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Non-destructive testing (NDT) is not only primarily concerned with the detection of
discontinuities, but also with the mechanical properties. However, the usage of NDT in
understanding the mechanical effect that leads to a failure of composites and the damage
mechanisms are still not thoroughly studied, as much of the NDT approaches are widely
used to maintain the structural integrity to preserve quality assurance. This work aims to
investigate the application of infrared thermographic and ultrasonic in evaluating randomly-
oriented short-natural-fiber-reinforced phenolic composites. The composites were made
from short palm fibers of various sizes between 1.18–0.6 mm, 0.6–0.3 mm, and less than
0.3 mm at 20 and 40 wt%, respectively. The tensile results obtained from the parallel
testing of the composites using infrared thermography, where the temperature and time
changes on the tested samples were continuously recorded. The peak in the temperature-
time graph indicated a macro crack growth and matrix cracking in the form of dissipated
energy. Ultrasonic inspection were carried out on the impacted specimens. A scan of the
ultrasonic testing on the phenolic composites found presence of a back wall in neat
phenolic and was eradicated with fiber reinforcement due to attenuation and energy
dissipation. The attenuation coefficient of composites was calculated with the aid of the
A-scan. Therefore, it is concluded that ultrasonic inspection on the natural fiber is limited
due to the large scattering of wave and energy loss due to attenuation, while infrared
thermography is suitable to inspect natural-fiber-reinforced composites when monotonic
loadings are applied.
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INTRODUCTION

The demand for composite materials in structural application
in the aerospace, automotive, marine, and sports industries
keep increasing due to their light-weight, corrosion resistant,
cost effective, and superior properties. Non-destructive testing
(NDT) is the only testing that detects damages formed in the
composite materials during fabrication or in service of the
component, without destroying the test components.
However, structural integrity identification and assessment
is particularly challenging because composite materials
typically are non-homogeneous and anisotropic. NDT
methods are used for composites especially in detecting the
porosity, crack, delamination, debonding, thick wall, sandwich
structures, as well as for structural health monitoring (Wang
et al., 2020). NDT methods such as ultrasonic testing,
radiography, thermography, Eddy current, and acoustic
emission are emerging tools. Methods are categorized
according to their applications and their inherent
characteristics. The selection of a suitable NDT method is
applied to detect defects depending upon the applicability
criteria of the structure, physical, and mechanical properties
of the composite materials.

Adequate experimental techniques are necessary in order to
identify damages in composite structures and to monitor their
location and progression during loading. Among the NDT
methods, Infrared (IR) thermography and acoustic emission
(AE) are used for in-line monitoring of the progression of
defects in composite materials during loading. Nonetheless,
the most common NDT method used to inspect natural-fiber-
reinforced polymeric composites is AE (Park et al., 2006; De Rosa
et al., 2009; Sarasini and Santulli, 2014). AE is a contact-sensor
(piezoelectric) which detects stress wave motion that causes
dynamic displacement and converts it to an electrical signal
(Giurgiutiu, 2020). (Selmi et al., 2020) investigated the
compression damage of honeycomb cores made from non-
woven flax-epoxy composites using an AE. The result from
the AE revealed that matrix cracking was the dominant
damage factor for all the test samples over fiber pull-out and
fiber-breakage (Selmi et al., 2020). In the flax-reinforced epoxy
composites, the fiber breakage eventually increases the surface
density, resulting in a loss of honeycomb performance. However,
some challenges have been identified and addressed on their
natural fiber. The challenges are the probability that the damage
analysis using AE relies on the complexity of fiber architecture,
which may lead to a challenging evaluation of the AE data
through the inclusion of multiple affected areas (Sarasini and
Santulli, 2014).

In natural-fiber-reinforced composites, the presence of
different dimensional dispersions and the interfacial
strength between the fiber-matrix are the most challenging
in comparison to synthetic-based composites. Natural fibers
are irregular (uneven cell structure), non-homogeneous, and
their cellular hierarchical structures are filled with cavities or
lumens of different dimensions (Sanjay et al., 2018; Huang
et al., 2019). Their integration into a polymer matrix
generates compatibility issues that can only be resolved

partially by fiber surface treatment by a broad dispersion
of properties in the final laminate of composites (Sanjay et al.,
2019; Yusof et al., 2020). The uncertainty of the composite’s
mechanical properties results in the difficulties of
establishing accurate stress limits for the nature of the
materials and determining the impact of damage on the
structure (Lau et al., 2018). Therefore, very limited NDT
methods or resources have been used for natural-fiber-
reinforced composites (Amir et al., 2019).

IR thermography is a non-contact sensor that records
temperature, depending on the IR radiation emitted by each
object at a temperature above absolute zero (Gutschwager et al.,
2020). IR thermography is capable of measuring surface
temperature during the application of thermal charge due to
mechanical loading on the structural component. (Islam and
Ulven, 2020). carried out a thermographic and energy-based
approach to the fatigue strength of flax fibre reinforced
composites, and both the stabilized temperature and
dissipated energy showed a linear relationship. El Sawi et al.
investigated the fatigue damage of a unidirectional flax-
reinforced epoxy composite using IR thermography (El Sawi
et al., 2014). The analysis of the IR thermography and the
experimental fatigue test data showed a correlation with a
low dispersion. It was observed that pectin, as the binding
agent, was the weakest in the composite which led to the
initiation of defect between the fibers in fiber bundles of flax-
reinforced epoxy composite. Therefore, a crack was triggered
and propagated over the interface between the elementary of
flax fibers during cyclic loading (Tripathi et al., 2016). Suriani
et al. carried out the Infrared Thermal Imaging Technique
method on kenaf/epoxy composite and found manufacturing
standard defects such as voids, resin-rich field, pocket of
undispersed crosslinker, misaligned fibers, and regions where
the resin has been improperly wetted by the fiber (Suriani et al.,
2012). Most research works applying infrared thermography on
composite materials focused mainly on stress analysis under
dynamic loading specifically on fatigue. Very few experiments
have applied it to monotonic loading since composite materials
are not extremely dissipative (Colombo et al., 2011). Therefore,
it is not reliable to support material damage characterization for
low applied loadings with small temperature variations solely
(Harizi et al., 2014).

The fundamental principles of ultrasonic testing include
propagation and reflection of sound waves (acoustics). (El-
Sabbagh et al., 2013a). studied the feasibility of fiber content
and distribution in flax polypropylene composites using the
ultrasonic method and found that as the fiber content
increased, the attenuation coefficient increased in a
parabolic trend. As the sound waves cross a medium, the
intensity of the amplitude decreases with distance called
attenuation. In composites, the natural fiber content
influences the longitudinal sound velocity and attenuation
(El-Sabbagh et al., 2013b). The study reported that the
attenuation coefficient increases from 70 to 3,000 dB/m for
non-reinforced polypropylene and 50 wt% fiber reinforced
polypropylene. However, (Abd El-Malak, 1997) observed
that the attenuation coefficient for non-reinforced polyester
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and 60 wt% glass fiber reinforced polyester only increases from
400 to 800 dB/m. This findings supported by the fact that
natural fibers attributed to the void content cause higher
attenuation (Loganathan et al., 2018). To date, no study has
been done on X-ray radiography on short-natural fiber
reinforced polymer composites. However, (Prade et al.,
2017) characterized fiber glass and carbon fiber orientation
in short-natural fiber-reinforced polymer composites using
X-ray radiography, and identified the radiography as a
promising method that offers information of two
dimensions on the fiber direction and its orientation degree
as well as the fiber content. On the other hand, Fernandes et al.
assessed the fiber orientation in randomly-oriented carbon
strand composites using IR thermography and found the
accuracy was 71.6% (Fernandes et al., 2015). (De Rosa et al.,
2010) characterized fiber–matrix interface during tensile and
flexural tests using AE on random and quasi-unidirectional
Phormium tenax fiber-reinforced epoxy composites. They
found that higher amplitudes reflected breakages of fiber,
and the range of 50–70 dB amplitudes was defined as the
failure mechanism occurring in the matrix and at the
interface. Only a few NDT tests were carried out on
randomly-oriented short-fiber composites of either
synthetic-or natural-based.

Two Inspection of natural fiber composites is a significant
issue and NDT is a possible solution only if a rigorous analysis
is performed. To date, no study has been carried out on the
ultrasonic inspection of randomly-oriented short-natural
fiber reinforced polymeric composites. Even for the IR
thermography inspection of randomly-oriented short-
natural fibers, very few studies have been reported to date.
The aim of this work is to study the feasibility of using the
infrared thermography and ultrasound imaging of the palm
fiber loading and size in natural fiber reinforced phenolic
composites. The size of the palm fiber varied between
1.18–0.6 mm, 0.6–0.3 mm, and less than 0.3 mm at a
loading of 20 and 40 wt%, which is categorized as short
fiber. The fibers were arranged in a random orientation and
the composites were prepared using a hot press machine. In
this research, the effects of the size and content of palm fiber
in the phenolic resin on the tensile strength are characterized
using the IR thermography method. The tensile testing was
carried out simultaneously with the IR thermography, while
the ultrasound imaging was carried out on the impacted test
specimen.

MATERIALS AND METHODS

Preparation of Short-Palm-Fiber-Reinforced
Phenolic Composites
The phenolic resin PH-4055 (Novolac type) was supplied by
Chemovate Girinagar, India. The palm fibers were manually
extracted from the leaf stalk of Lipstick Palm and treated with
sodium hydroxide solution. The sodium hydroxide pellet was
purchased from R and M Chemicals. The composite
formulations used in this study are given in Table 1. The

composite sheets with a thickness of 3 mm were prepared by
pressing the mixture of palm fiber and phenolic resin material in
a steel mold at 160°C for 15 min at a pressure of 10 MPa using hot
compression.

IR Thermographic and Tensile Testing
In this study, the IR-camera Micro-Epsilon thermoIMAGER
TIM 200 was used with an optical resolution of 160 × 120
pixels, a spectral range of 7.5–13 μm, a thermal sensitivity of
0.08 K and an acquisition rate of 128 Hz. The IR camera was
positioned approximately 300 mm away from the specimen
surface during the tensile testing as shown in Figure 1. The
central area of the specimen was scanned because the heat
transfer from the grips may have influenced the top and
bottom sections of the specimen. For data processing, the
device was connected to a monitor and the test unit to
provide a reference signal. TIM Connect, a thermal camera
software, was used for post-processing the data. This software
provides full field thermal maps of the scanned area, assesses
damage, and maps data for temperature. The video and
thermographic monitoring were performed simultaneously.
Five specimens were tested, for each configuration.

The tensile test of palm-fiber-reinforced phenolic composites
was carried out as per the ASTM D3039 standard using
INSTRON 5556. The samples were prepared as rectangular
strips with a dimension of 120 mm × 20 mm × 3 mm. The
sample’s gauge length was maintained at 50 mm, crosshead
speed at 2 mm/min, with a load cell of 5 kN. The inspection
of the tensile damage was carried out using IR thermography. Five
specimens were tested, for each configuration and average
reading was recorded.

Ultrasonic Imaging and Impact Testing
The ultrasonic imaging was carried out on the impacted samples.
Ultrasonic Flaw Detector Dolphicam2 from Dolphitech has the
capability to execute the inspection on the impacted composite
materials. A longitudinal mode velocity of 3,070 m/s was used in
this study. An 80% Full Screen Height (FSH) was used as the
reference threshold to examine the reflected and received sound
energy by the transducer. The probe had a 2D array with a 128 ×
128 transducer array and 3.5 MHz frequency, implying that a
total of 16,384 transducer elements performed deep analysis in
real time. Scans performed at the middle of impacted specimen to
achieve a reasonable lateral resolution throughout the thickness
of the specimen. Five specimens were tested, for each

TABLE 1 | Size and content of palm fiber in phenolic composites.

Abbreviation Size of palm fiber (mm) CR fiber content (%)

PH No filler
20L 1.18−0.6 20%
40L 1.18−0.6 40%
20M 0.6−0.3 20%
40M 0.6−0.3 40%
20S <0.3 20%
40S <0.3 40%
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configuration. The principle of this apparatus and the result
displays are shown in Figure 2 below. A-Scan, B-Scan, and
C-Scan were captured, where A-scan represents the signal
amplitude, B-scan represents the cross-section of the
composite materials, while C-scan provides the plan view
information of the tested samples. The attenuation coefficient
of the composites was determined as shown in Eq. 1 with the aid
of the A-scan.

Attenuation coefficient, dB � 20 x log(A1

A2
), (1)

Where, dB is attenuation coefficient, A1 and A2 are signal
strengths from A-scan.

However, the images of B-scan and C-scan were not clear due
to possibilities such as: 1) the natural fiber composite material
absorbed the sound wave or energy, or 2) the current probe
frequency was not sufficient to execute on the natural fiber
composites. Therefore, it was recommended by authors to use
a transducer with a frequency of 0.5 or 1 MHz in order to improve
the sensitivity and resolution.

The Izod impact test was carried out as per ASTM D256 using
Gotech Testing Machine. A rectangular sample was prepared
with a dimension of 64 mm × 12.7 mm × 3 mm. The impact
strength was calculated based on the impact energy and the
cross sectional area of the sample as shown in Eq. 2. Five
specimens were tested, for each configuration and average
reading was recorded.

Impact strength � Impact energy (J)
Area (mm2) . (2)

RESULTS AND DISCUSSION

IR Thermography Inspection of Tensile
Testing
Figure 3 represents the thermographic images of the tensile
specimen throughout the testing. The speed of the infrared
camera was 128 Hz; therefore, the images were continuously
captured for every subsequent 0.0078 s. In the initial images,
there was no sign of failure. When the extension rate increased,
the composites of the phenolic matrix began cracking and the
fracture propagated until a final failure was achieved. The
overall temperature before the failure remained constant;
however, when the complete failure took place, the
temperature evolution reached a peak. This indicates that
the failure was in a brittle manner which occurred instantly
without deformation. During the failure, the peak was
observed due to a macro crack growth and matrix cracking
(Kim et al., 2011). It released the mechanical energy in the
form of dissipated energy as heat on the surface (Lisle et al.,
2013). In this case, the dissipated energy was much smaller
than the thermo-elastic source, therefore, the size of peak was
also small.

FIGURE 1 | (A) IR-thermography mapping during the tensile testing (B) Snapshot obtained from a video recorded with the infra-red camera tracking the hotspot
(Area 1, 1 × 1 pixel measurement area) and (C) Example of Temperature-Time Diagram for tensile testing after being tested.
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Table 2 displays the result of Temperature-Time diagram for
tensile testing of the palm-fiber-reinforced phenolic composites
at different sizes and contents of the fiber. The tensile tests were
carried out at room temperature under the displacement
control. An increase in the temperature was observed when
the failure occurred at the interval time. It is noted that the

exhibited hump shape showed the temperature variations along
the length direction of the sample. This is due to the heat
conduction along the length direction where there was heat
conduction in both cold ends of the sample. As a result, the
center of the sample emitted higher temperature than both ends
of the sample.

FIGURE 2 | (A) Transducer and (B) Ultrasonic imaging of (A-scan, B-scan and C-scan).
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Table 3 displays the tensile strength of the phenolic and palm-
fiber-reinforced phenolic composites and the time taken for the
fracture to occur. The damage evolution was obtained by a
combination of thermal application and mechanical analysis.
For the palm-fiber-reinforced composites, as the size of the
fiber reduced, the tensile strength as well as the time taken for
the tensile fracture to occur increased. It is noticed that the
addition of 20 wt% of fiber between the sizes of 1.18 to 0.6 mm
and 0.6 to 0.3 mm reduced the tensile strength relative to the
phenolic resin. Therefore, the time taken to fracture also reduced
as the tensile strength of the composites decreased. However,
when the fiber size became smaller and the content increased, the
tensile strength was improved and the time taken to fracture was
observed longer. In fact, the phenolic resin was more compatible
with a smaller fiber size as it was influenced by the viscosity of the
resin during the hot press for the sample fabrication. Hence, it
affected the interfacial bonding between the fiber and matrix.

Ultrasonic Inspection on Impacted
Specimen
The impact properties of the palm-fiber-reinforced phenolic
composites were calculated according to Eq. 2 and tabulated
in Table 4 which shows that the phenolic impact strength

FIGURE 3 | The thermographic images of specimen-40S during tensile testing (A) before fracture (B) at the failure time (C) after fractured.

TABLE 2 | Result of Temperature-Time Diagram for tensile testing of palm-fiber-
reinforced phenolic composites.

TABLE 3 | Time taken for the tensile specimen to fracture.

Specimen Tensile strength (MPa) Time taken to fracture (s)

PH 29.82±3.30 52.20±2.03
20L 20.96±3.03 23.40±1.02
40L 24.23±4.06 24.20±0.75
20M 25.87±2.90 28.20±1.33
40M 27.90±4.07 29.40±1.02
20S 29.90±3.00 34.40±1.02
40S 34.27±3.96 37.00±1.41
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increased with the addition of palm fiber. The improvement in
the impact intensity is due to the ability of the fiber that effectively
transfers the impact load. The failure of the composites is due to
the impact caused by failure of the matrix, fiber pull-out, and
debonding of the fiber matrix (Andrew et al., 2019). Debonding
takes place when the transmission load exceeds the interfacial
bonding of the fiber-matrix (Zhou et al., 2020). Meanwhile, fiber
pull-out happens when the force exceeds the strength of fiber,
owing to energy dissipation (Chen et al., 2020).

TABLE 4 | Impact properties of palm-fiber-reinforced phenolic composites.

Sample Impact strength (kJ/m2)

PH 1.15±0.04
20L 2.72±0.02
40L 3.28±0.03
20M 2.21±0.03
40M 2.90±0.02
20S 1.79±0.04
40S 2.03±0.02

TABLE 5 | A-scan of attenuation of various sizes and contents of palm fiber in phenolic composites.

Sample A schematic diagram A-scan Display Intensity of back wall, Full Screen Height (FSH) Attenuation coefficient, dB

PH

60% 4.43 dB

20L

30% 6.02 dB

40L

20% 9.54 dB

20M

20% 9.54 dB

40M

10% 15.56 dB

20S

10% 15.56 dB

40S 5% 21.58 dB
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Table 5 displays the schematic diagram of A-scan of the palm fiber
in various sizes and contents in phenolic composites and also the
calculated value of attenuation coefficient based on Eq. 1. From the
A-scan results, there is no indications of defect detected. In the neat
phenolic, presence of a back wall was noticed. The inclusion of natural
fiber in the phenolic, thus, removed the back wall echo. This may be
due to attenuation and energy dissipation. The gross attenuation of the
ultrasonic waves in composites is the sum of the matrix viscosity, the
scattering attenuation owing to defects (void) and the energy loss at
the fiber/matrix interface (Li et al., 2018). Attenuation is high in the
matrix, owing to the fact that absorption of sound energy is by
viscoelastic matrix. (Biwa, 2001) also stated that within composites,
not just the scattering of waves by micro constituents, but also their
viscoelastic properties contribute significantly to the attenuation of
waves. The high frequency waves absorbed by the polymer matrix,
however, were scattered by the natural fiber. There are four basic
attenuations in ultrasonic, namely absorption, scattering, beam
spreading, and dispersion. Sound velocity also results in dispersion
due to heterogenous (dissimilar) materials, i.e., fiber and matrix. The
addition of natural fiber in phenolic composites, increases the
attenuation coefficient. The major contributing factors to sound
attenuation in natural fiber composites are the complex porous
existence of natural fibers, fiber scattering, higher void content
compared to synthetic fiber composites, and the interface friction
between fibers and matrix. Further supported by (Yang and Li, 2012),
as the sound wave is transmitted to the fibers, the viscous effect
between the fiber frame and the air cavities (lumen) attenuatesmost of
the sound energy. Fiber size and loading are significant parameters for
the attenuation coefficient. As the fiber size gets smaller and the
loading increases, higher attenuation is attained. (Seviaryna et al.,
2014) similarly found that sound attenuation coefficient in the natural
fiber reinforced composites increases exponentially with an increase of
volume fraction of fiber. As the natural fiber loading increases in
composites, the percentages of voids also increase, resulting in greater
attenuation coefficient. Similar findings was reported by (Mehdikhani
et al., 2019; Gholampour and Ozbakkaloglu, 2020) that attenuation
with void content increased rapidly.

For the smallest fiber size (mention the size), the maximum
attenuation coefficient is attained. This may result in less overlap
due to the random distribution of smaller fibers, more surface area
exposure to the sound wave to be absorbed and scattered. With the
tendency of longer fiber to entangle and agglomerate, the interaction
between fiber and fiber increased, contributing to lower absorption
and scattering of sound wave energy. This is supported by (Liu et al.,
2013) who studied the effect of fiber orientation and frequency on
attenuation characteristics. The study reported that the highest
attenuation occurs where the fibers are oriented in the direction
of wave propagation. (Yang and Li, 2012). also reported that
attenuation and dispersion were perpendicular to the fibers.
Therefore, the distribution of the smaller size fiber in the
composites, resulted in the highest attenuation due to its orientation.

CONCLUSION

In the case of palm-fiber-reinforced composites, as the fiber
size decreased, the tensile strength and the time taken for the

tensile to fracture increased. The temperature evolution
reached a peak when the failure occurred. It is indicated
that the failure occurred in a brittle manner without
deformation. During the failure, the peak was observed as
dissipated heat energy due to the growth of macro crack at the
matrix cracking in the form of heat. On the other hand, the
impact strength decreased as the size of the composites
decreased. During the inspection of palm-fiber-reinforced
composites, no back wall was observed, only the threshold
identification was detected. This may be caused by
attenuation and energy dissipation due to the porous
structure which led the sound energy to be scattered by
the natural-fibers. The addition of natural fibers to
phenolic composites raises the attenuation coefficient.
Fiber size and loading are significant parameters for the
attenuation coefficient. As the fiber size was becoming
smaller and the loading increased, the attenuation was
higher. The study provides a quantitative evaluation of the
attenuation coefficient of association between the loading
and size of palm fibere in phenolic composites. These
ultrasonic wave propagation analysis and infrared
thermography analysis are promising for short randomly
oriented natural fiber reinforced polymer.
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