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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment
of the requirement for the degree of Doctor of Philosophy

ANALYSIS OF FIBRE METAL LAMINATE BASED ON CARBON FIBRE
HYBRID COMPOSITES FOR AERO-ENGINE APPLICATIONS

By

IBRAHIM MOHAMMED

May 2018
Chairman : Associate Professor. Ir. Ts. Abd Rahim Abu Talib,
P.Eng P.Tech
Faculty :  Engineering

Due to the problems of flammability, weight and health risk associated with the
materials in fire designated zone of an aircraft engine, there is a need to develop new
composites that will resolve the fire issues. Accordingly, two classes of composites,
the fibre metal laminates and the aluminium alloy coated with silica aerogel
composites are examined in this research. The fibre metal laminate composites use
synthetic fibre (carbon) and natural fibres (kenaf and flax) were tested with metal
alloy. The study present a novelty in hybridising the synthetic and natural fibre and
also using an aerogel to coat the aluminium alloy in fire designated zone of an
aircraft engine. In order to ensure the validity of such composites, the fire resistance,
mechanical, thermal, and impact velocity properties of the composites were
experimentally investigated in this research. The main aim of the study is to
investigate the load/fire operational performance of the fabricated composites for the
fire designated zone of an aircraft engine at some high-temperature for future use in
aerospace industries. The composites’ different layers, stacking sequence, and
materials with the same thickness were fabricated in a mould using the hand lay-up
method, compressed with a compression machine, cured within 24 hours at room
temperature and post-cured for three hours in an oven at 80°C. The burn-through fire
test was carried out using a propane-air burner conforming to the 1SO2685 standard.
The mechanical test carried out on the composite was based on the ASTM standard
of the properties that involves the use of a 100 kN load cell of Universal Testing
Machine (UTM). A gun tunnel system placed 14 inches away from the target was
used for the impact velocity test, followed by a thermogravimetric analysis (TGA)
and a dynamic mechanical analysis (DMA) as the thermal test. The results obtained
indicate that the composites have high values of all properties as compared with the
existing literature as in glass reinforced aluminium laminate with a tensile modulus
of about 3.7 GPa, a compressive modulus of 0.56 GPa and a flexural modulus of 0.5



GPa. The TGA thermal test shows 58.85% as the highest residue percentage of the
composite under test and an increase of storage modulus in the DMA result. Impact-
wise, the composites show a remarkable improvement with high impact strength and
absorb energy with highest values of 9.25 kJ/m? and 81.02 J respectively. In the fire
test, the composites can withstand high flame temperature and heat flux according to
the 1S0O2685 standard. The results of all the tests show a remarkable improvement in
all the properties with almost 10-14% of fire behaviour, mechanical, and thermal as
compared with glass reinforced aluminium laminate (GLARE) of the various fibre
metal laminates and aluminium alloy composites coated with different types of silica
aerogel. Conclusively, the study revealed that both composites have excellent
mechanical, thermal, impact velocity and fire resistance properties that can be
applied as components in the fire designated zone of an aircraft engine.
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ANALISIS LAMINAT LOGAM SERAT BERDASARKAN KOMPOSIT
HYBRID SERAT KARBON UNTUK APLIKASI AERO-ENJIN
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Mei 2018

Pengerusi : Profesor Madya Ir. Ts. Abd Rahim Abu Talib, P.Eng, P.Tech
Fakulti : Kejuruteraan

Oleh kerana masalah mudah terbakar, berat dan risiko kesihatan yang berkaitan
dengan bahan-bahan di zonyang ditetapkansebagaizonkebakaranenjinpesawat, ada
keperluan untuk membangunkan komposit baru yang akan menyelesaikan isu
kebakaran. Sehubungan itu, dua kelas komposit, laminat logam serat dan aloi
aluminium yang disalut dengan komposit aerogel silika diperiksa dalam kajian ini.
Komposit laminat serat logam yang menggunakan gentian sintetik (karbon) dan
gentian semulajadi (kenaf dan flax) diuji dengan aloi logam. Kajian ini
memperlihatkan pembahanian dalam meiggabunguan serat sintetik dan semulajadi
dan juga menggunakan aerogel untuk melapisi aloi aluminium dalam zon yang
ditetapkan sebagai zon enjin pesawat. Untuk memastikan kesahihan komposit
sedemikian, rintangan kebakaran, mekanikal, terma, dan sifat-sifat halaju impak
komposit telah dikaji secara eksperimen dalam kajian ini. Tujuan utama kajian ini
adalah untuk mengkaji beban / prestasi operasi kebakaran komposit yang difabrikasi
untuk zon yang ditetapkan sebagai zon kebakaran enjin pesawat pada beberapa suhu
tinggi untuk penggunaan masa hadapan dalam industri aeroangkasa. Lapisan
berlainan komposit, cara penyusunan, dan bahan dengan ketebalan yang sama dibuat
di acuan dengan menggunakan kaedah pemasangan tangan, dimampatkan dengan
mesin mampatan, pulih dalam masa 24 jam pada suhu bilik dan seterusnya melalui
proses selepas sembuh selama tiga jam dalam ketuhar pada 80°C. Ujian bakar
tembus kebakaran dilakukan menggunakan pembakar propana-udara yang sesuai
dengan piawaian 1S0O2685. Ujian mekanikal yang dijalankan ke atas komposit
adalah berdasarkan kepada standard ASTM komposit tersebut yang melibatkan
penggunaan sel beban seberat 100 kN Universal Testing Machine (UTM).Sistem
terowong senapang diletakkan 14 inci dari sasaran digunakan untuk ujian halaju
impak, diikuti oleh analisis termogravimetrik (TGA) dan analisis mekanikal dinamik
(DMA) sebagai ujian haba. Keputusan yang diperoleh menunjukkan bahawa
komposit mempunyai nilai tinggi bagi semua sifat berbanding dengan kajian yang



sedia ada seperti laminat aluminium bertetulang kaca dengan modulus tegangan kira-
kira 3.7 GPa, modulus mampatan sebanyak 0.56 GPa dan modulus lenturan bernilai
0.5 GPa. Ujian termal TGA menunjukkan 58.85% sebagai peratusan residu tertinggi
komposit di bawah ujian dan peningkatan modulus penyimpanan dalam keputusan
DMA. Dari sudut impak, komposit menunjukkan peningkatan yang luar biasa
dengan kekuatan impak yang tinggi dan menyerap tenaga dengan nilai tertinggi 9.25
k] / m? dan 81.02 J masing-masing. Dalam ujian kebakaran, komposit boleh
menahan suhu api tinggi dan fluks haba mengikut piawaian 1S02685. Keputusan
semua ujian menunjukkan peningkatan yang luar biasa dalam semua sifat dengan
hampir 10-14% kebakaran, mekanikal, dan haba berbanding dengan laminat
aluminium bertetulang kaca (GLARE) dari pelbagai laminates logam serat dan
komposit aloi aluminium yang disalut dengan pelbagai jenis silika aerogel. Secara
keseluruhannya, kajian menunjukkan bahawa kedua-dua komposit mempunyai sifat
mekanikal, haba, halaju impak dan ciri-ciri ketahanan api yang sangat baik yang
boleh digunakan sebagai komponen dalam zon yang ditetapkan sebagai zon
kebakaran enjin pesawat.
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CHAPTER 1

INTRODUCTION

1.1 Background

Safety is the state of being protected from any threat that may cause injury, risk of
life, or any form of danger. It is also a form of safeguard against any type of
significant collapse of materials and components in any system, any error that might
lead to accidents and trauma, or any other circumstances that can be considered
undesirable. There are different types of safety that includes safety on fire,
chemicals, water pollution among others.

Fire safety is a quantifier that protects the uncontrolled fire from igniting and is used
to terminate the growth and consequences of a fire after it starts. Fuel, air and
ignition source are the prerequisites that can cause a fire. In an aircraft, there are
plenty of hot materials that can easily ignite, most of which are covered by cowling
in case of fire outbreak in the engine. Most of the fires that occur in the cowl are due
to the type of materials used in the cowl, age, fatigue and improper maintenance.
Another fire source in an aerospace engine is the electrical power from alternators,
generators, and batteries. Most of the aerospace fires comprise four types which are
fires during engine start, electrical fires, in-flight engine fires, and post-crash fires.

The longer hours of flight requires a conducive environment and a better level of
assurance in safety and well-being of passengers and their belongings, as well as the
aircraft crew. The higher amount of fibrous materials used increases the level of
safety and the required results in constructing the aerospace parts. The prime root of
fire accident in aircraft is flammability, which maybe fended off by the use of flame-
retardant fibrous materials.

Aircraft structures are designed and constructed to resist different loading scenarios
during their operational life. For fire safety reason, the Federal Aviation
Administration (FAA) has instituted a set of prerequisites to safeguard the critical
parts and components in aircraft and engine installation that is capable to perform
effectively and allow safe engine shutdown if affected by the fire. The definition of
an incident includes an occurrence other than an accident, associated with the
operation of an aircraft, which affects or could affect the safe operation of an
aircraft. The incidents are caused by many factors such as engine failure, pilot error,
and bad weather as well as mechanical and avionic faults. The design and fabrication
of the engine components in the propulsion system and the materials used in fire
designated zone must minimise the tendency of the occurrence and spread of fire as
stated in the Advisory (2002).



Therefore, the propulsion system is the heart of any aircraft. Decades ago,
aeronautical engineers had contended to rapidly build and do continuous research on
how to create better, lighter, and more powerful components for fire designated zone
of an aircraft engines. However, even with the tremendous development of the gas
turbines nowadays, engines’ fire safety is an issue that the aerospace industry is still
facing. The modern aircraft engines nowadays use highly flammable fuel, and also
requires hydraulic fluid and lubricating oil to operate. The support components and
flammable tanks in fire designated zone must be fireproof materials. Components
carrying flammable fluid in an area subjected to engine fire conditions, components
which convey flammable fluid in a fire designated zone, fittings and lines in fire
designated zone must be made from fire-resistant materials, for the components to be
shielded against the ignition of any leaking flammable fluid. Any leaking within the
potential fire zone in the small turbofan engine of Figure 1.1 must be safeguarded to
avoid fire (Rolls-Royce, 1996).

Fan cowl Front mount Core zone 2
zone 1 fire box ﬁrstgcntgm?(l
1]

Figure 1.1 : Fire Zones in a Small Turbofan BR710 Power Plant (Abu Talib,
2003)

The research conducted had focused on fire test using 1SO2685 propane-air burner
on fire flame characterisation, temperature and heat flux density calibration of the
burner, and had also studied mechanical and thermal properties with fire resistance
for fire designated zone of an aircraft engine components using different fibre metal
laminates (FMLs) composite of aluminium alloy 2024-T3 with synthetic (woven
carbon fibre) and natural fibres (flax and kenaf) using an epoxy resin/hardener
(HLO02 TA/B) as polymer. The fire resistance properties of aluminium alloy 2024-
T3 coated with three types of silica aerogel (Hamzel®, Enova® 1C3100 and GEA™
0.125) were also studied.



The fire testing incorporates exposure of components in fire designated zone of an
aircraft to a standard flame. A standard flame has been described by International
Standard 1SO2685 (1992) as the flame having the characteristics temperature of
1100 £+ 80°C, and a heat flux density received by the standard apparatus of 116 + 10
kW/m2. The component is regarded to be airworthy if it has the power to continue to
perform for its design purposes after flame strike from a standard 1SO2685 propane-
air burner for the given time needed. The standard fire-test procedure comprises the
exposure of the engine components in designated fire zones to a standard flame. The
composites considered in this study are deemed to be airworthy since it performed
its design function after flame strike from a standard burner for the given time (5
minutes for fire resistant and a further 10 minutes for fireproof). The following are
the description of some terms used in this research.

Fireproof Materials: is defined as materials with the ability to withstand a heat
from a severe fire for an extended duration of 15 minutes of flame exposure. The
fireproof materials used in this study meet the requirement after withstanding the
stated time. Flammable fluid tank and supports components of fire designated zone
of an aircraft must be made from fireproof materials. The fireproof materials of this
study withstand a severe fire flame temperature of 1100 + 80°C and a heat flux of
116 = 10 kW/m2 using a propane-air burner according to 1SO2685 standard
(1502685, 1998).

Fire-Resistant Materials: is defined as materials with the ability to withstand a heat
from a severe fire for an extended duration of 5 minutes of flame exposure. It is the
capacity to perform the intended functions under the heat and other conditions that
are likely to occur when there is a fire at the place concerned. Aircraft components
carrying flammable fluid in an area subjected to engine fire conditions, components
which convey flammable fluid in a fire designated zone, fittings and lines in fire
designated zone must be made from fire-resistant materials.

1.2 Fire Designated Zone of an Aircraft

The fire designated zone of modern aircraft must be protected by a fixed protection
system due to the fire dangerous threats to the zone. The zone is a region that is
designed to require fire detection and a high degree of high temperature fire
resistance materials and composites. The zones need to have fire detection and
extinguishing equipments in case of fire. Among the zones on aircraft that have a
fixed fire detection and fire extinguisher system are: engines and auxiliary power
unit (APU), cargo and baggage compartments, lavatories on transport aircraft,
electronic bays, wheel wells and a bleed air ducts (Quintiere, 2006).



The main concerned of this research is the fire designated zone of an aircraft engine,
which is defined as a region of the aircraft, such as engine and auxiliary power unit
compartments designated to require fire detection/protection and fire extinguishing
equipment, and also needs to be shielded by either fireproof or fire-resistant material.
The fire zones of an aircraft engine includes: the engine power section of
reciprocating engines, the engine accessory section of reciprocating engines,
complete power-plant compartment in which there is no isolation between the engine
power section and the engine accessory section, for reciprocating engines, auxiliary
power unit compartment, fuel-burning heater and other combustion equipment
installation, compressor and accessory sections of turbine engines, and combustor,
turbine, and tailpipe sections of turbine engine installations except sections that do
not contain lines and components carrying flammable fluids or gases and are isolated
from the designated fire zone.

Titanium alloy and titanium aluminides were among the main materials used in fire
designated zones of an aircraft engine due to strength/weight ratio of it. The
materials has the properties to be used in the zone, but with some limitations such as
the material composition and the effect of processing and properties of its
microstructure with lower temperature resistance (Antolovich et al., 2016; Bewlay et
al., 2016; Clemens & Kestler, 2000; Rugg et al., 2014). Glass fibre reinforced
aluminium laminates was used in fabricating a composite component by Sikoutris
(2012) using 4mm thickness of the composites, the composite shows less tensile
strength and higher weight as compared with the fabricated composites in the present
study. Also, the study of the CFRP shows that the fatigue crack growth in the
composite was increasing as the crack was initiated during the test (Sikoutris, 2012).

A glass reinforced aluminium laminate (GLARE) was fabricated by Sikoutris (2012)
as component of an aircraft used at high temperature. The fabricated composite
sandwich five sheets of 0.4 mm aluminium alloy 2024-T3 and four sheets of 0.25
mm carbon fibre with a mass of 467g and a thickness of 4 mm, the composite was
laid unidirectional. The composite undergoes fire test, mechanical and thermal test;
whereby it withstand a high temperature application for 15 minutes according to
ISO2685 standard, with moderate mechanical properties. The composite was used as
the benchmark of this study.

The current study uses experimental approach for the novel hybrid composite of
FML that consists of aluminium alloy 2024-T3, carbon fibre, kenaf and flax; the
other composite consists of aluminium alloy coated with three types of silica aerogel
(Hamzel®, Enova® 1C3100 and GEA™ 0.125).



1.3 Problem Statement

About 7% of the 268 accidents that had occur worldwide in an aircraft in between
1997 to 2016, caused by an engine fire. There are three main causes of engine fire
which are an exhaust system component failure, cylinder failure and defective
maintenance. The problems that occur when an aircraft has an emergency landing is
that a threat from an external jet-fuel, when the aircraft structure survive the crash
but the main issue is fire penetration from the aircraft engine, due to the problem
caused by the components used in the fire designated zones such as delamination of
the fibres layer of the composite and lower temperature resistance of the composite.
Also, weight, low strength, less resistant to impact, health issues, fatigue resistance,
resistance to corrosion and moisture absorption were among the concerned issues on
the properties of composites used in fire designated zone. Therefore, there is need to
investigate further on the behaviour of the different composite in the standard flame,
using a fibre-metal laminates composite and also, to investigate on mechanical,
thermal and impact properties of composites.

At all times and all conditions, the component/material in fire designated zone of an
aircraft engine structure need to be fireproof or fire resistant to ensure that the engine
fire is protected. Therefore, fibre-metal laminate composites of synthetic and hybrid
of synthetic/natural fibre (flax and kenaf) that has properties that are similar to
synthetic fibre in terms of mechanical properties with less density, and composites of
aluminium alloy coated with silica aerogel were fabricated in order to overcome the
stated problems as compared with the existing properties of the materials based on
the literature. All the components and fittings in the engine must be fireproof or fire
resistant and protected from any leakages of flammable fluid during ignition (Rolls-
Royce, 1996). This research focuses on achieving a less layered fire blanket
composites based on aerogel coating and fibre-metal laminates with greener
properties. This investigation was the first of its kind on fire designated zone of an
aircraft engine. The investigation uses systematic techniques to find the solutions to
the problems associated with composites through targeted objectives in the process
of achieving a less thickness firewall composite with required mechanical, thermal
and impact properties as compared with existing materials used as the bench mark
based on the literature.

14 Research Questions

1. What are the fire behaviour properties of a fire designated zones of aircraft
engine firewall?

2. What are the mechanical properties of composites that are fireproof or fire
resistant in an aircraft engine fire designated zone?

3. What are the thermal properties of the composite materials used in an aircraft
engine designated zone?

4. How does the impact affect the composite materials used in aircraft engine fire
designated zone?



1.5 Objectives

The research was undertaken to investigate the detailed specific aspects of different
composites using 1ISO2685 propane-air burner according to the standard, the research
uses new materials for aircraft engine fire designated zone. The main objectives of
this study are as follows:

(i). To investigates the fire behavioural properties of the fabricated fibre-metal
laminate composites and composites of aluminium alloy coated with silica
aerogel.

(if). To investigate the tensile, compressive and flexural strength (mechanical
properties) of the fabricated fibre-metal laminates for aero-engine application
at high temperature.

(iii). To investigate the thermal performance (mass loss and visco-elastic) properties
of fabricated fibre-metal laminate composites in a high-temperature application
for fire designated zone of an aircraft engine.

(iv). To investigate the characteristic of velocity impact of the fabricated fibre-metal
laminates composites in the fire designated zones of an aircraft engine.

1.6 Hypothesis

Fibre-metal laminates (FML) of aluminium alloy with synthetic (carbon fibre) and
synthetic/natural (kenaf and flax) fibres, and aluminium alloy coated with silica
aerogel, bound with epoxy resin/hardener polymer will produce a high strength and
stiffer components, and will also produces a better heat resistance material, with
good mechanical, thermal and impact properties that can delay the fire penetration
from aircraft engine to aircraft fuselage, which will at least save aircraft passengers
and crew lives, when used as components in the fire designated zone of an aircraft
engine. It will act as the fireproof shield to the aircraft engine components that will
prevent the flame from penetrating outside the engine.

1.7 Scope and Limitations

The scope of the research start with the developing composites that has low thermal
conductivity, lightweight and fire resistance than the existing developed composites
from the literature when considering fire designated zone of an aircraft engine. The
work targets to achieve a greener composite and a less layered composite of aerogel-
based coating using hand lay-up method. It devised a methodical approach to
accomplish the research work by:



a. Establishing the fire behavioural performance of different structural materials in a
pool-fire scenario. This was done by considering different types of fibre metal
laminate composites and composites of aluminium alloy 2024-T3 coated with
different types of silica aerogel and by observing their characteristics in pool-fire
control with a flat panel burn-through test in accordance with the
1SO2685:1998(E) standard.

b. By considering weither the tensile, compressive, flexural strength and other
mechanical properties of the fibre metal laminate, will suit the location of fire
designated zone of an aircraft engine.

c. Characterising the thermal properties of fibre metal laminate composites in terms
of mass loss (thermogravimetric analysis) and visco-elastic properties of each
fibre metal laminate composite was measured by mechanical dynamic analysis.

d. Absorbed energy and impact strength with specific perforation energy of the fibre
metal laminate composites were analysed; whereby the impact strength, absorbed
energy and specific perforation energy of the composites were in the range
according to the existing literature.

This study, however, has certain limitations which need to be pointed out. Limited
benchmark of literature on the composite materials used in fire designated zone of an
aircraft engine as well as the method of coating the metal with silica aerogel. But
still, the study, make a possible way of using a hand lay-up method by dissolving the
aerogel in an epoxy resin using a mechanical stirrer and ultrasonic equipment.

1.8 Thesis Layout

This thesis comprises five chapters. Chapter one provides the brief introduction of
the research work whereby the problem statements, objectives and the scope of the
study was discussed. Chapter two mainly provides a literature review of the impact
of composite materials. The review concentrates on different metals, alloys, natural
fibres, aerogels, sandwich materials, firewall materials, and fire test, among others.
Chapter three deal with the materials and method/methodology, which is divided
into two parts. The first part is the materials selection, properties and apparatus used.
The second part consists of the procedures of different tests carried out on the
composites being researched and the solution of heat energy absorbed due to
penetration of flame through the composites materials. Chapter four contains the
results, findings and discussions on the experimental test undergone by the different
composites. Also included in this chapter is the burner calibration test result. Lastly,
chapter five consists of the detailed summary, conclusion, and recommendation for
future work on this study.
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