defect captured.

To set up the LPT system, several equipment are required
such as a heat source, an infrared camera, and a computer to
record the images. The system could be either in reflex mode or
in transmission mode. Research shows that LPT provides better
detection compared to several thermography techniques such
as eddy current thermography for the CFRP (Pickering et al.,
2013; Wang et al,, 2019) and delamination defect of the basalt
fiber-reinforced composite (Kalyanavalli et al., 2018).

The outcome of this experiment is to evaluate the capability
of a low-resolution infrared camera to assess the impact and
lightning damage or the defect of the flax composite fiber using
the LPT system. Several parameters were controlled such as
heating angle, heat source distance, heating duration, and using a
close apparatus to improve the detection of defects.

EXPERIMENTAL METHODS
Thermography Setup

The system employs a reflex thermography method setup where
the sample images are captured from the same side of the heating
source. The distance from the infrared camera to the sample is
30 cm. The thermal excitation source consists of two halogen
lamps where both were fixed at 30° angle facing the material
as shown in Figure 1. The distance between halogen lamps to
the sample is 30 cm. A long pulse at a duration of 20-30 s was
suggested for this experiment to produce optimum temperature
contrast for the flax samples. Two halogen lamps facing the
sample at an angle of 30° with rated power of 1kW were used
to produce about 2 kWm~2 power density (Wang et al., 2018) for
each second of the heating period. Two low-resolution cameras
from different companies were selected for the system as shown
in Table 2.

Halogen Lamp

Infrared
Camera

30 cm

Q- - ——

Sample ‘

Halogen Lamp

FIGURE 1 | Halogen lamp setup.
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light colour
cover

Halogen lamps

FIGURE 3 | Testing samples; (A) flax composite, (B) flax with an embedded wire mesh, and (C) flax with an outer-ply wire mesh.

The experiment was conducted indoors with control
parameters and in a closed apparatus or using designated
boxed-shape configurations to obtain an optimum thermal
contrast for the detection of impact and lightning defects using
a low-resolution infrared camera. A bright color material was
used as the internal background color, and an exhaust fan was
used to cool down the surrounding after each experiment. All the

TABLE 2 | Camera specifications.

thermolMAGER
TIM 200

IR camera model FLIR lepton 3.5

LWIR camera

Resolution 160 x 120 pixels

<50 mK

160 x 120 pixels

Thermal sensitivity 0.08 K

parameters were controlled to reduce the absorption of heat from
the surroundings. The camera was connected to a computer,
and the data were saved in an image mode. The design of the
thermography system setup is shown in Figure 2.

Material Preparation

The reinforcement used in this study was flax (EU), construction
0°, Fiber TEX 106. Three types of flax samples were used for this
study where each was exposed to impact and lightning. These
samples consist of flax with an embedded wire, flax without an
embedded wire mesh, and flax with a copper outer-ply wire mesh
that acts as a lightning shield (refer to Figure 3). A black tape was
applied to the surface of the sample to improve emissivity. These
samples were approximately 100 mm by 100 mm in size and
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FIGURE 4 | Vacuum infusion process.

Flax sample 2 High voltage
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]

Ground /Earth —(

@
electrode H

1

FIGURE 5 | lllustration of a lightning experimental setup.

had 1-3 mm of thickness together with epoxy resin. The matrix
used was epoxy resin brand EpoxAmite 100 (Smooth-on) and
cured with Hardener brand 102 Medium (Smooth-on), which

was supplied by Castmech Technologies, Malaysia. The curing
time for the resin is 12 h at room temperature. The fabrication
processes involved in this research is the vacuum bagging process.
The process flow for the vacuum infusion process is illustrated
below in Figure 4.

In the vacuum infusion process, the working area for flax
plate fabrication was first cleaned using acetone. Afterward, the
working area was waxed in a three-layer process to give better
surface roughness to the flax plate. The ratio between the flax
and epoxy resin is 30:70, following the ratio used by Yousif
et al. (2012). The resin was prepared in an epoxy to hardener
ratio of 100 g:28.4 g as recommended by the manufacturer. The
flax layer, flax thickness, macro-fiber composite (MFC) bonding
techniques, and mold were dependent on the experiments
conducted. The peel plies were as a released layer between the
flow mesh and the vacuum bag. The flow mesh assisted the
resin to flow smoothly through the flax. The pressure inside
the working area was tested after being covered up with a
vacuum bag and a sealant. The resin compound was prepared
according to the proposed ratio. Immediately after the resin
mixture was stirred, the vacuum machine was switched on, and
the vacuum compartment inside the vacuum bag sucked the
resin inside and saturated the flax. The resin flow was observed,
and the vacuum pump was switched off after the part was fully
saturated. The part was left at room temperature for 12 h for the
curing process. Then, the vacuum bag, peel plies, and mesh were
carefully removed. The part was then taken out and cut to the
required dimension.
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FIGURE 6 | Lightning defect of the flax reinforcement fiber.

N g
RGBtoGray Improve image Image enhancement
scale Image intensity using Median Filter.

J \ J
L\
Morphologlcal Canny edge Improve image
operation detection. intensity.
N—

2%

S
Defectdetected
and noise
removed.

FIGURE 7 | Image processing flow chart.

For lightning defects, samples were taken from a lightning
strike experiment that used a high-voltage (HV) electrode
impulse generated by the Marx Impulse Generator. In this
experiment, four stages were enough to produce a breakdown on
the fiber where the lightning strike was increased for every 10 kV
starting from 50 KV, if there was no breakdown. The illustration
of the experimental setup for the lightning defect is shown in
Figure 5. The diameter of flax burnt and breakage area cause by
lightning is from 4 mm to 7 mm located at the center of samples
is shown in Figure 6. A 5 J impacted sample of flax without
an embedded wire mesh sample only using IM1-C impact test
systems was used in the study. The impact test is performed
using a drop-weight tool with a hemispherical striker tip with a
diameter of 16 mm.

Image Processing

Without good data processing on the image captured, the
image retrieved from the experiment is considered less valuable.
Therefore, researchers applied image preprocessing to filter noise
and enhance the defected area of the sample (Usamentiaga
etal., 2014). Moreover, using a low-resolution camera, the image
captured is less sharp or blur. Simple image processing methods
are proposed to enhance the image and automatically detect
the defect using MATLAB software. The process starts from
improving the intensity of the image using imadjust function
and filtering it using a median filter before the Canny edge
detection algorithm is applied to the sample image to detect the

edge of the defected area. Next, a morphological operation is
necessary to clear small noise. Finally, the image is converted
to binary image data where only a two-state output result will
appear as bit 1 for the defected area and bit 1 as the non-
defected area. The process flow of image processing is presented
in Figure 7.

RESULTS AND DISCUSSION

Defect Identification

Based on visual inspection, the lightning defects can be identified
with the color changes on the sample surface. The lightning defect
in the sample surface area is darker, and the surface texture is
rougher compared to other areas. This is because of the lightning
burnt area and breakage of the samples. The thermogram output
images for lightning defects captured by the FLIR Lepton camera
and the thermoIMAGER TIM 200 infrared cameras are shown in
Figure 8.

FLIR Lepton camera and thermoIMAGER TIM 200
infrared cameras are capable of capturing lightning defects
on flax-reinforced fiber sample, flax with and without a
wire mesh, and flax with outer-ply samples under controlled
parameters. Fiber breakage created by the lightning causes
a temperature difference between defect and non-defect
areas. Furthermore, a rougher surface on the sample caused
by lightning produced a color difference for defect and
non-defect areas.

For the impact defect sample, the thermoIMAGER TIM 200
is capable of detecting all two-impact defects points. The FLIR
Lepton camera only captured a single point of the impact defect.
Images for impact defects of the flax fiber captured by both
cameras are presented in Figure 9. With several control and
setup parameters, it is shown that a low-resolution infrared
camera has the capability to be an NDE tool to detect low-
impact defects, and the results are aligned with research that
utilized medium- and high-resolution infrared cameras using
pulse thermography to detect natural composite such as basalt
fiber composite, jute, jute/hemp hybrid laminate (Zhang et al.,
2018), and carbon fiber composite (Usamentiaga et al., 2013).
However, in this experiment, several unknown areas, which are
categorized as noise, are also captured using the thermoIMAGER
TIM 200. This is the disadvantage of the pulse thermography
technique where it received radiation from many factors such as
the object, the surroundings, and the reflected object. Therefore,
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Flax without embedded
wire mesh

T

Flax with embedded
wire mesh

Flax with copper
outer-ply wire mesh

Lightning defect captured
by FLIR Lepton camera

Lightning defect captured
by FLIR Lepton camera

Lightning defect captured
by FLIR Lepton camera

FIGURE 8 | Lightning defect images captured by FLIR Lepton and thermolMAGER TIM200 infrared camera.

Lightning defect captured
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Lightning defect captured
by thermoIMAGER TIM 200
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wire mesh

Defect

Impact defects captured
by FLIR Lepton camera
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FIGURE 9 | Impact defect images captured by FLIR Lepton and thermolMAGER TIM200 infrared camera.

Impact defects captured
by thermoIMAGER TIM 200

P
Defect

e
Stk

additional data processing is required such as image processing
to improve blurred image and eliminate noise for low-resolution
infrared cameras.

Figure 10 shows the temperature profile on the surface area
of impact defect and lightning defect samples taken from the

thermoIMAGER TIM 200 camera. The response can be divided
into heating and cooling time. The heating duration captured
in the experiment is between 20 and 30 s. The maximum
temperature on the surface of all samples was from 40.3 to 45°C.
A time delay during the cooling duration was observed along the
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FIGURE 10 | Temperature profile for lightning and impact defect using thermolIMAGER TIM200.

FIGURE 11 | Sample result detection of lightning defect using Canny edge detection algorithm.

TABLE 3 | Camera thermoIMAGER TIM 200 detection performance.

Material Type of Real Defect True False False True Accuracy
defect defect detected positive positive negative negative
(RT) (TP) (FP) (FN) (TN)
Flax with embedded wire mesh Lighting 1 2 1 1 0 1 66.7%
Flax without embedded wire mesh Lightning 1 2 1 1 0 1 66.7%
Flax with copper outer-ply wire Lightning 2 2 2 0 0 0 100%
Flax without embedded wire mesh Impact 2 2 2 0 0 0 100%
TABLE 4 | Camera FLIR lepton detection performance.
Material Defect Real Defect True False False True Accuracy
defect detected positive positive negative negative
(RT) (TP) (FP) (FN) (TN)
Flax with embedded wire mesh Lighting 1 1 1 0 0 0 100%
Flax without embedded wire mesh Lightning 1 1 1 0 0 0 100%
Flax with copper outer-ply wire Lightning 2 2 2 0 0 0 100%
Flax without embedded wire mesh Impact 2 2 1 1 0 1 66.7%
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time axis. This is because of the heat trapped inside the defective
area which will be released slowly during the cooling time
response. The cooling duration slope is much slower compared
to the cooling duration for the impact defect on the flax fiber
mat conducted by Prakash and Maharana (2017). This could be
because of the different thickness of the material being used.
There is a slight difference in the maximum temperature for the
impact compared with the lightning defect where the maximum
temperature for the impact defect is 40.3°C, and the value is
lower than the lightning defect with maximum temperature.
Figure 11 shows a sample result of flax lightning defect detection
image processing flow using Canny edge detection algorithm. It
is clearly shown that noise could be eliminated during the image
processing process and the defect is detected.

Detection Accuracy Using the Confusion
Matrix

The defects captured from both infrared cameras were checked
visually, and the accuracy is analyzed using the confusion matrix.
The analyses have been used for the classification of the material
defect and to detect the defect on the material surface (Fang et al.,
2020). For detection of the defect, it can be divided into true
positive (TP) where it shows that the actual defect is detected as
a defect; true negative (TN) where the actual defect is wrongly
detected as noise or background; false positive (FP) where the
actual noise is wrongly detected as a defect; and false negative
(FN) where the actual noise is detected as noise. The equation
is as follows:

TP + TN
Accuracy = (1)
TP+ FP+ FN + TN

The results are shown in Tables 3, 4. From the results, it

is shown that both cameras are capable of detecting all impact

and lightning defects. However, FLIR Lepton is capable of

detecting all the defects. Nevertheless, the test is carried out on
a few samples only.

CONCLUSION

In this experiment, the performance of thermographic NDT
using long-pulse excitation for damage detection of the flax
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