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A Review on Detecting and Characterizing Damage
Mechanisms of Synthetic and Natural Fiber Based
Composites
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The damage to composite structures caused by impact events is one of
the most critical behaviors that inhibit the widespread application of
composite material. As the application of synthetic and natural based
composite material increases over time, improved knowledge of
composite damage in areas such as automotive and aerospace is
exceedingly necessary. It is important to study and understand the
damage mechanism of composite structures to produce effective
designs. The failure caused by damage in structural design can result in
unintended consequences. Extensive research has been conducted to
detect impact damage in synthetic fiber. There are various methods to
identify and characterize the damage. This article provides a
comprehensive review of recent literature focusing on the broader scope
of impact damage and incipient thermal damage of synthetic and natural
fiber-based composites. In this report, the available research is reviewed
by considering all aspects related to damage in composite materials,
particularly the work done on detecting and characterizing damage
mechanisms of synthetic and natural fiber-based composites.
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INTRODUCTION

Composite materials are becoming more widely accepted and implemented in
industry. There are core materials, prepegs, glass reinforcements, polyester/vinylsester
resin, thermoset, etc., that have been used widely in automotive applications,
machineries, aerospace applications, marine products, and others. Over the last decade,
natural fibre reinforced polymer composites have been embraced by the European
automobile manufacturers, especially in the manufacturing of door panels, seatback,
package trays, dashboards, and trunk liners. Currently, the use of natural fibres has
become wider and it has potential to replace synthetic fibre in most applications. In
certain applications, impact damage may occur to the structure of the composites. It is
important to study impact damage, since it may lead to catastropic failure to the structure.

Impact damage in composite structures is usually a result of the development of
different failure modes induced in the zone surrounding the impact point. Impact events
can be categorized in terms of four velocity ranges: low, high, ballistic, and hypervelocity
(Santulli 2007). Low Velocity Impact (LV1) is normally defined by impact velocities less
than 20 m/s. However, some consider impact velocities up to 40 m/s to be categorized as
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LVI. LVI represents damage levels associated with situations such as the dropping of a
hand tool during maintenance work (< 31 m/s) and other aircraft maintenance activities.
Meanwhile, high velocity impacts (HVI) are associated with situations such as a bird
colliding with an aircraft (31 m/s to 240 m/s). For impacts resulting from a projectile
fired from a gun (> 240 m/s), the term “ballistic impact” is used. Finally, impacts of
orbital debris roving in outer-space at velocities up to 15,000 m/s are considered
hypervelocity impact events. Because impacts can cause severe reductions in the stiffness
and strength of composite structures, it is necessary to investigate the stiffness and
strength of the material after an impact event.

Since the early 1970s, researchers have been using fiber and matrix toughening,
interface toughening, through-thickness reinforcement, and hybridizing techniques to
improve the impact properties of graphite composites. For high-performance materials,
the choice of fibers can either be carbon or aramid-polyamides, such as Kevlar. These
materials are very strong and are highly heat-resistant; therefore, these materials can be
used in extreme aircraft applications such as the Euro Fighter 2000. A disadvantage of
these materials is that they tend to be very expensive. There is a growing need for
composite materials for use in military and civil applications, and there is a global search
for materials with desirable structural characteristics that also maintain good penetration
resistance and greater strength during impact events.

In the past, composites constituting the main material in structural applications
were made from unidirectional (UD) layers. With UD layers, the majority of the fibers
run only in one direction. The remaining small numbers of fibers running in the
perpendicular directions are predominantly used to hold the primary fibers in position.
This type of composite is not the best material for various applications due to a low
transverse tensile strength. The most effective method of improving the impact behavior
of composites is to introduce woven-fabric (WF) laminates, which is effective because
WEF has a much higher transverse tensile strength compared with the unidirectional
composite. Although such fabrics are not commonly used in aerospace structures, the
material is a competitive alternative to unidirectional composites in terms of impact
resistance.

In recent years, there has been substantial interest in the application of natural
fibers as reinforcements of polymer matrices due to ecological issues pertaining to
climate change, greenhouse gases, etc. Natural fibers could be suitable replacements for
synthetic fibers or glass fibers; their advantages in terms of environmental cost are high
relative to their chemical and physical properties because natural fibre is much easier to
find and produce. To reduce the dependence on petroleum-based products, it is necessary
to explore environmentally friendly, sustainable materials to replace existing synthetic
fibers.

There are various types of bio-composites; presently, the use of natural fiber as
reinforcement is the most practical because of the relatively low price of biodegradable
polymers. To produce more sustainable materials and reduce the carbon footprint during
production and end-use while retaining sufficient mechanical resistance and impact
performance, glass/plant fiber hybrid laminates have been considered (La Rosa et al.
2013). In a recent study on hybrid composites containing different amounts of glass and
flax fibers, there was remarkable bridging between flax fibers, flax yarn, carbon fibers,
and glass fibers with a positive effect on interlaminar shear strength and interlaminar
fracture toughness (Zhang et al. 2013). The behavior of hybrid composites is a weighted
sum of the individual components, in which there is a more favorable balance between
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the innate advantages and disadvantages. The advantages of one type of fiber could
complement what is lacking in the others.

Natural fibers have many advantages over synthetic ones including limited harm
to the environment, enhanced energy recovery and biodegradability, low density, high
toughness, adequate specific strength, reduced dermal and respiratory irritation, low cost,
renewability, and low energy input requirements for manufacture. Another major
advantage is that they can be easily disposed of at the end of their life cycle by
composting or by recovery of the calorific value in a furnace, which is not possible with
glass fibers (Zhou et al. 2010; Sathish et al. 2012).

Despite their advantages, natural fibres also have disadvantages. The major
disadvantages of the natural fibres in composites are the poor compatibility between fiber
and many plastic matrix polymers and the relatively high moisture absorption (Naveen et
al. 2016). Their high moisture absorption sensitivity can cause chemical degradation of
the structure of the fibers, as well as dimensional variations of fibers, which leads to
weak fiber-matrix interfacial adhesion (Ma et al. 2017). Other than that, natural fibers
also have quality variations, low thermal stability, and poor compatibility with the
hydrophobic polymer matrix (Ramesh Kumar and Mohanraj 2017).

Polyolefin thermoplastics such as polypropylene and polyethylene have been
utilized as the matrix in bio-composites due to the limited development of biodegradable
polymers, particularly for structural applications. The matrix in fiber-reinforced
composite holds fibers together, transfers applied loads to those fibers, and protects them
from mechanical damage and other environmental factors.

The properties of natural composites depend on the matrix, fibers, and interfacial
bonding (Moigne et al. 2011). The adhesion between the reinforcing fibers and the matrix
in composite materials is important for the final mechanical and physical properties of the
material. Different types of bio-based fibers have different mechanical properties. Table

1 shows the mechanical properties of different bio-fibers.

Table 1. Mechanical Properties of Different Bio-Fibers

Material Density Tensile Young’s Elongation References
(g/cm?®) | Strength (MPa) | Modulus (GPa) | at Break (%)

Abaca 15 400 12 3-10 (Sanjay et al. 2015)
Bamboo 0.91 504 10.1 2 (Sudarisman et al. 2015)
Banana 1.35 529-914 27-32 5.9 (Sanjay et al. 2015)
Coconut 1.2 150 - 180 4-6 20-40 (Roy et al. 2014)
Coir 1.2 44 2.0 15-25 (Yusoff et al. 2016)
cotton 1.51 400 12 3-10 (Kristaiah et al. 2014)
Curaua 1.4 500-1150 11.8 3.7-4.3 (Sanjay et al. 2015)
Flax 14 800-1500 27.6 1.2-1.6 (Kristaiah et al. 2014)
Hemp 1.48 350 - 800 30-60 1.6-4.0 (Roy et al. 2014)
Jute 1.3 300 - 700 20-50 1.2-3.0 (Roy et al. 2014)
Kenaf 1.18 280-370 22-28 1.7-2.1 (Yusoff et al. 2016)
Spiker Sile 1.3 1300 - 2000 30 28 - 30 (Roy et al. 2014)
Sugar palm 1.29 190.29 3.69 - (Bachtiar et al. 2010)
Pineapple 1.44 413-1627 60-82 14.5 (Sanjay et al. 2015)
Ramie 15 500 44 2 (Kristaiah et al. 2014)
Sisal 15 300 - 500 10-30 2-5 (Roy et al. 2014)
Glass Fiber 25 1200 - 1800 72 25 (Roy et al. 2014)
Carbon Fiber 14 4000 235 2 (Roy et al. 2014)
Kevlar 49 1.44 3600 - 4100 130 2.8 (Roy et al. 2014)
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The term “biocomposite” is employed when natural fibers are used as an
environmentally friendly alternative to composites containing traditional fibers. To some
extent, however, biocomposites still depend on oil and can cause waste problems due to
the use of non-degradable polymer matrices. The technique used to manufacture
biocomposites are based on existing techniques such as press moulding, hand layup,
pultrusion, injection moulding, filament winding, and resin transfer moulding, etc. Figure
1 shows the global composites materials used in current industries in various application.

Global composites applications

B consumer goods

M others

M transportation

W marine

16% B wind energy

M aerospace
pipe & tank

construction

E&E

Fig. 1. Global composite application in recently (Source: Development in Biocomposites articles)

Fibers may possess high strength and stiffness, but they can be difficult to use in
load-bearing applications because of their fibrous structure. Composites based on natural
fibers are lightweight, with a high strength-to-weight ratio and good stiffness.
Unfortunately, there can be problems with the technical properties of reinforced
materials. Moisture absorption is generally high, and impact strength is relatively low.
The price difference between bio-composites and synthetic plastics is expected to narrow
as a result of continued breakthroughs in production and processing technology, increases
in base crude oil, close substitute energy prices, and government regulations favouring
the greater use of renewable energy and reclaimed waste materials (Lee et al. 2003;
Mohanty et al. 2005).

Manufacturing new composites can incur lots of cost. If the composites can
continue to be used over long periods of time, that would be an advantageous situation
compared to manufacturing new composite material. In order to maintain the use of the
composites, much research has been conducted to see the effect of time and defect to the
composites structures. The wide involvement of composites in the production of
important structures such as automotive, aerospace machineries, etc., demands that
adequate and periodic testing be carried out on them before and during the service to
ensure that the materials did not deviate from the original design (Gbenga 2016). Impact
damage testing and incipient thermal damage testing need to be conducted on composites
before they can be used in order to know the strength of the materials. It is also important
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to know the properties of the material. During service, to maintain the materials, non-
destructive testing can be used to detect damage on or inside the composites.

Impact Damage

Numerous studies have reported on the excellent impact response of fibers, and
extensive experimental data has been compiled. Atas and Sayman (2008) investigated the
impact response of woven fabric composite plates made of E-glass. To fabricate the
composite panel, two different types of resin and hardener were chosen: type SC-15A
resin and SC-15B hardener. The fabricated composite laminate had four layers, with the
dimensions of the test plates being 100 mm x 100 mm x 2.2 mm. The composite was pre-
cured at 60 °C for 2 h, followed with a curing at 93 °C for 4 h at a constant pressure of
0.35 MPa. An instrumented drop test machine equipped with a 12.5 mm impactor and a
22.24 kN load cell were used for the impact test. The impact energy varied between 4 J
and 45 J. As the impact energy increased, the impact damage area increased
proportionally. The type of damage in the test specimens included fiber breakage, fiber
pullout, and a visible indentation area, which was detected at the impact energy of 38 J.
The study concluded that the radius of the impactor nose to plate thickness ratio played
an important role in determining the penetration threshold, penetration range, and
perforation threshold of the impacted specimen. However, attention was paid in the study
only to woven fabric composite plates made of E-glass. Therefore, there is a critical need
to examine the impact response of bio-composites and compare the differences between
the results and the literature concerning woven fabric composite plates made of fiberglass
and natural fibers.

Kim et al. (2005) studied damage in graphite/epoxy (Gr/Ep) composite laminate
by using signals recorded in polyvinylidene fluoride (PVDF) and lead zirconate titanate
(PZT) film sensors. The PVDF thin film sensors used in the work were DT1-028 and
measured 15 mm long, 10 mm wide, and 28 pum thick. The PZT sensors that were used
were C-82 and measured 15 mm long, 10 mm wide, and 461 pm thick. Sixteen impact
tests with four different impact masses and five different impact heights were conducted.
The impact energy was calculated by multiplying the weight and height of the impactor,
and the laminate panels were impacted normal to the surface using energies for the
instrumented impactor ranging from 0.123 J to 10.319 J. The sensor signals were
recorded using a digital memory oscilloscope (Tektronics, TDS340). It was
experimentally verified that damage caused by low velocity impact is not easily detected
by the naked eye. A drop weight was used to create the impact damage; the impact
energy was calculated from the weight and drop height of the impactor. The authors
concluded that both types of piezo-sensors were very sensitive to the vibrations and stress
waves generated by low-velocity impact events, which proved useful in the prediction of
impact damages. Because the described study has heightened the need to use sensor
electrical signals for damage detection, ongoing work will seek to characterize impacts
on the basis of response measurements from permanently installed sensors. The type of
sensors that were chosen for the current research were disc-shaped SONOX ®P5 PZT
sensors measuring 10 mm in diameter and having a thickness of 1 mm. Disc-shaped PZT
sensors are ideal for converting a variety of physical quantities into electrical signals for
low and high velocity related applications. Table 2 illustrates the sensors that have been
used for detecting damage in previous studies of various composites.

Razali et al. (2017). “Damage in biocomposites,” BioResources 12(4), Pg #s to be added. 5



PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Table 2. Sensors Used for Detecting Damage in Previous Papers

Composites Sensor Application Year Reference
Kevlar/epoxy skins and NOMEX Fiber-optic Aircraft leading edge 1992 LeBlanc et
core al.
Carbon fiber reinforced Intensity-modulated - 2000 Rippert et
composite sensor based on the al.
microbending
concept
Advanced composite materials Fiber Bragg grating Tensile test 2001 | Kuang et al.
(thermoplastic-based laminates of (FBG) sensor
alternating layers of Al & glass-
fiber/PP (GF/PP) prepregs) and
fiber/metal laminates(FMLs) (Al
alloy sheet and glass-fiber
reinforced PP prepreg)
0° ply of a CFRP cross-ply Small-diameter FBG | Various Tensile test 2002 Okabe et
laminate al.
Epoxy matrix and glass fiber piezoelectric smart Crack damage 2002 Yan and
materials detection Yam
CFRP laminates Extrinsic Fabry-Perot Monitoring cure 2003 Leng and
interferometer (EFPI) process Asundi
and FBG
Cross-ply glass fiber/polyester FBG and a Fabry— Tensile loading 2004 DeOliveira
laminate Perot interferometer et al.
CFRP cross-ply laminate FBG Quasi-static tensile 2005 Yashiro
test et al.
CFRP cross-ply laminates FBG Detect interlaminar 2005 Takeda
delamination using etal.
Lamb wave sensing
Hat-shaped stringer reinforced by FBG Drop-weight impact 2007 Takeda
stitched fiber. The skin part was a tests and fatigue etal.
conventional prepreg lay-up. tests
Carbon fibre/epoxy laminate FBG and Fabry— Strain and acoustic 2008 DeOliveira
Perot interferometer emission sensing etal.
Carbon/epoxy beams EFPI strain sensors Tensile test 2009 Zhou and
(SSs) Sim
CFRP sparse array of FBG Localization of 2011 Kirkby et al.
Sensors. impacts
Carbon composite Polarization Strain measurement 2011 Thakur
Maintaining Photonic et al.
Crystal Fiber
(PMPCF)
CFRP prepreg PZT sensors To perform 2011 Sultan et al.
damaging impact
tests
Glass fiber fabrics /polyester photonic crystal fiber Measurements of 2012 Rajan et al.
resin (PCF) sensors local and average
strain and temp.
CFRP laminate FBG sensor Damage detection in 2012 Okabe and
a holed CFRP under Yashiro
static and cyclic
loading
CFRP FBG sensor Strain 2012 Frieden
et al.
Glass/epoxy prepreg and FBG sensor Strain 2013 Pereira
carbon/epoxy prepreg et al.
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Pereira et al. (2013) characterized the combined behavior of the sensors and the
host material, then defined the procedure to obtain a more accurate strain for the newly
chosen material. The work discussed in their paper was a continuation of a novel method
to improve the reliability and accuracy of the strain measurements on unidirectional
composites using embedded FBG sensors. To compare the strain transfer between the
sensor and the host material, two materials with different tensile moduli (glass fiber and
carbon fiber) were used.

Okabe et al. (2012) discussed the damage detection in a holed CFRP laminate
under static and cyclic loading using an embedded fiber Bragg grating (FGB) sensor. The
change in the spectrum shape was measured in order to detect the damage extension in
the laminate. These results were compared with results obtained by numerical simulation.
The shape of the reflection spectrum did not change during the cyclic load test, but it did
change with an increase of strain in the static load test, due to the existing damage around
the hole. Based on these results, fatigue damage around a hole in a composite laminate
may not be detected with an FBG sensor due to debondings observed between the optical
fibers and matrix during the cyclic load test.

Rogge and Leckey(2013) characterized impact damage in composite laminates
using guided wavefield imaging and local wavenumber domain analysis. Conventional
ultrasonic scanning techniques effectively characterize the size and depth of
delaminations, but they require physical contact with the structure and considerable setup
time. A local Fourier domain analysis method was presented for processing guided
wavefield data to estimate spatially dependent wavenumber values, which can be used to
determine delamination depth. This technique was applied to simulate a wavefield, and
the results were analyzed to determine limitations of the technique with regard to
determining defect size and depth. Guidelines for application of the technique were
developed based on the simulation results. Rogge and Leckey (2013) then obtained
experimental wavefield data in quasi-isotropic CFRP laminates with impact damage. The
recorded wavefields were analyzed, and the wavenumber was measured to an accuracy of
up to 8.5% in the region of shallow delaminations. These results showed the promise of
local wavenumber domain analysis to characterize the depth of delamination damage in
composite laminates. The technique could be applied in automated vehicle health
assurance systems, with potential for high detection rates. This method would greatly
reduced operator effort and setup time.

Sarasini et al. (2016) conducted an experiment which included four-point
bending, falling weight impact test at various energy levels (5 to 30 J) with determination
of the barely visible impact damage (BVID), and post impact flexural tests for
carbon/flax hybrid composites. As the test was conducted, carbon/flax/carbon proved
slightly superior to flax/carbon/flax combination as for flexural performance, although
the presence of flax laminates on the outside guaranteed a higher impact damage
tolerance, acting as hindrance to crack propagation in the laminates. The specimens also
were monitored by Digital Image Correlation (DIC) that allowed preminary identification
of peculiar failure modes of the hybrid laminates.

Petrucci et al. (2015) conducted an experimental study of impact and post-impact
damage characterization of hybrid composite laminates based on basalt fibers in
combination with flax, hemp, and glass fibers manufactured by vacuum infusion. The
impact and flexural post-impact behavior of ternary hybrid composites based on epoxy
resin reinforced with different types of fibres, basalt (B), flax (F), hemp (H), and glass
(G) in textile form, namely FHB, GHB, and GFB, were investigated. The reinforcement
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volume employed was in the order of 21% to 23% throughout. Laminates based
exclusively on basalt, hemp, and flax fibers were also fabricated for comparison. Hybrid
laminates showed an intermediate performance between basalt fiber reinforced laminates
on the high side, and flax and hemp fiber reinforced laminates on the low side. As for
impact performance, GHB appears to be the worst performing hybrid laminate, and FHB
performs slightly better than GFB. Generally, an increased rigidity can be attributed to all
hybrids with respect to flax and hemp fiber composites. The morphological study of
fracture by SEM indicated the variability of mode of fracture of flax and hemp fiber
laminates and of the hybrid configuration (FHB) containing both of them. Acoustic
emission monitoring during post-impact flexural tests confirmed the tendency to
delamination of FHB hybrids, while they were able to better withstand impact damage
than the other hybrids. Table 3, showing data from Grytten (2008), provides very useful
information about the different velocity regimes and their corresponding application and
test methods.

Table 3. Velocity Regimes and Corresponding Applications for Test Methods
(Grytten 2008)

Velocity Impact Test . . L
Regime Equipment Material Test Method Typical Applications
Low velocity Drop hammer Quasi-static testing Dropped objects
0-50 m/s Pneumatic machines: Vehicle impact/ship

accelerator

= hydraulic
= servo-hydraulic
= screw-driven

collision

Crashworthiness of
Containers for hazardous
materials

Sub-ordnance Compressed air = Pneumatic Design of nuclear
50-500 m/s gun = Hydraulic containment
Gas gun = Taylor impact tests Free-falling bombs &
= Split Hopkinson missiles
= Pressure bar Fragments due to
(SHPB)or Tension accidental explosions
bar(SHTB)
Ordnance Compressed air = Taylor tests Military
500-1300 gun gas gun = SHPB/SHTB
Ultra-ordnance Powder gun = Taylor impact test Military
1300-3000 m/s Two-stage light
gas gun
Hypervelocity Two-stage light = Taylor impact test Space vessels
>3000 m/s gas gun Exposed to meteoroid

impact& space debris

Schrauwen and Peijs (2002) performed an experimental investigation on the
influence of the matrix ductility and fiber architecture by implementing repeated impact
tests on laminated fiberglass composites. To investigate the penetration energy and
development of damage in the composite material, a drop test rig was used while the
force was measured using a piezoelectric force transducer. The test specimens for this
research were fabricated using a hand lay-up with a total of 16 specimens with four
different resin and reinforcement combinations. Throughout the testing, the mass of the
impactor and the drop height remained at 2.85 kg and 2 m, respectively.

It was evident that numerous specimens were required for validating an impact
study in order to assure that different impact regimes were covered and that repeatability
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of the impacts could be verified. The impacted specimens were later C-scanned and
visually examined to determine the extent of the delaminations that occurred from the
impact. This study showed that the penetration energy is highly dependent on the type of
reinforcements, while the development of damage during repeated impact events is
influenced by both the type of resin and the architecture of the fibers. Table 4 shows the
fabrication method, matrix polymer used, and type of impact damage on the composite
that was recorded by the previous researchers.

Table 4. Impact Studies by Previous Researchers

Composite Matrix Polymer 'I\:Aallalmggnon Thickness | Impact Year | Reference
CFRP Prepeg 4 mm Steel ball drop 2014 | Fuetal.
Novel based bio- Hot
composite compressing
reinforced,; Poly-lactic acid process ZBC impact .
unidirectional high | (PLA) (lamina 2 mm testing 2014 | Lietal.
strength Mg-alloy stacked
wires method)
Instrumented
CFRP Prepeg hammer (non- 2012 | Frieden et al.
destructive)
Tensile
CFRP - . Okabe and
GERP Polyimide 0.76 mm (strgss/stram) 2012 Yashiro
Fatigue test
Cantilever,
Prepe Autoclave flexure in three-
Carbon/epoxy UD beg 4 mm point bending, 2009 | Zhou and Sim
LTM45-EL cured .
ILS in short beam
shear
. Al-Mosawi et
Hybrid palms- Araldite Hand Charpy impact 2012 | al.
kevlar molding
Falling weight
Hand lay-up impact;Compressi
Hermes flax fibers SR 8200/.5[) 8205 in hot press 2.85(0.07) on 2015 | Liang et al.
epoxy resin . mm .
machine Three point
bending
Hybrid basalt, flax, Epoxy resin _Vacu_um 2-3.9 mm _Fallmg weight 2015 | Petrucci et al.
hemp, glass infusion impact
Epoxy matrix
Epoxy modified tri- Comoressio
Glass fiber block copolymer pre: 1 mm Drop weight 2015 | Matadi et al.
n moulding
(nanostrength)
matrix
Bi-component Resin 3.5+0.15 | Falling dart impact .
E-glass /basalt . transfer o . 2013 | Sarasini et al.
epoxy resin ; mm testing
moulding
Hand lay up
. Vacuum 3.5, 3.8, .
CFRP Prepeg MTM resin bagging 41 mm Drop test rig 2012 | Sultan et al.
autoclave
GFRP Epoxy resin Hand lay up 6.8, 10,12 | Single Stage Gas 2014 Razali et al.
mm Gun (@)
. ) Drop Weight Razali and
GFRP Epoxy resin Hand lay up 5-8 mm impact test 2014 Sultan
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The development of damage discussed in this paper is mainly a consequence of
the type of reinforcement, type of resin, and architecture of the fiber. These same factors
may also apply to bio-composites, which were employed in the current work. It would
also be wise to examine the failure modes and damage progressions with closer scrutiny
by using other related NDE techniques apart from what has been discussed in this review.

Incipient Thermal Damage (ITD)

Heating events such as fire, exhaust wash, or engine overheating during the
service life of composite structures and materials could cause resin degradation, further
causing these materials to experience a significant reduction in room-temperature
mechanical strength properties (Matzkanin and Hansen 1999). Below a certain exposure
threshold, these composites can appear undamaged to visual inspection and conventional
non-destructive testing techniques, but they may have lost a significant percentage (60%)
of their original strength (Pereira 2013). This type of damage, known as incipient thermal
damage (ITD), cannot be detected even by state-of-the-art non-destructive testing (NDT)
or non-destructive evaluation (NDE) systems.

To detect the ITD in composite materials, Howie et. al. (2012) proposed the use
of fluorescent thermal damage probes. The fluorescent thermal damage probes were
incorporated into the matrix of the composite during material fabrication. The probes
exhibit an irreversible fluorescence emission colour shift or intensity change upon
reaching an activation temperature. Illuminating the composite materials with light of
suitable excitation wavelength can hence show fluorescent light at regions with potential
ITD. The Fourier transform infrared spectroscopy (FTIR) method has also been adopted
by the aviation industry (Fu and Li 2014) to identify composite structures that are in need
of repair, using ITD. Another similar method, laser-induced fluorescence method (Fisher
et al. 1997), was also proposed for the detection of ITD. Clearly, methods based on
surface inspection can detect ITD only for a very thin (um range) layer of material, and
their effective usage for predicting bulk mechanical properties is questionable.
Unfortunately, cost-effective repair or the decision for part replacement can only be done
based on a comprehensive understanding of the damage throughout the full thickness of
the material. Currently, mechanics are forced to sand the top layer of material away
before subsequent inspections can be done on the inner layers of material. Lindgren et al.
(2006) proposed the use of sonic infrared method (also known as sonic IR) for detecting
ITD through the thickness of composite materials. An ultrasonic horn was used for
locally heating the composite with mild temperature elevation through thermo-elastic
absorption, and an IR camera, placed at the other side of the materials, was used for
measuring the volumetric heating of the sample due to the thermo-elastic dampening.
Sathish et al. (2005) reported that the thermo-elastic absorption and dampening in
composite materials were governed by Young’s modulus, internal friction, specific heat
at constant pressure, and the thermal conductivity of the materials. While heat exposure
permanently changes the local values of these parameters, the sonic infrared imaging can
register a different heat signature at locations with ITD. The accuracy and effectiveness
of the sonic infrared method is dependent on the standoff distance of ultrasonic horn. In
other words, designing fixtures with surface profile following capability for components
and specimens to ensure a repeatable excitation at appropriate acoustic frequency is very
challenging (Sathish et al. 2012). This limits its potential usage for point measurement to
specific locations of interest only, and further hinders its acceptance by the industrial
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community. The shortcomings of the conventional methods are apparent, and effort must
be applied to solve this problem.

A time history thermography method is proposed for this project as an advanced
NDE tool to evaluate ITD. A suitable non-destructive heating aparatus will be used for
specimen excitation as a localized surface heating source. An infrared (IR) camera is used
to collect time histories of the localized surface heating. Full time history of the surface
heating was used for the evaluation of ITD. ITD alters the thermal properties of a
specimen at the surface and through the thickness, and it is expected that heat dissipation
pattern of a specimen at region with ITD is different from an intact region, although
thermal excitation is only performed at the surface of the specimen. This difference was
registered by the IR camera, and a novel image processing method will be developed to
highlight and evaluate the ITD. Compared with the sonic infrared method, this proposed
method provides comparable sensitivity of ITD evaluation through the material thickness,
without the need of a surface profile-following fixture. Numerical analysis is essential to
minimizing the time and cost of fabrication. Testings of actual laminates are also
proposed for this project based on the finite element method (FEM). Through reliable
numerical simulations, further investigations and parametric studies on damaged
laminates subjected to heat can be performed. In addition, material property degradation
as a result of various temperature exposures as well as various modes of failure may also
be investigated.

Failure Modes of Composites

Impact damage may lead to several types of failure. Some of the targets will be
penetrated by the impactor and some of them only will receive minor damage at the
surface area. In the case of damage, several failure modes must be occur such as
delamination, matrix cracking, matrix breakage, fiber breakage, fiber pullout. The failure
modes of the composites will be depends on the materials properties, matrix properties,
impact velocity, projectile nose shape, and target geometry, etc. Delamination is a crack
that occurs in the resin area between resin and fiber plies of different fibre orientation.
Matrix failure is the first failures that occurs before the fiber failure. Matrix cracks occur
due to property mismatching between the fibre and matrix, and are usually oriented in
planes parallel to the fibre direction in unidirectional layers. Fibre failure generally occur
after the matrix failure and delamination. It occurs due to highly stress impact and it may
lead to catastrophic penetration modes (Razali et al. 2014b).

APPLICATIONS

Composite Application in Aerospace

In the aviation industry, the operating costs are extremely high, there is high
competition, and, in most cases, the profit returned is small. Even though the composite
would reduce weight and increase corrosion resistance, the acceptance of composite
application in the aircraft structure has been slower than expected. The reasons for the
reluctance of use are due to its high cost of certification and production costs for
composite components (Harris et al. 2002). The cost of composites is the main hindrance
to greater wider application (Freeman 1993).

Harris et al. (2002) noted that the cost of manufacturing and maintenance of
composite structures must not be greater than that of aluminium alloy, but it needs to
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maintain the advantage of reducing weight. However, impact damage and the strength
become hindrance factors. Other problems include poor reliability in estimating the
development costs and inability to accurately predict structural failure.

The application of composite materials in large aircraft structures has increased
over the past half-decade, but manufacturers found solutions to lower the cost of
production of composite structures. The largest user of composite materials today is the
transportation industry, which consumed 1.3 billion pounds of composites in 2000
(Mazumdar 2001). As an example, Airbus Industries has continued implementing
composite structures into its new aircraft program. In the A380 structure, the amount of
composite applications is approximately 16% of the total airframe weight. This is
equivalent to the replacement of about 20% of conventional aluminium structure by
composites. Before Airbus Industries started the innovation, most large commercial
transport aircraft designs limited the use of composite materials to secondary structures
such as ailerons, flaps, elevators, and rudders.

The Airbus A380 will employ carbon fiber reinforced plastic composite materials
in the massive wing carry-through structure. Resin infusion is used to form the rear
pressure bulkhead and several of the wing panels. Leading edges will be thermoplastic to
obtain improved impact resistance. The upper fuselage skin panels will be manufactured
from a hybrid metal and fiberglass laminate. Figure 2 illustrates the material used on the
A380 as projected in the advanced development stage of the project. The carry through
structure represents probably the largest, most complex, and most critical aerospace
composite structure attempted in civil aircraft applications (Pora 2001).

Upper fuselage panels: Al 2524 and Fiber Laminates (GLARE),
both with high-strength Stringers (7000-series Aluminum Alloy)

Mid & Inner Wing Panels:

. Advanced Aluminum Alloys Empennage &
g:tRelg Z\:mg. ‘ Outer Flaps, Spoilers o/ un-pressyrized Fuselage:
Metal bonded % & Ailerons: CFRP . Carbon Fiber Reinforced

\ . ¥ | Plastic (CFRP)
Panels % InnerFlap: e =

et e
_ Aluminum_—— ) i

Rear Pressure Bulk Head: CFRP

_— 1
- i

e < J;r_}\ /.—_}_._.f"
=

==
" Upper Deck Floor Beams: CFRP
‘Qg,‘ Passenger Doors: Cast Door Structure

: e Fixed Wing Leading Edge:
; : Engine Cowlings: :
Center Wing Box: CFRP
5 Monolithic CFRP Thermoplastics

Lower Fuselage Panels: Laser-beam-welded Aluminum Alloys

Fig. 2. Advanced composites material selected for A380 (Source: Courtesy of Airbus Industries)

Due to unexpected runway debris, bird collision during flight, hand tools dropped
during maintenance work, and other types of impact damage that may result in
catastrophic failure, a few systems were created to detect the damage and monitor the
structural health. Panopoulou et al. (2011) developed a new system for structural health
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monitoring of aerospace composite structures based on real-time dynamic measurements,
to identify the condition of the structure. Long-gauge Fiber Bragg Grating (FBG) optical
sensors were used to monitor the dynamic response of composite structures. The
algorithms were developed to detect structural damage using dynamic response data that
was collected. The data were analyzed in a variety of ways. By use of artificial neural
networks it was possible to identify the state of damage and its exact location. Validation
experiments were carried out initially on flat stiffened panels that were manufactured and
tested in the laboratory and represented part of the normal aeronautical structures. As a
second step, the space-oriented structure, which is a honeycomb composite plate, was
improved and used as a base for the array of antenna placement. Figure 3 illustrate the
process to manufacturing the honeycomb composites plate that is used in most structure
application. Honeycomb are produced from an expansion process of plates that had been
laser weld or adhesive bond strips to each other and form a block of sheets. These are
later pulled apart to create expanded panel. The method is used not only because of their
advantages in term of weight saving and structural performances, but also as an effective
means to reduce cost.

The FBG sensor network integration, based on the advantages of multiplexing,
was installed on both the structure and position of different excitation; boundary
conditions were used. Analysis of the dynamic response operation identified both the
damage and its position. The system was tested initially on a thin composite panel and
was successfully validated on the honeycomb structure.

4 1 blade
web

block of sheets
(HOBE), laser weld or
adhesive bond strips

TRea

— ) s
= P A< sliced
<= —_— HOBE
aluminum % .

roll [:|J>

cut sheets

pulled apart to create
expanded panel

Fig. 3.The manufacturing of honeycomb plates (Wadley 2006)

Appleby-Thomas et al. (2015) had made an attempt to investigate the effect of a
more complex geometric structure comprising two dimensional flat and peaked-nose
structures on composite systems. A series of ballistic tests were carried out accelerating
various geometric “fragment simulants” into an aerospace grade composite material.
Damage was monitored in real time using high-speed cameras. Resulting calculations of
projectile energy loss in the target, combined with analysis of recovered material via
ultrasonic c-scan, have shown a clear relationship between projectile geometry and CFRP
failure mode.
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SUMMARY STATEMENTS

1. It is important to know the damage mechanism in composite materials in order to
produce an effective design for a structure, especially because composite materials
are becoming more widely accepted and implemented in the industry.

2. Based on previous research, experimental studies, analytical formulation, and
simulation have been carried out to mimic the real impact and evaluate impact
damage progression.

3. In this review, only woven fabric composite plates made of synthetic composites
were described. There was insufficient literature pertaining to natural fibers in the
impact damage field.

4. Moreover, natural fibers have the following advantages over synthetic fibers: minimal
harm to the environment, enhanced energy recovery and biodegradability, low
density, high toughness, acceptable specific strength, reduced dermal and respiratory
irritation, low cost, and possible applicability in the aerospace industry (though this
requires additional testing).

5. Therefore, there is a critical need to examine the impact response of bio-composites
and compare the differences, and general agreements, with the collected literature
concerning woven fabric composite plates made of synthetic and natural fibers.
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