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Fibre metal laminate (FML) consists of sheet metal and fibre prepreg stacked
alternatively in 2/1 or 3/2 lay-up and cured to form the laminate. The commercially
available FML such as CARALL (Carbon fibre reinforced aluminum metal laminate),
GLARE (Glass laminate aluminum reinforced epoxy) and ARALL (Aramid fibre
reinforced aluminum metal laminate) based on the synthetic fibres have limitations like
difficulties in recycling, degradability and disposal problems. These factors push the
need for environment friendly material. From the literature review, it has been identified
that the studies on the natural fibre reinforced FML and the metal surface treatments
other than the standard chromic acid anodizing are limited. Also, the impact of aging
effects on the mechanical properties of natural fibre reinforced FML has never been
studied. In this research, a new class of FML reinforced with the carbon fibres and
natural fibres like flax and sugar palm has been fabricated using the hand lay-up and hot
press technique. Their mechanical properties under various loads with respect to the
metal surface treatment, fibre stacking sequence, hygrothermal and sub-zero aging
effects were studied. Based on the results from the experiments, it could be seen that
sanding followed by silane treatment could be used as a metal surface treatment for
FML, as it provides superior properties over the FML with sanded metal surface. Among
the studied configurations, FML with the pure flax fibres exhibited the highest strength,
stiffness and fatigue life. Hybridization of flax with sugar palm also has led to significant
improvement in the properties compared to the FML with sugar palm fibres. On the other
hand, FML specimens exposed to the aging under the moisture/temperature, failed at
lower loads, possessed lower strength and stiffness than the unexposed or dry specimens.
The degradation in properties was more severe in case of hygrothermal conditioning than
the sub-zero exposure. This is because hygrothermal conditioning resulted in 6-8%
increase in thickness swelling due to the moisture absorption by natural fibres in the



laminate, weakening of the interfacial bonding strength and degradation of the natural
fibre reinforced composite ply as evident from the presence of multiple cracks in the
microstructure of the hygrothermally aged FML specimens. To summarize, FML with
the pure flax fibres has shown better mechanical properties; longer fatigue life and fibre
bridging effect which is critical to sustain larger number of cycles before the failure. The
degradation in mechanical properties and physical changes in the FML due to the aging
indicates the need to evaluate their behavior if they are required to use in the structures
operating under such environmental conditions.
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Lapisan logam bergentian (FML) terdiri daripada lapisan logam dan gentian dalam
bentuk prepreg yang disusun secara selang-seli dalam susunan 2/1 atau 3/2 telah
difabrikasi bagi membentuk susunan lamina. Secara komersialnya, FML sedia ada
seperti CARALL (Carbon fibre reinforced aluminum metal laminate), GLARE (Glass
laminate aluminum reinforced epoxy) and ARALL (Aramid fibre reinforced aluminum
metal laminate) yang terdiri daripada gentian sintetik mempunyai masalah seperti sukar
untuk dikitar semula dan diurai bagi tujuan pelupusan. Berdasarkan faktor-faktor ini, ia
mendorong kepada keperluan untuk membangunkan bahan mesra alam. Berdasarkan
kajian literatur, kajian dan ilmu berkenaan gentian semula jadi FML dan rawatan
permukaan logam termasuklah anodizing asid kromik adalah sangat terhad. Selain itu,
kesan-kesan penuaan pada sifat mekanik untuk gentian semulajadi dalam FML masih
belum dikaji sepenuhnya. Dalam kajian ini, FML yang diperkuat dengan gentian karbon
dan gentian semulajadi seperti flaks dan enau telah dihasilkan menggunakan teknik
belangai tangan dan teknik tekan panas. Ciri-ciri mekanik di bawah pelbagai beban telah
dikaji dengan rawatan permukaan logam, susunan gentian, kesan hygrothermal dan sub-
sifar. Berdasarkan keputusan daripada eksperimen, ianya boleh dilihat bahawa
pengasaran permukaan logam dan diikuti dengan rawatan silane boleh digunakan sebagai
rawatan permukaan logam untuk FML, kerana ia memberikan sifat yang lebih baik untuk
FML dengan permukaan logam yang telah dirawat. Berdasarkan konfigurasi di atas,
FML dengan gentian flaks tulen menunjukkan sifat kekuatan, kekakuan dan keletihan
yang tertinggi. Hibridisasi gentian flaks dengan enau menyebabkan peningkatan yang
ketara dalam sifat-sifat berbanding dengan FML dengan gentian enau. Sebaliknya,
spesimen FML yang terdedah kepada penuaan di bawah pelbagai kelembapan/suhu
menunjukkan ianya gagal pada beban yang lebih rendah dan juga menghasilkan sifat
kekuatan dan kekakuan yang lebih rendah daripada spesimen yang tidak terdedah kepada



pelbagai kelembapan/suhu. Degradasi dalam sifat ini akan bertambah sekiranya keadaan
hygrothermal terdedah pada keadaan sub-sifar. Ini akan menyebabkan keadaan
hygrothermal menghasilkan kenaikan ketebalan terhadap pembengkakan spesimen
sebanyak 6-8 % yang disebabkan oleh penyerapan kelembapan oleh gentian semulajadi
dalam lamina. Hasilnya, ia melemahkan kekuatan ikatan antara muka dan kemerosotan
pada komposit gentian semulajadi yang dibuktikan dengan penghasilan retak yang
banyak dalam struktur mikro spesimen FML secara hygrothermal. Sebagai ringkasanya,
FML dengan gentian flaks tulen menunjukkan sifat mekanikal yang lebih baik; jangka
hayat kelesuan yang lebih panjang dan memberi kesan yang sangat penting terhadap
penyambungan gentian untuk mengekalkan jangka hayat bahan sebelum gagal. Input
daripada kerosakan dalam sifat-sifat mekanikal dan perubahan fizikal dalam FML yang
disebabkan oleh penuaan ini akan menentukan keperluan-keperluan penyelidikan dan
pembangunan FML bergentian semula jadi pada masa akan datang bagi menilai sifat-
sifatnya di bawah aplikasi persekitaran hygrotermal dan sub-sifar.
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CHAPTER 1
INTRODUCTION

1.1 Background

Fibre metal laminate (FML) is an advanced hybrid material that consist of thin sheets
of high strength Aluminium alloy (Al) alternatively bonded with the fibre reinforced
composite prepregs as shown in Figure 1.1 (Asundi & Choi, 1997). A fibre prepreg is
made up of a fibres or fibre fabric impregnated with liquid polymer resin (Saunders,
Dickson, Singh, Carmichael, & Lopata, 1988). The prepregs used in aircrafts are made
up of epoxy resin and is normally stored in a freezer below 0 °C. Prior to the
fabrication, it should be allowed to reach room temperature which in turn gives a sticky
texture.

Glass fibre prepreg

Glass fibre prepreg it

A,

Figure 1.1: 3/2 layup of FML (Lopes, Remmers, & Giirdal, 2008)

FML was invented in the Delft University of Technology, Netherlands and patented by
Schijve, Vogelesang and Marissen. The first successfully produced FML was based on
the aramid fibre prepreg named as ARALL by the Faculty of Aerospace Engineering
Delft University of Technology. ARALL was then commercialized by ALCOA in
1984. FML has been widely used in aircraft structures due to their advantages like
excellent damage tolerant characteristics such as the longer fatigue life, impact
resistance, high strength to weight ratio along with the reduced moisture absorption
compared to the composites (Sinmazgelik, Avcu, Bora, & Coban, 2011). In the initial
stages of development, ARALL found applications in the wing structure of F-27 and
Fokker 50 and in the C-17 cargo door (Vlot & Gunnink, 2011). Other commercially
available FML materials such as CARALL and GLARE are made up of carbon (C)
and glass (G) fiber based prepreg sandwiched between Al sheets (Muthukumar



Chandrasekar et al., 2018). Over the years, ARALL has been replaced by GLARE in
the wing structures and it was also used in the fuselage, passenger floors and cargo
barriers of the aircraft (Vlot & Gunnink, 2011). Applications for CARALL include
helicopter struts and aircraft seats (Sinmazgelik et al., 2011). The general production
process of FML involves stacking of the metal and prepregs together and curing under
the vacuum and high temperature using an autoclave. The combined effect of
temperature and pressure allows the excess resin to flow out and consolidates the plies
to obtain FML with least amount of voids (Romli et al., 2017). The mechanical
properties of FML highly depend on the constituent’s individual properties. Variants of
FML can be obtained by the use of different alloy grades and various fibre
architectures according to the strength requirements of an application. The most
commonly used aerospace grade Al alloy in FML include 2024-T3, 7075-T6 and 6061-
T6 sheets of thickness 0.2 - 0.5mm.

The interfacial bonding characteristic between the metal/composite plies is one of the
main factors influencing the mechanical properties and failure behavior of FML. The
smooth surface of Al substrate results in poor interfacial adhesion with the composite
plies. Thus, surface treatment of Al prior to the fabrication of FML has been
performed. Al substrate to be bonded with composite ply is surface treated by various
techniques such as mechanical abrasion, coupling agents, electrochemical and dry
surface treatments which ensure good interfacial adhesion.

The aircraft structures are subjected to the static loads like tensile, flexural,
compressive, impact and fatigue loading during its lifetime (Almeida, Damato,
Botelho, Pardini, & Rezende, 2008). The aircraft also operates in different weather
conditions and altitudes with a varying temperature range between -55°C and 70°C.
The environmental factors such as temperature, humidity and radiation could also
affect the material properties (Ypma & Borgonje, 2013).

Vast amount of research works on CARALL, GLARE and ARALL could be found in
the literature (Afaghi-Khatibi, Lawcock, Ye, & Mai, 2000; Fan, Guan, & Cantwell,
2011; Kawai, Hachinohe, Takumida, & Kawase, 2001; Khan, Alderliesten, &
Benedictus, 2009; GD Lawcock, Ye, Mai, & Sun, 1998; Linde, Pleitner, de Boer, &
Carmone, 2004; Mahesh & Senthil Kumar, 2013; Ritchie, Yu, & Bucci, 1989; Rodi &
Benedictus, 2010; Schijve, 1993; Shim, Alderliesten, Spearing, & Burianek, 2003;
Takamatsu, Matsumura, Ogura, Shimokawa, & Kakuta, 1999; Vasek, Polak, & Kozak,
1997; C. A. J. R. Vermeeren, 1990; G. Wu & Yang, 2005). The factors governing the
mechanical properties and failure behavior of FML has been well documented till date.
In the past few years, natural fibre reinforced FML has been emerging as a new class of
material with the research works on FML has been focused on the use of natural fibres
like kenaf (Mohammed et al., 2018; L. F. Ng, Sivakumar, Zakaria, Bapokutty, &
Sivaraos, 2017; Lin Feng Ng, Sivakumar, Zakaria, & Selamat, 2017; Sivakumar, Ng, &
Selamat, 2017), oil palm (Dhar Malingam, Selamat, Said, & Subramonian, 2016), flax
(Afaghi Khatibi, Kandare, & Yoo, 2016; Kandare, Yoo, & Afaghi Khatibi, 2016), sisal
(Vieira, dos Santos, Panzera, Rubio, & Scarpa, 2017), jute (Vasumathi & Murali,
2016a), etc.



1.2 Problem statement

GLARE, CARALL and ARALL are synthetic fibre based thermoset materials. These
synthetic thermoset based materials have limitations due to environmental impacts such
as difficulties in recycling, lower degradability, disposal requirements and emission of
greenhouse gases associated with the production of synthetic fibres (Pervaiz & Sain,
2003; Ribeiro et al., 2016; Roberts, 2011). Also, widespread application of synthetic
fibre reinforced composites in various industrial applications like construction,
automobile, wind energy, etc. has led to increase in demand for the synthetic fibres
(Beauson, Lilholt, & Brendsted, 2014; Zaman, Gutub, & Wafa, 2013). These aspects
have urged the researchers and manufacturers to focus on the environmentally friendly
and cost effective materials which could substitute the synthetic materials. Use of
natural fibres in FML could be a promising solution. The research on pure natural fibre
based FML and natural/synthetic fibre based FML has been gaining increased attention
among the researchers as mentioned in section 1.1. However, till date, the literature on
natural fibre based FML is very limited.

Natural fibres have advantages like low density, biodegradability and they are
abundantly available (Muralidhar, 2013; J. Sahari, S. Sapuan, E. Zainudin, & M. A.
Maleque, 2013; Yan, Chouw, & Jayaraman, 2014). However, the natural fibre and their
composites have inferior strength compared to the synthetic fibre and their composites
(Begum & Islam, 2013). So, one way to eliminate this limitation is to hybridize with
other fibres (Gupta & Srivastava, 2016). Hybrid composites based on the
synthetic/natural fibres possess good mechanical properties and they could be
implemented in the high performance applications (Jawaid & Khalil, 2011). In this
research, flax and sugar palm fibres have been chosen as reinforcements. Among the
natural fibres, flax has superior strength and modulus equivalent to E-glass fibres
(Célino, Fréour, Jacquemin, & Casari, 2013; Kabir, Wang, Lau, & Cardona, 2012;
Phillips, Baets, Lessard, Hubert, & Verpoest, 2013). This makes them a potential
candidate for the high performance applications. On the other hand, sugar palm fibres
have lower density and are suitable for reinforcement in the composite materials. Since
sugar palm is a native crop of Malaysia, their use as reinforcement in composites and
FML could be of benefit to the financial point of view in generating income, business
opportunities and various products. The fibres can also be extracted without cutting the
tree, thereby no damage to the environment (Ishak et al., 2013). To date, sugar palm
fibres were not used as reinforcements in FML and their mechanical properties remain
unexplored. In order to determine their response to various mechanical loads and their
failure behavior under such loads, it is necessary to assess their mechanical
performance under various loads.

Interfacial bonding between the metal alloy and the composite ply is crucial for the
overall performance of the material. Lack of sufficient bonding between the metal and
the composite layers can lead to the delamination and pre-mature failure. Ostapiuk et al
fabricated CARALL without any metal surface treatment and found that there was no
bonding between the metal layer and the prepregs after curing as shown in Figure 1.2
(Ostapiuk, Surowska, & Bienias, 2014). Similar observation on GLARE was reported
by Benedict in his thesis work. GLARE coupons manufactured without any surface
preparation displayed delamination post curing while a simple sandblasting of Al



helped in bonding (Benedict, 2012). This implies that smooth surface of Al cannot
ensure good bonding with the prepreg.

Figure 1.2: Delamination between the metal/prepreg in FML with smooth metal
surface without any treatment (Ostapiuk et al., 2014)

Thus, surface preparation of Al before the fabrication process is an important pre-
requisite. Various metal surface treatment techniques have been used by the researchers
and aircraft manufacturers to achieve good interfacial bonding. Those include
mechanical abrasion, chemical etching, electrochemical treatment and use of coupling
agents (Sinmazgelik et al., 2011).

FML has superior resistance to the combined effect of moisture/temperature due to the
presence of Al on the top and bottom surface and it acts as a barrier. The moisture can
seep through these damages, micro-cracks, holes, gaps and free edges and this could
lead to deteriorating effect on the mechanical properties of FML. A number of research
works on the effect of combined moisture/temperature on mechanical properties of the
synthetic fibre reinforced FML could be found in the literature. In most of the studies,
GLARE and CARALL has been exposed to the freezing temperature (below 0 °C to
cryogenic temperature) and hygrothermal conditions (70 °C - 80 °C). Both GLARE
and CARALL displayed marginal decrease in the mechanical properties due to these
conditions. However, hygrothermal conditioning could have much higher impact on the
performance of natural fibre based FML. This is because of the hydrophilic nature of
the natural fibres which are susceptible to degradation under hygrothermal conditions
(Scida, Assarar, Poilane, & Ayad, 2013). As per the researcher’s knowledge, none of
the studies exist on the degradation effects of natural fibre based FML exposed to the
freezing temperature and hygrothermal conditions. Hence, it is necessary to understand
the impact of such factors on the mechanical properties of the natural fibre based FML.

1.3 Research objectives
The general aim of this research is to fabricate and evaluate the mechanical properties

of FML with carbon prepreg, flax and sugar palm fibres under various conditions. The
study involves the following objectives:



1. To investigate the influence of surface treatments of Al and natural fibre
stacking sequence on the mechanical properties of FML.

2. To study the influence of hygrothermal conditions on the physical/mechanical
properties and failure behavior of the fabricated FML.

3. To determine the effect of sub-zero temperature on the physical/mechanical
properties and failure behavior of the fabricated FML.

4. To study the fatigue properties of unexposed, hygrothermal and sub-zero
conditioned FML.

1.4 Scope and Limitations of the study

The main novelty of the study is credited to the fabrication and characterization of
FML with flax and sugar palm fibres through the experimental approach. Variants in
FML with pure flax, pure sugar palm, and hybrid combination with flax/sugar palm in
the outer layer/core and vice-versa are fabricated by the hand layup and hot press
technique. The metal surface has been prepared by sanding as a stand-alone process
and sanding & silane surface treatments. Their mechanical properties such as tensile,
flexural, compressive, inter-laminar shear and fatigue properties are determined before
and after the exposure to the hygrothermal and sub-zero conditions. Hygrothermal
conditioning is performed in a water bath at 80 °C for 120 h and sub-zero conditioning
was carried out in a freezer at -40 °C for 72 h. The failure behavior is discussed with
visual images and scanning electron microscope (SEM) images to understand the
failure behavior and changes to microstructure due to the conditioning.

In this research, flax and sugar palm fibre reinforcements are used in FML. Flax fibres
are readily available in long fibres, mat and chopped form for reinforcement in the
composites as well as in prepreg form impregnated with the epoxy resin from
Lineo™ France (Lineo). However, the price range for the material is between 1000
EUR — 2000 EUR for 30 - 60 m2 roll excluding the excise duty and equivalent to the
price of synthetic fibres. Despite of their higher cost, the superior strength and modulus
offered by the flax fibres is the driving factor for their use in this research. Thus, with
the availability of natural fibre based prepregs at low cost, this limitation could be
addressed. Due to the unavailability of sugar palm fibre based prepreg, flax and sugar
palm reinforced epoxy composite plies are used for the purpose of consistency and
comparison. The objective of the research work is to develop an environment friendly
FML without compromising the strength requirements.

1.5 Thesis layout

Chapter 1 presents the concept of FML, historical development and their current
applications. The problems associated with the present material, current research focus,
objectives and scope of the study are further discussed.

Chapter 2 provides a detailed literature and critical review on the factors influencing
the mechanical properties of FML within the scope of the study. The response of FML
to various loads and its failure behaviour under the various conditions are explained.



Chapter 3 covers the details on materials and methodology followed in the fabrication
and testing. Material specifications, fabrication procedure, metal surface treatment
techniques, exposure conditions, parameters such as dimensions, cross head speed and
properties assessed in each testing method has been provided.

Chapter 4 contains the results, observations and discussions from the study. A
comparison of the obtained material properties and failure behaviour with the existing
literature on the natural fibre reinforced FML and synthetic fibre based FML are made.

Chapter 5 concludes the study with research findings and recommendations for the
future research.

1.6 Contribution of the Thesis

The research contributions from the present study are as follows:

e Use of flax and sugar palm fibres in combination with the Al/adhesive
layer/carbon to fabricate hybrid FML.

e Fabrication of the 2/1 lay-up hybrid FML with hand lay-up and hot press
technique.

e Examine the effect of fibre stacking sequence and metal surface treatment on
the mechanical properties of hybrid FML.

e Identify the extent of degradation effects on physical and mechanical
properties of hybrid FML due to the hygrothermal conditioning and sub-zero
exposure.

e Determine the possibility of using hybrid FML with the natural/synthetic in
structural applications of the aircraft.



REFERENCES

Afaghi-Khatibi, A., Lawcock, G., Ye, L., & Mai, Y.-W. (2000). On the fracture
mechanical behaviour of fibre reinforced metal laminates (FRMLs). Computer
Methods in Applied Mechanics and Engineering, 185(2), 173-190.

Afaghi Khatibi, A., Kandare, E., & Yoo, S. (2016). Can hybridization of flax-polymer
composites with metallic alloys enable their adoption in structural engineering
applications? In 2016 Advanced Composites Innovation Conference (1-13).

Ahmed, Q.-1. (Dec 2013). Fracture Toughness of Sugar Palm Fiber Reinforced Epoxy
Composites. International Journal of Science and research,, 2(12), 273-279.

Alderliesten, R. (2017). Fatigue and fracture of fibre metal laminates (Vol. 236):
Springer.

Alderliesten, R., & Benedictus, R. (2008). Fiber/metal composite technology for future
primary aircraft structures. Journal of Aircraft, 45(4), 1182-1189.

Alderliesten, R., Rans, C., & Benedictus, R. (2008). The applicability of magnesium
based fibre metal laminates in aerospace structures. Composites Science and
Technology, 68(14), 2983-2993.

Almeida, R., Damato, C., Botelho, E. C., Pardini, L., & Rezende, M. (2008). Effect of
surface treatment on fatigue behavior of metal/carbon fiber laminates. Journal
of materials science, 43(9), 3173-3179.

Ardakani, M. A., Khatibi, A. A.,, & Ghazavi, S. A. (2008). A study on the
manufacturing of Glass-Fiber-Reinforced Aluminum Laminates and the effect
of interfacial adhesive bonding on the impact behavior. In Proceedings of the
XI International Congress and Exposition), Orlando, Florida, USA.

Asundi, A., & Choi, A. Y. (1997). Fiber metal laminates: an advanced material for
future aircraft. Journal of Materials Processing Technology, 63(1), 384-394.

Bachtiar, D., Sapuan, S., Zainudin, E., Khalina, A., & Dahlan, K. (2010). The tensile
properties of single sugar palm (Arenga pinnata) fibre. In JOP Conference
Series: Materials Science and Engineering (012012).

Bachtiar, D., Siregar, J. P., bin Sulaiman, A. S., & bin Mat Rejab, M. R. (2015).
Tensile Properties of Hybrid Sugar Palm/Kenaf Fibre Reinforced
Polypropylene Composites. In Applied Mechanics and Materials (155-158).

Baley, C., Davies, P., Grohens, Y., & Dolto, G. (2004). Application of interlaminar
tests to marine composites. A literature review. Applied Composite Materials,
11(2), 99-126.

Beauson, J., Lilholt, H., & Brendsted, P. (2014). Recycling solid residues recovered
from glass fibre-reinforced composites—A review applied to wind turbine

105



blade materials. Journal of reinforced plastics and composites, 33(16), 1542-
1556.

Begum, K., & Islam, M. (2013). Natural fiber as a substitute to synthetic fiber in
polymer composites: a review. Research J Eng Sci, 2278, 9472.

Benedict, A. V. (2012). An Experimental Investigation of GLARE and Restructured
Fiber Metal Laminates.

Bienias, J., & Rudawska, A. (2011). Analiza powierzchni metalu w laminatach
metalowo-widknistych. InZynieria Materiatowa, 32(4), 337-340.

Botelho, E., Almeida, R., Pardini, L., & Rezende, M. (2007a). Elastic properties of
hygrothermally conditioned glare laminate. [International journal of
engineering science, 45(1), 163-172.

Botelho, E., Almeida, R., Pardini, L., & Rezende, M. (2007b). Influence of
hygrothermal conditioning on the elastic properties of Carall laminates.
Applied Composite Materials, 14(3), 209-222.

Botelho, E., Pardini, L., & Rezende, M. (2007). Evaluation of hygrothermal effects on
the shear properties of Carall composites. Materials Science and Engineering:
A, 452,292-301.

Botelho, E. C., Silva, R. A., Pardini, L. C., & Rezende, M. C. (2006). A review on the
development and properties of continuous fiber/epoxy/aluminum hybrid
composites for aircraft structures. Materials Research, 9(3), 247-256.

Broughton, W., Crocker, L., & Gower, M. (2002). Design requirements for bonded and
bolted composite structures: National Physical Laboratory.

Campbell, F. C. (2008). Elements of metallurgy and engineering alloys: ASM
International.

Célino, A., Fréour, S., Jacquemin, F., & Casari, P. (2013). The hygroscopic behavior of
plant fibers: A review. Frontiers in chemistry, 1.

Chandrasekar, M., Ishak, M., Jawaid, M., Leman, Z., & Sapuan, S. (2017). An
experimental review on the mechanical properties and hygrothermal behaviour
of fibre metal laminates. Journal of reinforced plastics and composites, 36(1),
72-82.

Chandrasekar, M., Ishak, M. R., Salit, M. S., Leman, Z., Jawaid, M., & Naveen, J.
(2018). Mechanical Properties of a Novel Fibre Metal Laminate Reinforced
with the Carbon, Flax, and Sugar Palm Fibres. BioResources, 13(3), 5725-
5739.

Chandrasekar, M., Ishak, M. R., Sapuan, M. S., Leman, Z., & Jawaid, M. (2016).

Tensile and flexural proeprties of the hybrid flax/carbon based fibre metal
laminate. In Proceedings of the 5th Postgraduate Seminar on Natural Fiber

106



Composites 2016 (5-10), INTROP, Universiti Putra Malaysia, Serdang 43400,
Malaysia.

Critchlow, G., Brewis, D., Emmony, D., & Cottam, C. (1995). Initial investigation into
the effectiveness of CO2-laser treatment of aluminium for adhesive bonding.
International journal of adhesion and adhesives, 15(4), 233-236.

Da Silva, D., Botelho, E. C., & Rezende, M. (2009). Hygrothermal aging effect on
fatigue behavior of GLARE. Journal of reinforced plastics and composites,
28(20), 2487-2499.

Daloglu, G. (2014). Fabrication of fiber metal laminated composites by resin infusion
technique using metallic layers with modified surface. (Master of Science),
Middle East Technical University, Ankara, Turkey.

Damato, C., Botelho, E., & Rezende, M. (2008). Influence of the environmental
conditioning on the fatigue behaviour of carbon fibre/epoxy/Aluminum
laminates. In /3th European Conference on Composite Materials).

Deflorian, F., Rossi, S., & Fedrizzi, L. (2006). Silane pre-treatments on copper and
aluminium. Electrochimica Acta, 51(27), 6097-6103.

Dhar Malingam, S., Selamat, M. Z., Said, R., & Subramonian, S. (2016). A study on
impact behaviour of a novel oil palm fibre reinforced metal laminate system.
ARPN Journal of Engineering and Applied Sciences, 11(4), 2483-2488.

Dutta, P., & Farrell, D. (1988). Acoustic emissions from composites at decreasing
temperatures. In VI International Congress on Experimental Mechanics.
(1090-1095).

Fan, J., Guan, Z., & Cantwell, W. (2011). Structural behaviour of fibre metal laminates
subjected to a low velocity impact. Science China Physics, Mechanics and
Astronomy, 54(6), 1168-1177.

Franquet, A., De Laet, J., Schram, T., Terryn, H., Subramanian, V., Van Ooij, W., &
Vereecken, J. (2001). Determination of the thickness of thin silane films on

aluminium surfaces by means of spectroscopic ellipsometry. Thin Solid Films,
384(1), 37-45.

Gonzalez-Canche, N., Flores-Johnson, E., & Carrillo, J. (2017). Mechanical
characterization of fiber metal laminate based on aramid fiber reinforced
polypropylene. Composite structures, 172,259-266.

Gupta, M., & Srivastava, R. (2016). Mechanical properties of hybrid fibers-reinforced
polymer composite: A review. Polymer-Plastics Technology and Engineering,
55(6), 626-642.

Guruseu, A. (2009). Joining and interfacial properties of aluminum/glass fiber
reinforced polypropylene sandwich composites. 1zmir Institute of Technology.

107



Homan, J. (2006). Fatigue initiation in fibre metal laminates. International Journal of
Fatigue, 28(4), 366-374.

Hu, Y. Li, H., Fu, X., Zhang, X., Tao, J.,, & Xu, J. (2017). Hygrothermal
characterization of polyimide—titanium-based fibre metal laminate. Polymer
composites.

Hu, Y., Li, H,, Tao, J., Pan, L., & Xu, J. (2018). The effects of temperature variation on
mechanical behaviors of polyetheretherketone-based fiber metal laminates.
Polymer composites, 39(5), 1447-1454.

Hussain, F., Sivakumar, D., Daud, M., & Selamat, M. (2016). Tensile performance of
palm oil fiber metal laminate. Proceedings of Mechanical Engineering
Research Day 2016, 121-122.

Huzaifah, M., Sapuan, S., Leman, Z., Ishak, M., & Maleque, M. (2017). A review of
sugar palm (Arenga pinnata): application, fibre characterisation and
composites. Multidiscipline Modeling in Materials and Structures, 13(4), 678-
698.

Ishak, M., Sapuan, S., Leman, Z., Rahman, M., Anwar, U., & Siregar, J. (2013). Sugar
palm (Arenga pinnata): Its fibres, polymers and composites. Carbohydrate
polymers, 91(2), 699-710.

Jawaid, M., & Khalil, H. A. (2011). Cellulosic/synthetic fibre reinforced polymer
hybrid composites: A review. Carbohydrate polymers, 86(1), 1-18.

Jensen B.J., Cano R. J., Hales S. J., Alexa J. A., Weiser E. S., Loos, A. et al., "Fiber
metal laminates made by the VARTM process," 2009.

John, M. J., & Thomas, S. (2008). Biofibres and biocomposites. Carbohydrate
polymers, 71(3), 343-364.

Jones, R. H. (2001). Environmental effects on engineered materials: CRC Press.

Jumaidin, R., Sapuan, S., Jawaid, M., Ishak, M., & Sahari, J. (2016). Characteristics of
thermoplastic sugar palm Starch/Agar blend: Thermal, tensile, and physical
properties. International journal of biological macromolecules, 89, 575-581.

Kabir, M., Wang, H., Lau, K., & Cardona, F. (2012). Chemical treatments on plant-
based natural fibre reinforced polymer composites: An overview. Composites
Part B: Engineering, 43(7), 2883-2892.

Kandare, E., Yoo, S., & Afaghi Khatibi, A. (2016). On the fatigue and impact
resistance of fibre-metal-laminates reinforced with flax fibres. In 2016
Advanced Composites Innovation Conference (1-13).

Kandare, E., Yoo, S., Chevali, V., & Khatibi, A. (2018). On the notch sensitivity of

flax fibre metal laminates under static and fatigue loading. Fatigue & Fracture
of Engineering Materials & Structures.

108



Karus, M., & Kaup, M. (2002). Natural fibres in the European automotive industry.
Journal of Industrial Hemp, 7(1), 119-131.

Kawai, M., Hachinohe, A., Takumida, K., & Kawase, Y. (2001). Off-axis fatigue
behaviour and its damage mechanics modelling for unidirectional fibre—metal
hybrid composite: GLARE 2. Composites Part A: Applied Science and
Manufacturing, 32(1), 13-23.

Khalili, S., Mittal, R., & Kalibar, S. G. (2005). A study of the mechanical properties of
steel/aluminium/GRP laminates. Materials Science and Engineering: A,
412(1-2), 137-140.

Khan, S., Alderliesten, R., & Benedictus, R. (2009). Post-stretching induced stress
redistribution in Fibre Metal Laminates for increased fatigue crack growth
resistance. Composites Science and Technology, 69(3), 396-405.

Kichhannagari, S. (2004). Effects of extreme low temperature on composite materials.

Koch, G. H., Todd, G. L., Deutchman, A., & Partyka, R. (1996). Nonchemical surface
treatment for aluminum alloys: CC TECHNOLOGIES LABORATORIES
INC DUBLIN OH.

Krishnakumar, S. (1994). Fiber metal laminates—the synthesis of metals and
composites. Material And Manufacturing Process, 9(2), 295-354.

Kulkarni, R., Chawla, K., Vaidya, U., Koopman, M., & Eberhardt, A. (2008).
Characterization of long fiber thermoplastic/metal laminates. Journal of
materials science, 43(13), 4391-4398.

Lawcock, G., Ye, L., Mai, Y.-W., & Sun, C.-T. (1997). The effect of adhesive bonding
between aluminum and composite prepreg on the mechanical properties of
carbon-fiber-reinforced metal laminates. Composites Science and Technology,
57(1), 35-45.

Lawcock, G., Ye, L., Mai, Y., & Sun, C. (1998). Effects of fibre/matrix adhesion on
carbon-fibre-reinforced metal laminates—I.: Residual strength. Composites
Science and Technology, 57(12), 1609-1619.

Leman, Z., Sapuan, S. M., Azwan, M., Ahmad, M. M. H. M., & Maleque, M. (2008).
The effect of environmental treatments on fiber surface properties and tensile
strength of sugar palm fiber-reinforced epoxy composites. Polymer-Plastics
Technology and Engineering, 47(6), 606-612.

Li, H., Hu, Y., Xu, Y., Wang, W., Zheng, X., Liu, H., & Tao, J. (2015). Reinforcement
effects of aluminum-lithium alloy on the mechanical properties of novel fiber

metal laminate. Composites Part B: Engineering, 82, 72-77.

Linde, P., Pleitner, J., de Boer, H., & Carmone, C. (2004). Modelling and simulation of
fibre metal laminates. In ABAQUS Users’ conference (421-439).

Lineo, Retrieved 04 Apr 2019 from http:/lineo.eu/

109



Liu, Y., & Liaw, B. (2010). Effects of constituents and lay-up configuration on drop-
weight tests of fiber-metal laminates. Applied Composite Materials, 17(1), 43-
62.

Lopes, C. S., Remmers, J. J., & Giirdal, Z. (2008). Influence of porosity on the
interlaminar shear strength of fibre-metal laminates. In Key FEngineering
Materials (35-52).

Mahesh, M., & Senthil Kumar, A. (2013). Comparison of mechanical properties for
aluminium metal laminates (GLARE) of three different orientations such as
CSM, woven roving and 450 stitched mat. In International Conference on
Recent Trends in Engineering and Management. Proceedings (2278-1684).

Maleque, M. A., & Salit, M. S. (2013). Mechanical failure of materials Materials
Selection and Design (pp. 17-38): Springer.

Mallick, P. K. (2007). Fiber-reinforced composites: materials, manufacturing, and
design. Boca Raton: CRC press.

Mandell, J., Huang, D., & McGarry, F. (1981). Tensile fatigue performance of glass
fiber dominated composites. Journal of Composites, Technology and
Research, 3(3), 96-102.

Mazza, J. J. (1997). Advanced surface preparation for metal alloys. In AGARD).

Misri, S., Leman, Z., Sapuan, S., & Ishak, M. (2010). Mechanical properties and
fabrication of small boat using woven glass/sugar palm fibres reinforced
unsaturated polyester hybrid composite. In JOP Conference Series: Materials
Science and Engineering (012015).

Mohamad, M., Marzuki, H., Bakar, S., Abdullah, A., Ubaidillah, E., Abidin, M., &
Omar, S. (2014). Effect of anodizing electrolyte for structural adhesives
bonding study of aluminium-carbon laminates composites. [nternational
Journal of Automotive and Mechanical Engineering, 10,2091.

Mohammed, 1., Talib, A. R. A., Sultan, M. T. H., Jawaid, M., Ariffin, A. H., & Saadon,
S. (2018). Mechanical Properties of Fibre-Metal Laminates Made of
Natural/Synthetic Fibre Composites. BioResources, 13(1), 2022-2034.

Mortazavian, S., & Fatemi, A. (2015). Effects of fiber orientation and anisotropy on
tensile strength and elastic modulus of short fiber reinforced polymer
composites. Composites Part B: Engineering, 72, 116-129.

Muralidhar, B. (2013). Study of flax hybrid preforms reinforced epoxy composites.
Materials & Design, 52, 835-840.

Ng, L. F., Sivakumar, D., Zakaria, K. A., Bapokutty, O., & Sivaraos. (2017). Influence

of Kenaf Fibre Orientation Effect on the Mechanical Properties of Hybrid
Structure of Fibre Metal Laminate. Pertanika J. Sci. & Technol., 25, 1-8.

110



Ng, L. F., Sivakumar, D., Zakaria, K. A., & Selamat, M. Z. (2017). Fatigue
Performance of Hybrid Fibre Metal Laminate Structure. /nternational Review
of Mechanical Engineering (IREME), 11(1), 61-68.

Ning, H., Li, J., Hu, N., Yan, C,, Liu, Y., Wu, L., . . . Zhang, J. (2015). Interlaminar
mechanical properties of carbon fiber reinforced plastic laminates modified
with graphene oxide interleaf. Carbon, 91,224-233.

Olusanya, J. O. (2017). Fatigue performance of nanoclay filled glass fiber reinforced
hybrid composite laminate.

Ostapiuk, M., Surowska, B., & Bienias, J. (2014). Interface analysis of fiber metal
laminates. Composite Interfaces, 21(4), 309-318.

Palanivel, V., Zhu, D., & van Ooij, W. J. (2003). Nanoparticle-filled silane films as
chromate replacements for aluminum alloys. Progress in Organic Coatings,
47(3-4), 384-392.

Park, S. Y., Choi, W. J., & Choi, H. S. (2010). The effects of void contents on the long-
term hygrothermal behaviors of glass/epoxy and GLARE laminates.
Composite structures, 92(1), 18-24.

Park, S. Y., Choi, W. J., Choi, H. S., & Kwon, H. (2010). Effects of surface pre-
treatment and void content on GLARE laminate process characteristics.
Journal of Materials Processing Technology, 210(8), 1008-1016.

Pervaiz, M., & Sain, M. M. (2003). Carbon storage potential in natural fiber
composites. Resources, conservation and Recycling, 39(4), 325-340.

Phillips, S., Baets, J., Lessard, L., Hubert, P., & Verpoest, I. (2013). Characterization of
flax/epoxy prepregs before and after cure. Journal of reinforced plastics and
composites, 0731684412473359.

Polini, W., & Sorrentino, L. (2003). Improving the wettability of 2024 aluminium alloy
by means of cold plasma treatment. Applied Surface Science, 214(1-4), 232-
242.

Poodts, E., Ghelli, D., Brugo, T., Panciroli, R., & Minak, G. (2015). Experimental
characterization of a fiber metal laminate for underwater applications.
Composite structures, 129, 36-46.

Prabhakaran, S., Krishnaraj, V., & Zitoune, R. (2014). Sound and Vibration Damping
Properties of Flax Fiber Reinforced Composites. Procedia Engineering, 97,
573-581.

Rajkumar, G., Krishna, M., Narasimhamurthy, H., Keshavamurthy, Y., & Nataraj, J.
(2014). Investigation of tensile and bending behavior of aluminum based

hybrid fiber metal laminates. Procedia Materials Science, 5, 60-68.

Rans, C., & Alderliesten, R. (2009). The influence of temperature on crack growth in
fibre metal laminates. In /CF12, Ottawa 2009).

111



Ray, B. (2004). Effects of crosshead velocity and sub-zero temperature on mechanical
behaviour of hygrothermally conditioned glass fibre reinforced epoxy
composites. Materials Science and Engineering: A, 379(1-2), 39-44.

Remmers, J., & De Borst, R. (2001). Delamination buckling of fibre—metal laminates.
Composites Science and Technology, 61(15),2207-2213.

Reyes, G., & Cantwell, W. (1998). The effect of strain rate on the interfacial fracture
properties of carbon fiber-metal laminates. Journal of materials science
letters, 17(23), 1953-1955.

Ribeiro, M. C. S., Fiuza, A., Ferreira, A., Dinis, M. d. L., Meira Castro, A. C.,
Meixedo, J. P., & Alvim, M. R. (2016). Recycling approach towards
sustainability advance of composite materials’ industry. Recycling, 1(1), 178-
193.

Ritchie, R., Yu, W., & Bucci, R. (1989). Fatigue crack propagation in ARALL®
LAMINATES: measurement of the effect of crack-tip shielding from crack
bridging. Engineering fracture mechanics, 32(3), 361-377.

Roberts, T. (2011). ,,The Carbon Fiber Industry worldwide 2011-2020,“. Materials
Technology Publications, Watford, 6, 29.

Rodi, R., & Benedictus, R. (2010). Experimental characterization of the crack-tip-
opening angle in fibre metal laminates. Engineering fracture mechanics,
77(6), 1012-1024.

Roebroeks, G. (1994). Fibre-metal laminates: recent developments and applications.
International Journal of Fatigue, 16(1), 33-42.

Romli, N., Rejab, M., Bachtiar, D., Siregar, J., Rani, M., Harun, W., . . . Merzuki, M.
(2017). The behavior of Aluminium Carbon/Epoxy fibre metal laminate under
quasi-static loading. In [OP Conference Series: Materials Science and
Engineering (012046).

Sadighi, M., Parndnen, T., Alderliesten, R., Sayeaftabi, M., & Benedictus, R. (2012).
Experimental and numerical investigation of metal type and thickness effects
on the impact resistance of fiber metal laminates. Applied Composite
Materials, 19(3-4), 545-559.

Sahari, J., Sapuan, S., Ismarrubie, Z., & Rahman, M. (2012). Tensile and impact
properties of different morphological parts of sugar palm fibre-reinforced
unsaturated polyester composites. Polymers & Polymer Composites, 20(9),
861.

Sahari, J., Sapuan, S., Zainudin, E., & Maleque, M. (2013). Effect of water absorption
on mechanical properties of sugar palm fibre reinforced sugar palm starch
(SPF/SPS) biocomposites. Journal of Biobased Materials and Bioenergy,
7(1), 90-94.

112



Sahari, J., Sapuan, S., Zainudin, E., & Maleque, M. A. (2013). Mechanical and thermal
properties of environmentally friendly composites derived from sugar palm
tree. Materials & Design, 49, 285-289.

Sapuan, S., & Bachtiar, D. (2012). Mechanical properties of sugar palm fibre
reinforced high impact polystyrene composites. Procedia Chemistry, 4, 101-
106.

Saunders, C. B., Dickson, L. W., Singh, A., Carmichael, A. A., & Lopata, V. J. (1988).
Radiation-curable carbon fiber prepreg composites. Polymer composites, 9(6),
389-394.

Schijve, J. (1993). Development of fibre-metal laminates, ARALL and GLARE, new
fatigue resistant materials: Delft University of Technology.

Scida, D., Assarar, M., Poilane, C., & Ayad, R. (2013). Influence of hygrothermal
ageing on the damage mechanisms of flax-fibre reinforced epoxy composite.
Composites Part B: Engineering, 48, 51-58.

Shahroze, R. M., Ishak, M. R., Salit, M. S., Leman, Z., Asim, M., & Chandrasekar, M.
(2018). Effect of Organo-Modified Nanoclay on the Mechanical Properties of
Sugar Palm Fiber-reinforced Polyester Composites. BioResources, 13(4),
pp.7430-7444.

Shenoy, S., Nayak, S. Y., Prakash, A., Awasthi, A., & Kochhar, R. S. (2015).
Interlaminar shear and flexural properties of E-glass/jute reinforced polymer
matrix Composites. In Proceedings of International Conference on
Mechanical Engineering and Industrial Automation (26-31), 21-22, Nov,
2015, Dubai.

Shim, D., Alderliesten, R., Spearing, S., & Burianek, D. (2003). Fatigue crack growth
prediction in GLARE hybrid laminates. Composites Science and Technology,
63(12), 1759-1767.

Silva, D., Botelho, E., Ancelotti, A., & Damato, C. (2013). Environmental conditioning
effects on the mechanical properties of titanium fiber-metal laminates. In The
19th international conference on composite materials).

Sinmazgelik, T., Avcu, E., Bora, M. O., & Coban, O. (2011). A review: Fibre metal
laminates, background, bonding types and applied test methods. Materials &
Design, 32(7), 3671-3685.

Sivakumar, D., Ng, L., & Selamat, M. Z. (2017). Investigation on Fatigue Life

Behaviour of Sustainable Bio-Based Fibre Metal Laminate. J Mech E, 1, 123-
140.

Starikov, R. (2013). Assessment of impact response of fiber metal laminates.
International Journal of Impact Engineering, 59, 38-45.

Subramaniam K., Dhar Malingam S., Feng N. L., and Bapokutty O., "The effects of
stacking configuration on the response of tensile and quasi-static penetration

113



to woven kenaf/glass hybrid composite metal laminate," Polymer Composites,
pp. 1-10, 2017.

Surowska, B., Majerski, K., & Bienias, J. (2014). Mechanical behaviour of
hygrothermal conditioned fibre metal laminates. In /6th European conference
on composite materials, Seville, Spain (1-3).

Syed Azuan, S., Saufi, M., Azniah, M., & Juraidi, J. (2013). Effect of Different
Vacuum Pressure on the Tensile Properties of Sugar Palm Frond Fibre
Reinforced Polyester Composites. In Advanced Materials Research (23-27).

Taheri-Behrooz, F., Shokrich, M., & Yahyapour, 1. (2014). Effect of stacking sequence
on failure mode of fiber metal laminates under low-velocity impact. Iranian
Polymer Journal, 23(2), 147-152.

Takamatsu, T., Matsumura, T., Ogura, N., Shimokawa, T., & Kakuta, Y. (1999).
Fatigue crack growth properties of a GLARE3-5/4 fiber/metal laminate.
Engineering fracture mechanics, 63(3), 253-272.

Technologies, F. Natural Fiber Composite Reinforced Scooter.  Retrieved 14 Dec
2017, from http://www.naturalfibersforautomotive.com/?p=264

ToolBox, E. (2004). Metals and  Alloys - Densities. from
https://www.engineeringtoolbox.com/metal-alloys-densities-d 50.html

van de Camp, W., Dhalle, M. M., Wessel, W. A., Warnet, L., Atli-Veltin, B., van der
Putten, S., . . . ter Brake, H. J. (2015). Cryogenic fatigue and stress-strain
behavior of a fibre metal laminate. Physics procedia, 67, 1043-1048.

Vasek, A., Polak, J., & Kozak, V. (1997). Fatigue crack initiation in fibre-metal
laminate GLARE 2. Materials Science and Engineering: A, 234, 621-624.

Vasumathi, M., & Murali, V. (2013). Effect of alternate metals for use in natural fibre
reinforced fibre metal laminates under bending, impact and axial loadings.
Procedia Engineering, 64, 562-570.

Vasumathi, M., & Murali, V. (2014a). Evaluation of Buckling Performance of Fibre
Metal Rectangular Plates: Experimental and Numerical Investigation. Applied
Mechanics and Materials, 575, 185.

Vasumathi, M., & Murali, V. (2014b). Experimental investigation on the impact of
presence of natural fibre on the mechanical performance of a light weight
hybrid bonded laminate. Int J Eng Technol, 6,236-241.

Vasumathi, M., & Murali, V. (2016a). Experimental Investigation on Bearing
Response of Carbon Reinforced Aluminium laminates-Influence of natural
fibre and specimen geometry. Journal of Polymer Materials, 33(4), 579.

Vasumathi, M., & Murali, V. (2016b). Methods to Enhance Adhesiveness Between
Metal and Fibre Reinforced Polymer layers in Carbon-Jute Reinforced
Aluminium Laminates. Journal of Polymer Materials, 33(1), 53.

114



Vermeeren, C. (2003). An historic overview of the development of fibre metal
laminates. Applied Composite Materials, 10(4-5), 189-205.

Vermeeren, C. A. J. R. (1990). The blunt notch behaviour of metal laminates: ARALL
and GLARE: Delft University of Technology.

Vieira, L. M. G., dos Santos, J. C., Panzera, T. H., Rubio, J. C. C., & Scarpa, F. (2017).
Novel fibre metal laminate sandwich composite structure with sisal woven
core. Industrial Crops and Products, 99, 189-195.

Vlot, A., & Gunnink, J. W. (2011). Fibre metal laminates: an introduction: Springer
Science & Business Media.

Vogelesang, L., & Vlot, A. (2000). Development of fibre metal laminates for advanced
aerospace structures. Journal of Materials Processing Technology, 103(1), 1-
),

Wang, W.-X., Takao, Y., & Matsubara, T. (2007). Galvanic corrosion-resistant carbon
fiber metal laminates. In Proceedings of The 16th International Conference on
Composite Materials (8-13).

Wei, R., Wang, X., Chen, C., Zhang, X., Xu, X., & Du, S. (2017). Effect of surface
treatment on the interfacial adhesion performance of aluminum foil/CFRP
laminates for cryogenic propellant tanks. Materials & Design, 116, 188-198.

Wielage, B., Nestler, D., Steger, H., Kroll, L., Troltzsch, J., & Nendel, S. (2011).
CAPAAL and CAPET-new materials of high-strength, high-stiff hybrid
laminates [ntegrated Systems, Design and Technology 2010 (pp. 23-35):
Springer.

Wu, G., & Yang, J.-M. (2005). The mechanical behavior of GLARE laminates for
aircraft structures. Jom, 57(1), 72-79.

Wu, H. F., Wu, L. L., Slagter, W., & Verolme, J. (1994). Use of rule of mixtures and
metal volume fraction for mechanical property predictions of fibre-reinforced
aluminium laminates. Journal of materials science, 29(17), 4583-4591.

Yan, L., Chouw, N., & Jayaraman, K. (2014). Flax fibre and its composites—a review.
Composites Part B: Engineering, 56,296-317.

Ypma, M., & Borgonje, B. (2013). Influence of Moisture and Temperature on Glare
Material Properties and Glare Structures. In /3th International Conference on
Composite Materials).

Zaman, A., Gutub, S. A., & Wafa, M. A. (2013). A review on FRP composites

applications and durability concerns in the construction sector. Journal of
reinforced plastics and composites, 32(24), 1966-1988.

115



Zhang, X., Ma, Q., Dai, Y., Hu, F., Liu, G., Xu, Z., Xie, W. (2018). Effects of surface
treatments and bonding types on the interfacial behavior of fiber metal
laminate based on magnesium alloy. Applied Surface Science, 427, 897-906.

Zhong, Y., & Joshi, S. C. (2015). Response of hygrothermally aged GLARE 4A
laminates under static and cyclic loadings. Materials & Design, 87, 138-148.

Zhu, D. (2005). Corrosion protection of metals by silane surface treatment. (Doctor of
Philosophy), University of Cincinnati.

116



BIODATA OF STUDENT

Chandrasekar Muthukumar was born in Cuddalore, Tamilnadu, India. He completed
his primary and secondary education in St.Paul’s Matriculation Higher Secondary
School, Neyveli, Tamilnadu, India. His higher secondary education was from the Ideal
Higher Secondary School, Andhiyur, Tamilnadu, India. The author graduated with
Bachelor degree in Aeronautical Engineering from Kumaraguru College of
Technology, Coimbatore, Tamilnadu, India. He then pursued joint Master’s degree in
Aerospace Engineering from Nanyang Technological University-TUM ASIA,
Singapore. He is presently enrolled as a full-time research scholar in Department of
Aerospace Engineering, Faculty of Engineering, Universiti Putra Malaysia, Serdang
43400, Selangor, Malaysia. During his PhD, the author has published book chapters,
national level seminar papers, review papers and research articles.

120



LIST OF PUBLICATIONS

Journals

Chandrasekar, M., Ishak, M. R., Sapuan, S. M., Leman, Z., & Shahroze, R. M. (2019).
Effect of Freezing Temperature and Stacking Sequence on the Mechanical
Properties of Hybrid Fibre Metal Laminates Made with Carbon, Flax, and
Sugar Palm Fibres. BioResources, 14(2), 3042-3056.

Chandrasekar, M., Ishak, M. R., Sapuan, S. M., Leman, Z., & Shahroze, R. M. (2018).
Fabrication of Fibre Metal Laminate with Flax and Sugar Palm Fibre based
Epoxy Composite and Evaluation of their Fatigue Properties. Journal of
Polymer Materials, 461 — 471.

Chandrasekar, M., Ishak, M. R., Salit, M. S., Leman, Z., Jawaid, M. & Naveen, J.
(2018). Mechanical Properties of a Novel Fibre Metal Laminate Reinforced
with the Carbon, Flax, and Sugar Palm Fibres, BioResources, 13, 5725-5739.

Chandrasekar, M., Ishak, M., Jawaid, M., Leman, Z. & Sapuan, S. (2017). An
experimental review on the mechanical properties and hygrothermal behaviour
of fibre metal laminates, Journal of Reinforced Plastics and Composites, 36,
72-82.

Chandrasekar, M., Ishak, M. R., Sapuan, S. M., Leman, Z., & Jawaid, M. (2017). A
review on the characterisation of natural fibres and their composites after
alkali  treatment and  water  absorption, Plastics, =~ Rubber  and
Composites, 46(3),119-136.

Proceedings

Chandrasekar, M., Ishak, M. R., Sapuan, M. S., Leman, Z. & Jawaid, M. Tensile and
flexural proeprties of the hybrid flax/carbon based fibre metal
laminate. Proceedings of the 5th Postgraduate Seminar on Natural Fiber
Composites 2016, 2016 INTROP, Universiti Putra Malaysia, Serdang 43400,
Malaysia, 5-10.

Book chapter

Chandrasekar, M., Ishak, M. R., Jawaid, M., Sapuan, S. M., & Leman, Z. (2018). Low
velocity impact properties of natural fiber-reinforced composite materials for
aeronautical applications. In Sustainable Composites for Aerospace
Applications, 293-313.

121



Other Publications

Senthilkumar, K., Saba, N., Rajini, N., Chandrasekar, M., Jawaid, M., Siengchin, S., &
Alotman, O. Y. (2018). Mechanical properties evaluation of sisal fibre
reinforced polymer composites: A review. Construction and Building
Materials, 174, 713-729.

Shahroze, R. M., Ishak, M. R., Salit, M. S., Leman, Z., Asim, M., & Chandrasekar, M.
(2018). Effect of Organo-Modified Nanoclay on the Mechanical Properties of
Sugar Palm Fiber-reinforced Polyester Composites. BioResources, 13(4),
7430-7444.

Naveen, J., Jawaid, M., Amuthakkannan, P., & Chandrasekar, M. (2019). Mechanical
and physical properties of sisal and hybrid sisal fiber-reinforced polymer
composites. In Mechanical and Physical Testing of Biocomposites, Fibre-
Reinforced Composites and Hybrid Composites, 427-440. Woodhead
Publishing.

Senthilkumar, K., Siva, 1., Chandrasekar, M., Rajini, N., Kalusuraman, G.,
Karthikeyan, S., Bellamkonda Vishnuteja., & Balam Mallikarjuna &
Mallikarjuna, B. (2019). Influence of curing temperature on the mechanical
and free vibration properties of sisal fiber reinforced polyester composites.
In AIP Conference Proceedings, 2057(1), AIP Publishing.

Senthilkumar, K., Saba, N., Chandrasekar, M., Jawaid, M., Rajini, N., Alothman, O.
Y., & Siengchin, S. (2019). Evaluation of mechanical and free vibration
properties of the pineapple leaf fibre reinforced polyester
composites. Construction and Building Materials, 195, 423-431.

Senthilkumar, K., Rajini, N., Saba, N., Chandrasekar, M., Jawaid, M., & Siengchin, S.
(2019). Effect of Alkali Treatment on Mechanical and Morphological
Properties of Pineapple Leaf Fibre/Polyester Composites. Journal of Polymers
and the Environment, 1-11.

Sapuan, S. M., Ishak, M. R., Chandrasekar, M., Latiff, M. A. S., Ya’acob, A. M.,
Norkhairunnisa, M., & Shahroze, R. M. (2018). 5 Preparation and
Characterization of Sugar Palm Fibers. Sugar Palm Biofibers, Biopolymers,
and Biocomposites, 71.

122



I
UNIVERSITI PUTRA MALAYSIA
STATUS CONFIRMATION FOR THESIS / PROJECT REPORT AND COPYRIGHT
ACADEMIC SESSION :

TITLE OF THESIS / PROJECT REPORT :

MECHANICAL PROPERTIES OF FIBRE METAL LAMINATES REINFORCED WITH
CARBON, FLAX AND SUGAR PALM FIBRE-BASED COMPOSITES

NAME OF STUDENT: CHANDRASEKAR MUTHUKUMAR

| acknowledge that the copyright and other intellectual property in the thesis/project report
belonged to Universiti Putra Malaysia and | agree to allow this thesis/project report to be
placed at the library under the following terms:

1. This thesis/project report is the property of Universiti Putra Malaysia.

2. The library of Universiti Putra Malaysia has the right to make copies for educational
purposes only.

3. The library of Universiti Putra Malaysia is allowed to make copies of this thesis for
academic exchange.

| declare that this thesis is classified as :

*Please tick (V)

CONFIDENTIAL (Contain confidential information under Official Secret
Act 1972).
RESTRICTED (Contains restricted information as specified by the

organization/institution where research was done).

OPEN ACCESS | agree that my thesis/project report to be published
as hard copy or online open access.

000

This thesis is submitted for :

PATENT Embargo from until
(date) (date)

1

Approved by:

(Signature of Student) (Signature of Chairman of Supervisory Committee)
New IC No/ Passport No.: Name:
Date : Date :

[Note : If the thesis is CONFIDENTIAL or RESTRICTED, please attach with the letter from
the organization/institution with period and reasons for confidentially or restricted. ]



	CHAPTER 2
	LAST CHAPTER
	APPENDICES
	LAST APPENDICES



