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Carbon Fiber-Reinforced Polymer (CFRP) composites with epoxy matrices offer
many advantages over conventional materials in terms of high strength-to-weight and
high stiffness-to-weight ratios, design flexibility, corrosion resistance, and
electromagnetic shielding for naval vessels in marine environments. However, the risk
of fire and related structural degradation represent a challenge to the structural

assessment of high performance composite structures. The accurate assessment of the
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deterioration and degradation of a composite structure subjected to elevated
temperatures is vital in the planning for maintenance of mission critical components.

In this research, carbon/epoxy composite materials have been thermally aged at
nine (9) different temperatures for up to 72 hours of ageing time. In order to
determine the residual mechanical properties of the specimens exposed to elevated
temperatures, tensile, flexure, off-axis shear, and short beam shear tests were conducted
in accordance with ASTM test procedures. In addition, the viscoelastic behavior and
dynamic properties of these composites at varying ageing times and temperatures were
found using Dynamic Mechanical Thermal Analysis (DMTA) and Differential
Scanning Calorimetry (DSC). ThermoGravimetric Analysis (TGA) was performed to
analyze the characteristics of thermal decomposition and Scanning Electron Microscopy
(SEM) images were taken to investigate failure mechanisms such as interfacial
debonding, delamination, and fiber fracture.

Since polymer composite used in marine environments can easily be exposed to
moisture related to high relative humidity and immersion, degradation mechanisms
related to moisture were investigated on specimens immersed in seawater and deionized
water for 72 weeks after exposure to selected regimes of elevated temperature using
gravimetric analysis, SEM and short beam shear test.

Finally, well-established prediction models such as Arrhenius rate model, Time-
Temperature Superposition model and Weibull statistical strength model were used with

experimental data to estimate characteristic associated with long-term service life.
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1 Introduction
1.1 Introduction

Fiber-Reinforced Polymer (FRP) composites offer inherent advantages over
traditional materials with regard to high strength-to-weight and stiffness-to-weight
ratios, design flexibility, corrosion resistance, low maintenance and enhanced service
life. Carbon/epoxy composite materials are particularly useful because they exhibit
better mechanical properties than other FRP composites as well as provide the ability
for electromagnetic shielding for stealth purpose. Due to these advantages,
carbon/epoxy composites are a preferred materials choice for navy vessels of higher
performance. Navy vessels require adequate performance and resistance over high
temperature because fires on ships can be started by any number of causes such as
electrical faults, ignition of flammable gases or liquids and weapon strikes. The risk of
fire, and of fire-related structural degradation and failure, presents a significant
challenge to the safe design and accurate structural assessment of composite structures.
An accurate assessment of deterioration of a composite structure subjected to fire as
represented in this study by exposure to elevated temperature is dependent on the
accurate characterization of the time dependent residual mechanical characteristics of
composite system as well as its viscoelastic properties.

When composite materials are generally exposed to high temperatures (200~
300°C), pyrolysis caused by chemical reactions with oxygen starts to occur from the
surface and the resin component degrades to form gaseous products. In addition, the

polymer matrix and organic fibers are thermally decomposed yielding volatile gases,



solid carbonaceous char and airborne soot particles (smoke) via a series of chemical
reaction mechanisms. Polymer composites lose not only molecular weight but also
mechanical characteristics by thermal decomposition. Molecular weight is reduced by
mechanisms of random chain scission, chain-end scission and chain stripping within
polymer structures. Therefore, when composite materials are thermally aged for periods
of time, there is a need for the investigation of how much degradation and deterioration
occurs after exposure as functions of time and temperature.

FRP composite materials are used in a variety of navy applications based on
their stiffness, strength, reduced weight, and corrosion-free capabilities. Additional
properties such as fire and ballistics resistance, signature reduction, and enhanced
communications make them attractive for integrated structures. The use of FRP
composite materials is rapidly spreading in naval applications with inherent advantages.
Currently, the all-composite naval ships fabricated of carbon and glass fiber composites
are being used in both Europe and the United State.

If the naval vessels made by composite materials are operating in the sea, the
various forms of loading caused by rolling-pitching and their combination can be
applied for ships. Since degradation and deterioration of the mechanical properties of
composite materials in a fire and at elevated temperature can seriously compromise
structural integrity, and cause rapid creep, buckling, collapse or some other failure mode,
the composite materials degraded and deteriorated by heat must be evaluated in terms of
the retention of mechanical properties to investigate whether the intrinsic functions of
the material can be accomplished. In order to develop the experimental data for residual

properties after exposure to elevated temperatures, tension, off-axis shear, flexure and



short beam shear test were carried out according to ASTM test procedures.

Polymers show the viscoelastic behavior in the presence of heat with the resin
used in composite materials experiencing the change of a diversity of properties as a
function of time and temperature. Thus, the severe drop of mechanical properties seen
after exposure to elevated temperature is mainly attributed to the degradation of the
resin than the fiber. For this reason, thermal analysis must be performed on polymeric
composite materials. Dynamic Mechanical Thermal Analysis (DMTA), Differential
Scanning Calorimetry (DSC) and Thermo-Gravimetric Analyses (TGA) were conduted
on specimens exposed to elevated temperatures. DMTA measurements over a range of
temperatures provide valuable insight into the structure, morphology and viscoelastic
behavior of polymer materials while DSC is mainly used to investigate the thermal
transitions of the polymer. TGA is a powerful and simple tool to estimate the
thermophysical and thermomechanical properties exposed to a controlled temperature.

The environmental conditions likely to be faced in such applications include
water, humidity, moisture and seawater can result in the ingress of moisture into FRP
composites. Exposure to moisture is known to cause plasticization, hydrolysis and
further deterioration of the resin over time and hence it is necessary to study the
moisture uptake and resulting kinetics. While general investigations regarding moisture
uptake are focused on the specimens of FRP composites cured in ambient temperature,
this study is concentrated on the immersion effects of specimens after exposure to
elevated temperature because the use of naval vessels fabricated from composite
materials exposed to the various heat sources must be estimated in terms of operating

life. This estimation can be an important criterion to evaluate how long naval vessels of
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FRP composites can be allowed to operate after exposure to high temperatures.
Degradation mechanisms related to moisture were investigated on specimens immersed
in seawater and deionized water for 72 weeks using gravimetric analysis, SEM and
short beam shear.

It is very important that predictive degradation models are used to evaluate
functions for desired periods of time without failure and severe degradation, in specified
environments. Based on the experimental data determined through mechanical tests,
predictions of longer-term response can be obtained using well-established models such
as the Arrhenius rate model, Time-Temperature Superposition (TTSP) model and
Weibull statistical strength model.

This study contributes to the establishment of design factors and criteria to
estimate and evaluate the performance of FRP composites exposed to elevated
temperatures and immersed in seawater using the experimental data obtained

throughout various tests and analysis.



1.2 Motivation

Significant research related to assessments of FRP composite materials after
exposure to elevated temperature has been conducted as the applications of FRP
composites were rapidly increased. Such research related to materials such as prepreg
based autoclave cured composites been mainly focused on aerospace.

However, of late, there has been an increased interest in the development and
application of composites to both primary and secondary structures as well as
machinery components in naval ships and submarines. This interest in FRP composites
is derived from increased requirements for corrosion-free, lightweight, stealth, and
affordable low-cost alternative to metallic components used conventionally.

Naval vessels made from FRP composites are exposed to various loading
conditions by rolling-pitching waves, high temperatures due to fires and UV light as
well as moisture ingress from relative humidity and immersion. In particular, a
significant technical issue that has limited the use of composite materials in naval ships
and submarines is their combustible nature and the resulting issues of residual
performance after periods of exposure to elevated temperatures.

Therefore, mechanical and thermal analysis must be carried out on composite
specimens exposed to both elevated temperatures and marine conditions for the safe

design and accurate assessment of naval vessels and components.



1.3

Research Objectives

The main objectives and goals for this research can be summarized as follows.
Development of a fundamental understanding of time-and temperature-
dependent behavior of wet layup based carbon/epoxy composite materials
exposed to elevated temperatures for certain time
Verification of residual post-cure effects on specimens cured at ambient
temperatures and fabricated by manual wet layup process
Morphological analysis of failure mechanism such as debonding between fibers
and matrix, pull-out of fibers and delamination between layers using SEM
Correlation between experimental data obtained through mechanical tests
Thermal analysis to assess how much polymer-based composites are degraded
or deteriorated by temperature and time
Correlation of parameters such as glass transition temperature, decomposition
temperature, loss tangent (tan §), activation energy, etc determined from
thermal analysis and mechanical property retention
Verification of effects of immersion, failure mechanisms and mechanical
properties on specimens immersed in seawater and deionized water
Comparison of predictions obtained by use of established model and
experimental data
Categorization of property retention as a function of temperature, time, weight

loss and weight gain due to immersion



1.4 Overview of Research

This research is focused on the assessment of durability of carbon/epoxy
composite materials after exposure to elevated temperatures and immersion in seawater
for navy vessel applications. For assessments, mechanical tests and thermal analysis
were conducted on specimens exposed to various regimes of elevated temperature and
exposure to aqueous environments. In addition, immersion characteristics were
investigated using gravimetric analysis, SEM and short beam shear test. Previous
researches and theories relevant to FRP composites are introduced in chapter 2.
Material specifications, experimental conditions and test procedures are explained in
chapter 3. Chapter 4 and chapter 5 deal with mechanical characterization and thermal
analysis on specimens exposed to controlled conditions, respectively. The experimental
results from immersion in seawater and deionized water for 72 weeks are presented in

chapter 6. Predictions from 3 models are detailed in chapter 7.



2 Literature reviews

2.1 Fire Safety of FRP Composite Materials in Naval Applications

During past years, there has been development and application of composites for
both primary and secondary load-bearing structures of Naval vessels. FRP composite
materials are already being used in diverse areas such as deckhouse, mast, piping,
valves, pumps and heat exchangers, ventilation ducts, etc. This interest in FRP
composite materials is driven by fleet needs to reduce maintenance, save weight,
increase covertness and provide affordable alternatives to metallic components with
lower life cycle costs[1].

The use of structural composites inside naval submarines is now covered by
MIL-STD-2031 (SH), which includes fire and toxicity test methods such as flame
spread index (FSI), specific optical density, heat release rate and ignitability, oxygen-
temperature index, combustion gas generation, long-term outgassing, etc and
qualification procedure for composite materials systems used in hull, machinery, and
structural applications[2]. This military standard involves test methods and
requirements for flammability characteristics. The following two guiding criteria were
established for the use of composite systems abroad US Navy vessels[3].

1. "The composite system will not be the fire source, i.e. it will be sufficiently

fire resistant not to support spontaneous combustion."

2. "Secondary ignition of the composite system will be delayed until the crew

can respond to the primary fire source; i.e. the composite system will not

result in rapid spreading of the fire"



2.2 Thermal Decomposition of FRP Composite Materials in Fire

2.2.1 Introduction

A major concern of FRP composite materials is poor performance in fire. In case
FRP composite materials are used in naval environments, especially in naval vessels, it
can be exposed to be more dangerous because fires on ships can easily be started by any
number of causes such as electrical faults, ignition of flammable gases or liquids and
weapon strikes.

Therefore, it should be noted that thermal decomposition mechanisms in
elevated temperatures caused by fire must be investigated because the behavior of

composite materials in fire is dominated by the chemical process.

2.2.2 Description of Mechanisms of Thermal Degradation

When a heat flux caused by fire is applied to FRP composite materials, the
change of initial temperature is dependent on the rate of heat conduction into the
materials and the boundary conditions. If the heat flux is applied, the surface of FRP
composite materials first reaches high temperature. This change of temperature can be
caused chemical reactions (pyrolysis) and gaseous products are formed by degradation
of polymer component[4]. In addition, chemical reaction can result in distortion,
buckling or failure of FRP composite materials. In the process of decomposition on
polymer matrix and fibers, volatile gases, char and smoke can be produced by chemical

reaction mechanisms. The loss of molecular weight in polymers is attributed to the
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fracture mechanisms of polymer structures such as random chain scission, chain-end

scission and chain stripping.

2.2.2.1 Processes of Combustion in Composites

Polymer composites exposed to high temperatures experience self-sustained
combustion in air and oxygen[5]. Burning polymer composites have a highly complex
combustion system. The combustion in polymer composite system occurs as combined
events[6] such as heating of the polymer, decomposition, ignition, and combustion. As
mentioned in previous chapter, the decomposition process for most polymers produces
solid carbonaceous char and gaseous volatiles. The chemical composition and amount
of the volatiles is dependent on the polymer matrix, oxygen content and temperature,
although the majority of the gases are flammable polymers. Combustion of the volatiles

occurs in the solid and intermittent zones of a turbulent flame.

2.2.2.2 Epoxy Resin

Epoxy resins are characterized by the presence of epoxide groups prior to cure,
and they may also contain aliphatic, aromatic or heterocyclic structures in the backbone.
Epoxy resin is superior to any other polymer resins in terms of the long service time and
good physical properties compared to other thermosets. Like other thermoset resins,
epoxy resins can be rendered fire-retardant either by incorporating fire-retardant
additives or by copolymerization with reactive fire retardants.

Three mechanisms for the oxidation of epoxies were suggested by many
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researches[7], [8]. Any of these mechanisms leads to the formation of carbonyl groups
which further decompose and result in chain splitting.
The thermal stability of epoxy resins and their flammability depend on the

structure of the monomer, the structure of the curing agent and the crosslink density.

2.2.2.3 Carbon Fibers

The structures and properties of carbon fibers are dependent on the raw material
used and the process conditions of manufacture. When carbon fibers are exposed to
directly to fire, their surface can be oxidized..

Severe oxidation causes carbon fibers to lose weight due to the evolution of CO
or CO, gases. However, slight oxidation may cause carbon fibers to gain weight slightly
due to the formation of chemical bonds to various Compared to polymer matrix,
reinforcing carbon fibers are generally more stable at elevated temperatures
considered[9]. Thermal degradation was quantified by the amount of weight loss
measured, while surface morphology changes by temperatures were monitored as
attempt to investigate related physical and surface changes to the decreases in
mechanical performance as a function of ageing.

In addition, trace impurities within carbon fiber act as a catalyst to the oxidation
process, and this can cause thinning of the fiber. However, it should be noted that in
most types of fiber the extent of oxidation is small because most carbon fibers within a

composite are surrounded by char.
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2.2.3 Review of Analytical Models for Effects of Fire

In order to predict the thermal response of composite materials by fire, many
models were suggested. However, thermal response mechanisms on composite
materials are very complicated because many considerations were included in the
process of reactions. In this section, mathematical models suggested by many
researchers who studied on mathematical models for fire response will be introduced.

1) One-dimensional equation on composite materials

Assuming that heat conduction is applied to composite material in through-
thickness direction, the one-dimensional equation including heat of pyrolysis

determined from the theoretical mass loss rate can be expressed as Equation (2.1)[10].

Qp

or 0o [ 6T} om
= k +—
2 (2.1)

"ot ox| X ox

Where:

T = The temperature

t=time

X = the distance below the hot surface

p and Cp = the density and specific heat of the composite material

kx = the thermal conductivity of the composite material in the through-thickness
direction

2) Decomposition reaction model

To develop more precise model, new model were suggested after adding the

diffusion of decomposition gases into Equation (2.4)[4]. The decomposition reactions
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are modeled using single or multiple-order kinetic rate theory as shown in Equation

2.2).
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Where:
Qi = The heat of decomposition
h = Enthalpy of the solid phase

hg = Enthalpy of the volatile gas

Equation (2.2) is including the effect of heat conduction, the internal convection
of thermal energy and rate of heat generation The rate of chemical reaction may be
described using an Arrhenius rate expression of the form shown in Equation (2.6)

assuming no expansion of the materials[4].

ot

3_,0: _A|:(p_pf):| e(_E/RT)
Lo

(2.3)
Where:

A =The rate constant

E = Activation energy

n = Oder of the reaction

R = The gas constant
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2.3 Effects of Seawater on FRP Composites

This research is focused on FRP composites operating in marine environments
which exists surrounding seawater. There are so many considerations to assess the FRP
composite materials used in the marine environmental conditions such as immersion,
salinity, UV, corrosion, cycling (thaw-freeze), and so on. However, this research is
extremely concentrated on seawater immersion effect which is important in operating

naval vessels.

2.3.1 Seawater Properties

The composition of seawater is very complex consisting of more than seventy
trace elements and biological organisms, which have shown to cause some degradation.
The main composition of seawater is summarized as shown in Table 2-1.

Table 2-1: Composition of seawater

Element Symbol Weight %
Chloride Cl 55.04
Sulphate SO, 7.68
Calcium Ca 1.16
Sodium Na 30.61
Magnesium Mg 3.69
Potassium K 1.10

Seawater is composed mostly of water (H,0). In fact it is about 96.5 wt% water.
The salinity of sea water (usually 3.5%) is made up by all the dissolved salts.
Interestingly, their proportions are always the same, which can be understood if salinity

differences are caused by either evaporating fresh water or adding fresh water from
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rivers. Freezing and thawing also matter. Seawater properties are as follows:

1) Density: Any substance dissolved in a liquid has the effect of increasing the
density of that liquid. The greater the amount of solute, the greater the effect.

2) Freezing point: Because the salt is spread on frozen path, the freezing point
is depressed. Salts also lower the temperature at which water reaches its
maximum density.

3) Boiling point: the salts have the effect of making the water molecules cluster
and become more orders, thus harder to pull apart and evaporate. Therefore,
boiling point is elevated.

4) Conductivity: If an electromagnetic field is applied to seawater, the ions will
migrate, producing an electric current.

Table 2-2 shows comparison of seawater and pure water properties.

Table 2-2: Comparison of seawater and pure water properties

Property Seawater (35%) Pure water
Density (g/cm3), 25°C 1.02412 1.0029
Specific conductivity (1/Qcm), 25°C 0.0532 -
Viscosity (millipoise), 25°C 9.02 8.90
Freezing point (°C) -1.91 0.00
Temperature of maximum density (°C) -3.25 3.98

Specific heat (J/g°C), 17.5°C 3.898 4.182
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2.3.2 Seawater Effect on Mechanical Properties

In this section, seawater effects on mechanical properties of FRP composite
materials will be introduced from literatures which previous researchers have been
studied. Many researches were focused on mechanical properties after immersing in
deionized, distilled and tap water. Even though some researches on seawater immersion
are available, studies in actual marine environments are lack because it is too difficult to
test.

Accordingly, similarities and correlation factors between laboratory and real-site

evaluation result need to be developed for real analyzing.

2.3.2.1 Tension

There are a lot of researches related to carbon- and glass-fiber composites
immersed in saline conditions. In this section, the effects exposed to various
environments will be introduced from summarizing of many studies toward tensile
strength and modulus.

T.S Grant et al.[11] investigated the effect of immersion in seawater on
transverse tensile properties of three graphite/epoxy composite materials. The transverse
tensile strength was found to be reduced by 17% in one of the systems with essentially
no change in the other two systems studied. The 17% decrease in transverse tensile
strength was associated with degradation of the interfacial strength. Also they found
that little difference was found in the behavior of composite immersed in distilled water

and in seawater at ambient pressure or seawater at 20.7 MPa pressure. Leif A. Carlsson



17

et al.[12] accomplished tests using carbon/bismaleimide-epoxy, E-glass/epoxy, E-
glass/polyphenylsulfide and carbon-epoxy for immersion more than 4000 hrs in distilled
water and natural seawater at room temperature and 38C. Transverse m odulus, E, was
not significantly changed after water absorption except for E-glass/polyphenylsulfide
that lost about 60% of its dry modulus, despite of its low water absorption. The
substantial reduction of E, was attributed to extensive fiber/matrix debonding induced
by water. Also, all composites experienced large reduction in transverse tensile strength
due to water absorption. The maximum reduction took placed in E-
glass/polyphenylsulfide with 85% decrease of its dry strength. An E-glass/carbon/epoxy
interlayer hybrid composite has been aged by immersion in simulated seawater for
varying lengths of time and then tested in transverse tension by C.A Wood et al.[13].
From transverse tests, they showed that tension properties were proportional to water
uptake and then dropped rapidly after moisture saturation. Failure mechanism was
verified using an environmental SEM. Resin-rich areas were found to be sources of
failure initiation where debonding occurred. E-glass/Vinylester composites were
fabricated using wet layup with the application of a vacuum throughout the cure to

investigate tensile properties in various environmental conditions such as 23°C and 55%

RH, synthetic sea water and real seawater by Lixin Wu et al.[14]. Exposure to all
conditions resulted in a decrease in tensile strength and the absolute difference in
response between the various exposures. The maximum reduction in tensile strength
after 12 months of exposure was in sea water at a level of 13.5%, whereas the minimum,
8.26%, was recorded for the case of cycling in sea water. After immersion in sea water,

the surfaces of all the specimens showed discoloration with the initiation of blistering at
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areas where fibers were close to the surface, suggesting both effect of salts of the fiber-

matrix integrity and the existence of osmotic processes.

2.3.2.2 Flexure

The flexural test measures the force required to bend a beam under three point or
four point loading conditions. The data is often used to select materials for parts that
will support loads without flexing. Flexural modulus is used as an indication of a
material’s stiffness when flexed. E.P. Gellert and D.M. Turley[15] performed flexural
test using the polyester, phenolic and vinylester glass-fiber reinforced polymer materials
immersed in 30°C seawater either unloaded or loaded at 20% of the maximum strain at
flexural failure (0.2¢gf) to examine the effects of loading on flexural property. Flexural
strength continued to degrade for the unloaded polyester and vinylester GPRs as water
uptake continued toward saturation, where strength losses between 15% and 21%
occurred. The unloaded phenolic lost 25% of initial strength at saturation. For ageing,
loading affected the strength of only phenolic GRP with strength loss advancing from
25 to 36% loss from the initial strength. Wayne C. Tucker and Richard Brown[16]
generated all data on the vinlyester/graphite composite material immersed in natural
filtered seawater in tubs in the laboratory at 1 atmosphere of pressure and in natural
filtered seawater pressurized to a depth of 2000feet of seawater. The flexural strength
and stiffness of the composite material were decreased by the high pressure exposure. In
contrast, atmospheric seawater exposure did not produce any strength decrease. Both

the enhanced moisture uptake and the strength decrease at high pressure exposure were
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thought to be due to mechanical damage induced by the increased pressure. In 5% and
10% salt solution, the flexural properties (strength and modulus) of pultruded glass-
fiber reinforced vinylester matrix composite coupons were measured for the 90°
specimens as-received and after ageing by K.Liao et al.[17]. Ageing in water and salt
solutions resulted in degraded flexural and tensile properties of pultruded E-glass fiber
reinforced vinylester matrix composite. Salt concentration did not seem to affect
flexural properties in a noticeable way. However, in terms of flexural strength,

reductions were larger than those subjected to distilled water.

2.3.2.3 Other Mechanical Properties

Beside tensile and flexural test after exposure to seawater, a wide variety of tests
with regard to seawater effects were accomplished because marine composite materials
are increasingly using in diverse applications. These tests are including impact, fracture,
fatigue, and compression test. The effects of seawater immersion on the impact
resistance of two glass/epoxy composites were characterized using instrumented impact
test data obtained from penetration tests by Larry H. Strait et al.[18]. Two composite
materials experienced substantial reductions in peak load and energy absorbed at peak
load as result of moisture-induced degradation of the fibers and fiber/matrix interface.
The results of this study indicate that moisture-induced degradation can significantly
reduce the impact resistance of glass fiber reinforced epoxy composites. In order to
examine the interlaminar fracture toughness, the glass/polyester and glass/vinyl ester

composites panels were immersed in a large tank containing natural seawater with a
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salinity content of about 2.9% and temperature of 30°C for more than two years by A.

Kootsookos and A.P Moritz[19]. This study reported that the mode I interlarminar
fracture toughness of the composites was not affected significantly by seawater
immersion, although the flexural stiffness and strength decreased with increasing
amounts of water absorption. K.Y.Rhee et al.[20] conducted the compressive fracture
tests of fully seawater-absorbed carbon/epoxy composites under normal atmospheric
pressure and under three levels of hydrostatic pressure conditions using a high pressure
tension-compression apparatus which can produce 700 MPa of hydrostatic pressure.
Fracture characteristics of seawater of seawater-absorbed carbon/epoxy composites
were significantly influenced by hydrostatic pressure. Compliance decreasesed but
fracture load and fracture toughness increased with increasing hydrostatic pressure.
McBagonluri et al.[21] accomplished tension-tension fatigue on E-glass/vinylester
immersed in synthetic seawater. To simulate the environmental fatigue, a fluid cell was
used for testing of specimens. It was found that immersion in seawater slightly
improved the fatigue performance, in which degradation is attributed to a fiber-

dominated process.

24 Naval/Marine Applications of FRP Composites

2.4.1 Introduction

FRP composite materials are being used in a variety of navy applications based
on their stiffness, strength, reduced weight, and corrosion-free capabilities. Until

recently, the use of composite materials for military applications was limited to
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aerospace and US air force for high-performance applications. Currently, applications of
composite materials in the U.S Navy are widely broaden into sonar bow domes,
windows, hulls and so on. Moreover, there is a resurgence of interest for the use of
composites in military applications including naval vessels, army combat vehicles, and
unmanned vehicles. The all-composite naval ships are currently operating to perform
multifunctional operation with the benefit for composite materials. Therefore, in

following section, all-composite naval vessels will be introduced.

2.4.2 Surface ships

In early, use of composite materials was constrained to the construction of small
patrol boats and landing craft in displacement due to relatively poor fabrication quality
and low stiffness of the hulls. However, as fabrication technique and mechanical
properties were improved, composite materials can be applied to larger patrol boat,
minecountermeasure vessels, and corvettes.

Skjold (Figure 2-1) is the Royal Norwegian Navy'’s first fast patrol craft/littoral
combat ship of the Skjold-class and is currently being evaluated by the US Navy. The
ship is based on a catamaran hull where lift fans blow air into an air cushion between
the hulls. The structure is built with FRP sandwich using uniaxial glass fiber and carbon
laminates with vinyl-ester or polyester resin. Polyvinyl chloride (PVC) core material is
used in main structural elements below main deck and polymethacrylimide (PMI) core
material is used elsewhere and for the complete superstructure. The total length of

Skjold is approximately 157 feet at a displacement of 260 tons[22].
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Figure 2-1: Skjold class patrol boat built with FRP sandwich

The Swedish Navy is operating the Visby-class corvette (Figure 2-2) from 2000.
Visby class is designed to be a multi-purpose vessel with capabilities for surveillance,
combat, mine laying, and anti-submarine warfare operations[23]. The visby corvette is
built from sandwich composite panels having face skins of hybrid carbon- and glass
fiber polymer laminate covering a poly (vinyl chloride) foam core. With carbon-
reinforced composite, Visby class can get the benefit of adequate electromagnetic

shielding.

Figure 2-2: Visby corvette having hybrid carbon- and glass fiber polymer laminate

The M80 Stiletto (Figure 2-3) is a prototype naval ship manufactured to meet
specific requirements of the Pentagon's Office of Force Transformation. M80 Stiletto

represents the next generation of military vessels. It is built with new carbon-fiber
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materials and has a networked architecture. It is unique for its hull design, speed, ride
quality, payload capability and provision for unmanned vehicle support. The M80
Stiletto is a twin-M-hull vessel. It is 88ft in length with a 40ft beam, providing a
rectangular deck area. When fully loaded, the vessel's draught is 3ft. The M80 Stiletto

can reach speeds of 50kt to 60kt. The vessel is built on the advanced M-hull technology.

Its carbon-fiber body ensures reduced weight and increased stiffness.

Figure 2-3: M80 Stiletto built with new carbon-fiber materials

2.4.3 Submarines

Several navies have used composites with outstanding success in a diverse range
of submarine structures for nearly 50 years. Various submarine structures are made of
composite materials, including sails, fins, mast strouds, casings over the upper pressure
hull and bow sonar domes on nuclear submarine and combatant submarines by US Navy,
Royal Navy and French Navy. In addition, periscope fairings have been built of FRP.
These autoclave-cured parts are precision machined to meet the tight tolerances
required of the periscope bearing system. The fairings are all glass, with a recent switch
from polyester to epoxy resins.

The defense evaluation and research agency (UK) has investigated the feasibility
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of lining the outside wall of the steel pressure hull with a sandwich composite
material[24]. Covering the steel hull with composite cladding increased the overall
buckling strength, lower fatigue strains, reduce corrosion and lower the acoustic,
magnetic and electric signatures.

Composites are being used increasingly in submarine masts for communications
and electronic surveillance as well as in non-hull penetrating masts. Masts made of
composites have a number of advantages over those made of steel, including lighter
weight and no corrosion. Composites allow moulding into complex shape without the
need for machining, and the incorporation of radar absorbing materials over the entire

length of the mast[25].



3 Materials and Test Methods
3.1 Material Specification

The carbon/epoxy composites were comprised of Tyfo S Epoxy and Tyfo SCH-
41 reinforcing fabric supplied by FYFE Co. Composite panels comprising of two layers
as shown in Figure 3-1 were fabricated using a mannual wet layup process with cure
under ambient conditions. Tests were conducted after a minimum of 7 days cure. The
fiber content was approximately 60% by weight. The fabric reinforcement was
consisted of a primarily unidirectional fabric of 644 g/m*areal weight.

The fibers had a nominal tensile strength, modulus and density of 3.79 GPa, 230
GPa, 1.74g/cm®, respectively. The resin system was a two-component epoxy with a
viscosity of 600-700 cps at 25C. After curing and then after 72 hours of post cure at
60°C, the glass transition temperature, tensile strength, modulus and elongation are
specified as 82°C, 72.4 MPa, 3.18 GPa, and 5.0% , respectively.

All mechanical tests, except for the off-axis shear test, were performed using
unidirectional 2 layer panels, while 0/90 panels were used for the off-axis shear test.
Because composite panels were fabricated in the field, they were uniformly
preconditioned at 23°C and 30% relative humidity (RH), in a humidity chamber to set a

uniform baseline.

25
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(a)
Figure 3-1: (a) Unidirectional panel and (b) 0/90° panel

3.2 Environmental Conditions

3.2.1 Mechanical Properties and Thermal Analyses

After cutting composites panels with a tile saw, all specimens for mechanical
properties and thermal analyses were stored in a humidity chamber (Figure 3-2 (a)) to
ensure an initial condition for 2 weeks. Carbon/epoxy composite specimens were
exposed thermally to ambient, 66, 93, 121, 149, 177, 204, 232, and 260°C under ageing
timesof 1, 2, 4, 8, 16, 24, 48, and 72 hrs.  Test specimens were kept in an oven (Figure
3-2 (b)) until they reached a set time and temperature, and then they were removed to

ambient conditions for testing.
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(b)
Figure 3-2: (a) Humidity chamber for initial condition and (b) Oven for environmental
conditions

The number of test specimens and sizes are listed in Table 3-1.

Table 3-1: Test specimens for mechanical properties and thermal analysis

Test Specimens No Size (mm)
Tension temp case(9)xtime case(8)xno. of test(5)+0 hour(5)=365 254x12.7x3
Off-axis shear temp case(9)xtime case(8)xno. of test(3)+0 hour(3)=219 228x12.7x3
Flexure temp case(9)xtime case(8)xno. of test(5)+0 hour(5)=365 70x12.7x3
SBS temp case(9)xtime case(8)xno. of test(5)+0 hour(5)=365 18x6x3
DMTA temp case(9)xtime case(8)xno. of test(2)+0 hour(2)=146 8.8x34x3
DSC temp case(9)xtime case(8)xno. of test(1)+0 hour(1)=146 10~ 15mg
TGA temp case(9)xtime case(8)xno. of test(2)+0 hour(2)=146 10 ~ 20mg
Weight Loss  temp case(9)xtime case(8)xno. of test(3)+0 hour(3)=219 8.8x34x3
SEM temp case(1)xtime case(8)xno. of test[4]=32

Total 2,003

3.2.2 Immersion Tests

After the simulation of exposure to high temperatures such as those caused by
fire in naval vessels, the characterization of mechanical properties and thermal analyses
were accomplished at the various conditions to investigate how much degradation
occurred in thermally aged specimens. Accurate evaluations are necessary to assess

whether composite materials degraded by fire can operate at the required level of
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functionality in seawater. Therefore, the specimens aged thermally at each temperatures
were immersed in seawater under ambient temperature for up to 72 weeks.
Simultaneously, test specimens were immersed in deionized (DI) water in the same
conditions to provide a base-line comparison. Seawater from La Jolla shores was used
and was periodically changed in the water bath. Figure 3-3 shows the specimens for
water uptake tests and SBS tests

Moisture uptake tests were performed using gravimetric analysis. Test
specimens were taken out from water bath to weigh the mass, periodically. In the case
of short beam shear tests, tests were conducted after immersion in seawater and DI
water under specified conditions (exposure to Ambient, 66, 93, 121, 149, 177, 204, 260C
for 8 hr and exposure to 232°C for 1, 2, 4, 8, 16, 24, 48 and 72hr). In addition, SEM
images were taken to investigate internal fracture mechanisms caused by the exposure.
The number of test specimens regarding water uptake, SBS test and SEM are

summarized in Table: 3-2.
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Figure 3-3: (a) Test specimens for water uptake tests and (b) Test specimens for SBS
tests immersed in seawater and DI water.
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Table: 3-2: Test specimens for immersion tests

Test Specimens No Size (mm)
Water Uptake Seawater (73) + DI water (73) = 143 25.4%25.4%3
SBS 16(temp)x8(ageing)x2(case)x5(Set) = 1,280 18%12.7x3
SEM Some of SBS specimens

Total 1,423

3.3 Test Procedures

The main key to obtain more accurate data depends on how erroneous factors
can be eliminated. Another key is to reduce outliers from the tests set. Therefore,
experiments were carried out in following sequence.

1) Test specimens were cut with a tile saw into ASTM recommend dimensions
from carbon/epoxy composite panels. Water was used as a liquid coolant to
prevent material damage caused by the build-up of heat while test specimens
were cut.

2) Test specimens were sanded to make edges of specimens smooth after
cutting. Sanding can reduce the error factors caused by cutting.

3) Test specimens were carefully marked using a labeling metallic pen to
prevent marking from disappearing during heat and chemical reactions from
exposure.

4) To set initial baseline conditions, test specimens were kept in a humidity

chamber at ambient conditions of 23°C and 30% RH for 2 weeks.
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5) The initialized test specimens were put in the oven to pre-specified
environmental conditions. When the required time at fixed temperatures was
reached, test specimens were removed to ambient conditions.
6) After cooling of test specimens, to ambient levels, they were tested
immediately.
7) Based on collected data, data analysis was carried out in accordance with

MIL-HDBK-1F introduced in following section.

3.4 Data Statistics

It should be noted that wet layup composite materials have significant scatter
because they are made manually and hence there is a need to check for outliers. An
outlier is an observation that is much lower or much higher than most other observation
in a data set. Often outliers are erroneous values, due to operator error, incorrect setting
of environmental conditions during testing, or due to a defective test specimen[26].

The Maximum Normed Residual (MNR) method is used in this study for
quantitative screening for outliers.

max |x; -X|
—

MNR= 1=1,2,3........ n (3.1)

where X is sample mean, and s is sample deviation.
The value of MNR is compared to the critical value for the sample size n. These critical

values are calculated from Equation (3.2).

n-1 t?

C —
~h n-2+t2

(3.2)
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If MNR is smaller than the critical value, then no outliers are detected in the sample. In
addition, if an outlier is detected, this value is omitted from the calculations and the

MNR procedure is applied again. This process is repeated until no outliers are detected.

35 Test Methods

Composite materials were characterized through a series of tests including
tensile, off-axis shear, flexure, short beam shear, DMTA, DSC, TGA and moisture

uptake.

3.5.1 Tension

Tensile tests are important because they are the main characterizing element that
defines the in-plane strength and modulus of composites[27]. The purpose of a tensile
test is to determine the ultimate tensile strength and tensile modulus of composite
materials. Tensile data on unidirectional composites are often used as one of the key
factors in materials selection and in laminated design.

The tensile tests on the carbon/epoxy composites were performed in accordance
with ASTM D3039M[27]. Test specimens were cut to dimensions of 254 mm in length
and 12.7 mm in width with the length being parallel to the fiber direction as shown in
Figure 3-4 (a). For tensile tests, an Instron model 8801(Figure 3-4 (b)) was used. This
enables tensile testing to be conducted with hydraulic grips. To prevent test specimens
from slippage, sand paper at the ends of the specimens were used to provide additional

frictional force. In this research, the gauge length was 155 mm, and the specimen was
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loaded in tension at a rate of 1.27 mm/min. An extensometer having a 25.4 mm gauge
length was used to measure strains. When a level of 0.3% strain was reached the
extensometer was removed from test equipment so as to not have damage from
subsequent fiber rupture and brooming. In addition, tensile chord modulus can be

obtained from the slope of the stress-strain curve.

3.0mm(saw cut)
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Figure 3-4: (a) Test specimens for tensile test and (b) Grip of the tensile test machine
(Instron 8801)

3.5.2 Off-Axis Shear

The off-axis shear test is used to determine the in-plane shear response of
polymer matrix composite materials. In these tests shear distortion occurs entirely in the
plane of the composites materials. The shear strength and the shear modulus can be
determined from off-axis shear test.

There are many variations of the off-axis shear test such as the uniaxial tension

of a 10° off-axis laminate[28], VV-notch beam shear[29], torsion tube tests[30], rail shear
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tests[31] and uniaxial tension of a + 45° specimen[32]. In this study, off-axis shear
characteristics were determined by uniaxial tension of a + 45° coupon. Off-axis shear
test were carried out following ASTM D3518 with the same Instron 8801 as tension test.

Test specimens for off-axis shear test were cut to dimensions of 228.6 mm in
length and 12.7 mm in width in the 45° direction from 0/90° carbon/epoxy panels as
illustrated in Figure 3-5 (a). Sand papers at the ends of the specimens were also used to
provide additional gripping force similar to that used in the tension test. The gauge
length was 140 mm because the length of off-axis test specimens is smaller than that of
tension test. The test procedures follow those of the unidirectional tensile test in
accordance with ASTM D-3039M. When a strain level of 0.3% was attained the

extensometer was removed from test equipment.
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Figure 3-5: (a) Test specimens for Off-axis shear test and (b) Off-axis test Machine
(Instron 8801)

3.5.3 Flexure

Flexure tests monitor the behavior of materials in simple beam loading.



34
Specimens are supported as a simple beam, with the load applied at midpoint, and thus
ultimate stress and strain can be calculated. The three point bending flexural test
measures bend or fracture strength, modulus of rupture, yield strength, modulus of
elasticity in bending, flexural stress, flexural strain, and flexural stress strain materials
response. Flexural strength represents the highest stress experienced within the material
at its point of rupture.

Flexure tests are popular because of the simplicity of both specimen preparation
and testing. Gripping of the specimen, the need for end tabs, obtaining a pure stress
state and avoiding buckling are usually nonissues when conducting a flexure test[33]. In
general, flexure tests are applicable to quality control and materials selection where
comparative rather than absolute values are required.

The flexural tests for the carbon/epoxy composite specimens were conducted in
accordance with ASTM D790[34]. For flexure test, specimens from carbon/epoxy
composite panels were cut to the dimension of 12.7 mm in width and 70 mm in length
as illustrated in Figure 3-6 (a). Specimens were placed on two supports and were loaded
by means of a loading nose midway between the supports. The test span was 48 mm in
keeping with the ASTM suggested for support span-to-depth ratio of 16:1 (the average
depth of the specimens was 3 mm on 2 layers). Using Instron 5583, flexure test was
carried out. As shown in Figure 3-6 (b), flexural test fixture which comprised of 2
supports and 1 load nose was used in this test. The load was applied to the specimens at
a crosshead speed of 2 mm/min. The center deflection was determined throughout

measurements of the vertical movement of the loading nose.
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Figure 3-6: (a) Test specimens for flexure test and (b) Flexure test fixture and Instron
5583

3.5.4 Short Beam Shear

Test methods available for the determination of interlaminar shear include short
beam shear, four-point shear[35], double notch shear[36] and v-notch beam shear[37].
The short beam shear test was applied to determine the interlaminar shear strength in
this research.

The short beam shear tests were accomplished following ASTM D2344[38]
using specimens which were cut to dimension of 6 mm in width and 18 mm in length
(Figure 3-7 (a)), using test fixture, and an Instron 5583 equipment (Figure 3-7 (b)).
According to ASTM, the following geometries are recommended:

Specimen length = thickness x6

Specimen width = thickness x2

The test span in this case was 14 mm. A cross head speed of 1 mm/min was

applied for all tests and the load was applied until failure of the specimens was attained.
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Figure 3-7: (a) Test specimens for SBS and (b) SBS test fixture and Instron 5583

3.5.5 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic Mechanical Thermal Analysis (DMTA) examines the behavior of
visco-elastic materials according to temperature and frequency dependent behavior. A
small strain (deformation) is imposed on the material by application of a stress. The
amount of strain resulting from the applied stress enables the collection of information
about the modulus of the materials, its stiffness and damping properties.

In visco-elastic behavior, an imposed stress or strain gives a response which is
somewhat retarded by the viscous component of the material, its fluid-like behavior, and
yet because the material has substance, solid-like behavior, there is also an elastic
response. DMTA separates these two responses into separate moduli values: Elastic or
Storage (denoted by E’) and Loss Modulus (denoted by E”). The storage modulus,
represents the elastic component of the visco-elastic behavior in-phase with the imposed

deformation (1= toc0sd), while the loss modulus, the viscous damping component, is out
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of phase with the input signal (1= 1,sind). The overall lag of the system from the input
signal is a phase angle, 6. The tangent of the phase angle, tan delta, is the ratio of loss
modulus to storage modulus (tand=E”/E’) and is a valuable indicator of the relative
damping ability of the material.

Glass transition temperature, T4, can be determined with significant levels of
sensitivity through DTMA by monitoring changes in the storage modulus, E’, loss
modulus, E”, or the loss tangent, tan d, as a function of temperature[39]. In general Ty,
also changes based on the frequency used in testing and the rate of heating used. An
increase in the heating rate is known to shift T4 to a higher temperatures[40] and an
increase in test frequency for a constant heating rate also increases Tg[41]. Multi-
frequency studies have been shown previously to be powerful tools for the
determination of activation energy of glass transition and to follow crystallization and
structural changes[42].

DMTA tests were performed in accordance with ASTM D5418[43] using the
single cantilever frame fixture. The specimens for DMTA were cut to dimension of 8.8
mm in width and 34 mm in length as illustrated in Figure 3-8 (a). Multi-frequency
DMTA tests were carried out on the specimens in longitudinal and transverse direction
at 0.3, 1, 3, 10 and 30 Hz, with a heating rate of 2°C/min and an imposed strain of
0.01%. DMTA test equipment was a Rheometric Scientific dynamic mechanical thermal

analyzer as shown in Figure 3-8 (b).
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Figure 3-8: (a) Test specimens for DMTA and (b) DMTA test fixture and Rheometric
Scientific dynamic mechanical thermal analyzer

3.5.6 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the temperatures and heat
flows related to transition in materials as a function of time and temperature in a
controlled atmosphere. DSC tests provide quantitative and qualitative information about
physical and chemical changes that include endothermic or exothermic process, or
changes in heat capacity through the measurement of absorption or release of energy. In
a DSC experiment the difference in energy input to a sample and a reference material is
measured while the sample and reference are subjected to a controlled temperature
program as shown in Figure 3-9 (a). DSC requires two pans equipped with
thermocouples in addition to a programmable furnace, recorder, and gas controller.

In the case of polymer or polymer composite materials, glass transition

temperature (Tg) is very useful aspect which can be obtained from DSC. If output DSC
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data shifts upward suddenly at a certain temperature, this means more heat flow is
needed to balance the temperature. This shows an increase in the heat capacity of
sample. Namely, this happens because the polymer has just gone through the glass
transition. Polymers have a higher heat capacity above the glass transition temperature
than they do below it.

DSC tests were conducted following ASTM D 3418[44] using samples which
were obtained from carbon/epoxy panels and DSC equipment by Rheometric Scientific
corporation (Figure 3-9 (b)). Test samples were compressed by crimping for efficient
heat transfer between the pan and the sample. Test samples of 10~15mg were heated at
a ramp rate of 10°C/min from an initial temperature of 0°C to final temperature of 160°C
in a controlled atmosphere flowing N at 10 ml/min. For cooling down until 0°C, liquid

nitrogen gas was utilized.

Dynamic Sample Chamber

Refl P
'erence Pan Sample Pan

b r*Gasfﬂurg(l:}lnlutr *

b L Thermocouple

Alumel Wire Junction

Chromel Wire L Thermoelectric Disc
(Constantan)

(@) ()
Figure 3-9: (a) Schematic of DSC and (b) Rheometric Scientific DSC SP equipment
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3.5.7 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a thermal analysis technique used to
measure changes in the mass of a sample as a function of temperature and/or time. TGA
is commonly used to determine polymer degradation temperatures, residual solvent
levels, absorbed moisture content, and the amount of inorganic (noncombustible) filler
in polymer or composite material compositions.

The volatilization of residual solvent is typically associated with the initial
weight loss process in a TGA heating run. In some cases, absorbed moisture may also
be liberated over this same temperature range. After the initial solvent (or moisture)
weight loss process, TGA profiles typically plateau to some constant weight level until
the polymer degradation temperature range is reached. Detailed and precise factors of
the thermal stability based on the initial decomposition temperature (IDT), temperature
of maximum rate of weight loss (Tmax), integral procedure decomposition temperature
(IPDT), decomposition temperature range, and activation energy (E,) of the
decomposition reactions are readily determined by TGA[45].

Pyrolysis occurs through a many-stepped mechanism, where the temperature
ranges for each step overlap, resulting in irregular weight-temperature curves that may
be difficult to analyze. The sample weight drops slowly as pyrolysis begins, then drops
precipitously over a narrow temperature range and finally turns back to a zero slope as
the reactant is exhausted. The shape of the curve is determined by the kinetic parameters
of the pyrolysis, such as reaction order, frequency factor, and energy of activation[46].

TGA tests were performed in accordance with ASTM E 1131[47] using samples

which were cut from carbon/epoxy panels and were tested on a Mettler Toledo
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TGA/SDTA851° model (Figure 3-10 (a)). Samples having 10 ~ 20 mg mass were placed
into a TGA sample crucible (Figure 3-10 (b)) which was attached to a sensitive
microbalance assembly. The sample holder portion of the TGA balance assembly was
subsequently placed into a high temperature furnace (Figure 3-10 (c)). The balance
assembly measures the initial sample weight at room temperature and then continuously
monitors changes in sample weight (losses or gains) as heat is applied to the sample.

Samples were heated 25°C/750°C with the heating rate of 10°C/min in flow of nitrogen

environment (25 ml/min).

(b)

(c)
Figure 3-10: (a) Mettler Toledo TGA/SDTA851° equipment, (b) Crucible and (c)
Furnace for TGA tests

3.5.8 Moisture Uptake

For measuring the moisture uptake of the specimens immersed in sea water and
de-ionized (DI) water, all samples exposed to elevated temperatures were removed from
each immersion environment and kept at room temperature until measuring. All
unidirectional specimens were cut to dimensions of 254 mm by 254 mm for
gravimetric measurement. Wet samples from immersion environments were wiped for

dryness with a paper towel prior to weighing. Weight measurements were undertaken



42

using a Sartorius Analytical Balance with a resolution of 10° grams. Weights were
recorded when the LCD display of the balance kept a stable value for 5 seconds to
ensure the consistency in test method. After measurement of weight, all samples were

returned to the original environment for further exposure.



4 Mechanical Characterization

Degradation and deterioration of the mechanical properties of composite
materials in a fire or at elevated temperature can seriously compromise structural
integrity, and cause rapid creep, buckling, collapse or some other mechanisms of failure.
The residual mechanical properties of thermally degraded composites following fire are
very important factors in the design of the various applications used in the environments
where fire can easily takes place. After a fire is extinguished, it is important to know the
residual properties of an exposed composite at room temperature in order to determine

the mechanical integrity and safety of the fire-damaged structure.

4.1 Tensile Testing

4.1.1 Introduction

Tensile tests in the fiber direction are important because tensile strength and
modulus are the main mechanical properties that define the in-plane fiber characteristics
of the composite materials. Although the tensile properties of unidirectional composites
measured in the fiber direction can be considered to be fiber dominated it must be
remembered that the wet layup process intrinsically results in the formation of a
relatively high percentage of voids as well as significantly greater levels of variation
and non-uniformity than prepreg based autoclave composites[48]. When carbon/epoxy
composite materials are applied for naval vessels, composite materials can be subjected

to tensile stress caused by rolling and pitching waves.

43
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4.1.2 Data Reduction

In-plane tensile strength and modulus were determined from a standard in-plane
tensile tests following ASTM D3039M. The ultimate tensile strength is determined

using

Pmax

Ftu —
(4.1)

where:
FU = Ultimate tensile strength
P™® = Maximum load prior to failure
A = Initial cross sectional area

The tensile strength at each instant in time as the specimen was loaded is

determined as:

¥
O; = X 4.2)
where:
oi = Tensile strength at the i™ instant
P; = Load at the i" instant
The tensile strain at each point of time the specimen was loaded is determined as:
é‘i
where:

g; = Tensile strain at the i" instant
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& = Increase in gauge length at the i" instant
Ly = Extensometer gage length

The elastic modulus can then be determined by utilizing Hook's law
E=20 (4.4)

The elastic modulus is calculated using data corresponding to the 0.1% to 0.3%

strain range of the linear region.

4.1.3 Analyses and Results
4.1.3.1 Time Dependence

The data for tensile strength of carbon/epoxy composite materials exposed to
various temperatures from ambient temperature to 260°C are shown in Table 4.1. The
strength data were obtained by data reduction as described in the previous chapter. The
values of normalized strength were calculated by dividing the average thickness of the
specimens by 1.930 mm, the nominal thickness of 2-layers wet-layup composite panels.
The values of strength retention (%) were obtained by comparing with strength on as-
received specimen which is exposed to ambient temperatures without thermal ageing.
At the fixed exposure temperatures, test specimens were thermally aged from 1 hr to 72
hrs in the oven to investigate time-dependent tendency. Fig 4.1 shows the tensile
strength, normalized strength, and strength retention of carbon/epoxy composite
materials as a function of time at fixed temperatures.

Residual Post-curing effects resulted in an increase of the tensile strength as
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shown in Table 4-1 and Figure 4-1. At lower exposure temperatures, more time is
needed for attainment of full cure, while fully curing was attained within rapid time at
higher exposure temperatures. Moreover, in the ranges of lower ageing temperatures (i.e.
66, 93, 121, 149 and 177°C), the values of tensile strengths initially increased and then
leveled off or slightly decreased after reaching the maximum strength. At the ambient
temperature, the maximum strength caused by post-curing effect did not occur. In the
case of specimens exposed to 204 and 232°C, the time to reach the maximum strength
was very short and the values of the maximum strength were lower compared to lower
exposure temperatures. However, the values of tensile strength did not dramatically
drop. On the other hand, thermal oxidation of specimens, thermal decomposition of the
epoxy resin and debonding between carbon fiber and epoxy resin occurred on
specimens exposed to 260°C for more than 16 hrs and resulted in the rapid drop of
tensile strengths. In particular, thermal oxidation resulting in surface deterioration
causing additional decrease of the tensile strength in the case of the specimens exposed
to 260°C for more than 16 hrs.

Over the set of tensile tests, the maximum tensile strength was 775.59 MPa
(154.42% in tensile strength retention) and occurred in environmental condition of 1 hr
at 149°C, while the minimum tensile strength was 188 MPa (37.55% in tensile strength
retention) and as expected, under conditions of 72 hrs at 260°C, which was the highest
temperature of exposure.

In addition, standard deviations of the tensile strengths after exposure to higher
temperatures were greater than those at lower exposure temperatures due to variation

caused by thermal oxidation.



Table 4-1: Data for tensile strength (MPa) of carbon/epoxy composite materials after

exposure to various temperatures
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Exposure | Time | Thickness Strength S.D Normalized Strength
Temperature | (hr) (mm) (MPa) (MPa) Strength (MPa) | Retention (%)
0 3.51 502.26 15.94 913.26 100
1 3.31 501.34 16.66 859.81 99.81
2 3.21 512.68 29.32 852.70 102.07
. 4 3.48 505.18 23.45 910.89 100.58
A(?gce;“ 8 3.02 507.06 19.79 793.43 100.95
16 3.33 522.71 27.66 901.88 104.07
24 3.05 514.71 14.11 813.40 102.47
48 3.11 523.45 22.61 843.49 104.21
72 3.24 519.48 16.66 872.08 103.42
1 2.67 706.34 121.36 978.63 140.63
2 2.43 751.05 35.12 944.65 149.53
4 2.67 759.38 51.76 1050.53 151.19
66°C 8 2.62 754.03 55.81 1022.62 150.13
16 2.80 749.95 61.39 1087.03 149.31
24 3.09 604.06 86.50 967.74 120.27
48 2.65 584.97 43.80 804.41 116.47
72 2.85 578.72 34.65 854.59 115.22
1 3.22 632.60 36.84 1055.43 125.95
2 3.02 646.52 45.32 1011.65 128.72
4 3.20 675.49 108.19 1120.69 134.49
93°C 8 3.12 679.70 98.29 1100.20 135.33
16 2.97 691.43 79.60 1065.45 137.66
24 3.26 611.17 84.19 1032.98 121.68
48 3.14 610.71 75.52 993.59 121.59
72 3.26 602.29 28.56 1018.59 119.92
1 3.07 584.64 27.59 929.37 116.40
2 3.16 583.46 7791 954.09 116.17
4 3.01 628.76 58.75 981.91 125.19
0 8 2.73 662.12 77.57 935.20 131.83
121¢ 16 3.32 564.93 41.97 970.33 112.48
24 3.19 524.36 48.69 866.14 104.40
48 3.42 522.15 38.31 925.27 103.96
72 3.21 526.22 35.73 875.90 104.77
1 2.62 775.59 43.74 1053.20 154.42
2 2.71 768.83 92.07 1080.87 153.07
4 2.73 757.77 42.45 1072.19 150.87
149°C 8 2.73 752.08 68.54 1062.78 149.74
16 2.79 720.81 93.11 1043.49 143.51
24 2.84 691.34 90.38 1017.79 137.65
48 2.91 638.38 63.88 961.97 127.10
72 2.56 684.88 43.20 909.15 136.36
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Exposure | Time | Thickness Strength SD Normalized Strength
Temperature | (hr) (mm) (MPa) (MPa) Strength (MPa)|Retention (%)
1 2.94 612.64 80.61 932.60 121.98
2 3.21 623.52 61.66 1037.05 124.14
4 2.77 684.95 56.01 982.35 136.37
177°C 8 2.77 679.07 75.74 973.21 135.20
16 2.53 671.43 53.52 879.47 133.68
24 3.00 624.42 125.15 969.30 124.32
48 3.00 570.72 92.71 886.53 113.63
72 3.12 563.94 43.88 910.49 112.28
1 3.09 577.67 57.80 923.67 115.01
2 2.89 652.35 70.31 977.51 129.88
4 2.70 710.17 100.84 992.03 141.39
204°C 8 3.02 673.62 59.69 1054.06 134.12
16 2.98 669.59 72.74 1033.18 133.32
24 2.94 625.50 103.24 952.83 124.54
48 3.01 595.91 31.10 929.98 118.65
72 3.07 582.49 68.98 925.95 115.97
1 311 559.53 113.78 901.04 111.40
2 3.07 594.13 72.52 945.06 118.29
4 2.71 635.30 109.41 890.73 126.49
2320 8 2.79 636.98 117.50 919.49 126.82
16 2.66 623.21 66.32 860.22 124.08
24 2.61 611.42 48.53 826.84 121.73
48 2.71 603.00 52.38 847.95 120.06
72 2.59 565.29 25.92 759.19 112.55
1 3.03 627.34 118.33 984.89 124.90
2 3.10 638.44 77.55 1024.37 127.11
4 3.08 667.76 124.99 1066.80 132.95
260°C 8 2.99 537.66 145.04 833.33 107.05
16 2.89 349.88 120.66! 524.40 69.66
24 3.31 303.20 61.99 520.52 60.37
48 291 248.40 107.04 375.05 49.46
72 3.02 188.60 79.34 295.44 37.55
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Figure 4-1: Tensile strengths and normalized tensile strengths of carbon/epoxy
composite materials as a function of time at fixed temperatures, (a) ambient (b) 66 °C (c)
93°C (d) 121°C (e) 149°C (f) 177°C (g) 204°C (h) 232°C (i) 260°C
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The data for tensile modulus of carbon/epoxy composite materials exposed to
various temperatures from ambient temperature to 260°C are shown in Table 4-2. The
elastic modulus was calculated using data corresponding to 0.1% to 0.3% strain range
within the linear region of test data.

Normalized strengths and modulus retentions (%) were obtained by same
method mentioned for tensile strength. Figure 4-2 represents tensile modulus,
normalized modulus, and modulus retention of the carbon/epoxy composite materials as
a function of time at fixed temperatures. As shown in Figure 4-2, the data of tensile
modulus show very similar tendency compared to the results of tensile strength. Initially,
tensile modulus was enhanced due to post-curing effect. In all exposure temperatures,
the maximum modulus values were initially attained and then showed consistency
(ambient temperature) or slightly decrease (66, 93, 121, 149, 177, 204, 232°C) or a
rapid drop (260°C). The distribution of the data within initial ageing time in terms of
tensile modulus retention was mainly between 100 and 140%, while the distribution on
tensile strength retention was mostly represented between 100% and 160%. This means
the enhancement of the mechanical properties that would initially take place in tensile
modulus was greater than that in tensile strength.

The maximum tensile modulus was 73.68 GPa (158.59% in tensile modulus
retention) and occurred due to exposure of 16 hr at 66°C, while the minimum tensile
modulus was 34.08 GPa (34.08% in tensile Modulus retention) at a condition of 72 hrs
at 260°C. Tensile modulus retention of specimens exposed to 260°C showed rapid loss

in their mechanical properties compared to tensile strength retention.
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Table 4-2: Data for tensile Modulus (GPa) of carbon/epoxy composite materials after
exposure to various temperatures

Exposure | Time | Thickness Modulus S.D Normalized Modulus
Temperature | (hr) (mm) (GPa) (GPa) Modulus Retention (%)
0 3.51 46.46 3.60 84.48 100.00

1 3.31 48.03 4.52 82.36 103.37

2 3.21 50.26 3.69 83.59 108.18

. 4 3.48 49.61 2.14 89.45 106.78
A(r2"32'cer)“ 8 3.02 48.24 3.56 75.48 103.83
16 3.33 49.36 3.01 85.17 106.24

24 3.05 53.21 4.28 84.09 114.53

48 3.11 50.21 3.64 80.91 108.07

72 3.24 49.52 5.22 83.13 106.59

1 2.67 56.88 4.62 78.81 122.43

2 2.43 63.40 10.13 79.74 136.46

4 2.67 66.18 4.48 91.55 142.43

66°C 8 2.62 71.28 10.33 96.66 153.41
16 2.80 73.68 9.15 106.80 158.59

24 3.09 57.04 4.60 91.38 122.77

48 2.65 57.08 10.82 78.49 122.86

72 2.85 56.00 8.73 82.69 120.53

1 3.22 52.42 4.61 87.46 112.83

2 3.02 57.86 3.39 90.54 124.54

4 3.20 58.24 5.23 96.62 125.36

93°C 8 3.12 60.21 8.63 97.45 129.59
16 2.97 66.30 19.36 102.16 142.70

24 3.26 61.20 4.09 103.44 131.73

48 3.14 59.26 9.51 96.41 127.55

72 3.26 51.00 8.22 86.25 109.77

1 3.07 52.54 8.67 83.52 113.09

2 3.16 54.76 6.27 89.55 117.86

4 3.01 56.00 2.36 87.45 120.53

. 8 2.73 52.76 1.05 74.52 113.56
121¢ 16 3.32 51.49 4.37 88.44 110.82
24 3.19 50.10 5.15 82.76 107.84

48 3.42 45.86 7.17 81.27 98.72

72 3.21 43.94 7.92 73.14 94.57

1 2.62 61.95 5.00 84.12 133.34

2 2.71 60.11 5.25 84.51 129.38

4 2.73 60.55 6.31 85.67 130.33

149°C 8 2.73 60.58 6.63 85.61 130.40
16 2.79 56.28 12.60 81.47 121.14

24 2.84 56.65 5.06 83.40 121.93

48 2.91 54.15 5.39 81.59 116.54

72 2.56 52.78 5.40 70.06 113.59
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Exposure Time | Thickness | Modulus SD Normalized Modulus
Temperature | (hr) (mm) (GPa) (GPa) Modulus Retention (%)
1 2.94 58.31 1.86 88.77 125.51]
2 3.21 59.44 4.67 98.86 127.94
4 2.77 59.37 2.64 85.15 127.80,
177°C 8 2.77 56.06 4.38 80.34 120.66)
16 2.53 56.63 4.31 74.17 121.89
24 3.00 51.76 13.28 80.35 111.41
48 3.00 50.32 5.09 78.17 108.31]
72 3.12 49.18 5.76 79.40 105.86
1 3.09 53.46 3.57 85.48 115.07
2 2.89 54.66 9.33 81.91 117.65
4 2.70 60.34 2.16 84.29 129.88
204°C 8 3.02 57.23 4.75 89.56 123.19
16 2.98 55.18 6.39 85.14 118.77
24 2.94 54.58 9.36 83.14 117.48
48 3.01 53.83 5.47 84.00 115.86
72 3.07 53.89 5.84 85.66 115.99
1 3.11 57.50 4.47 92.60 123.76
2 3.07 59.88 3.34 95.24 128.88
4 2.71 60.12 6.34 84.29 129.40
232°C 8 2.79 60.82 6.11 87.80 130.91
16 2.66 57.52 7.21 79.39 123.80
24 2.61 55.15 3.04 74.57 118.69
48 2.71 54.27 3.31 76.32 116.81
72 2.59 48.15 3.68 64.66 103.63
1 3.03 49.14 6.78 77.15 105.77
2 3.10 52.28 6.41 83.88 112.53
4 3.08 52.61 6.37 84.05 113.24
260°C 8 2.99 47.50 5.67 73.63 102.25
16 2.89 35.41 4.44 53.07 76.21]
24 3.31 31.28 1.90 53.70 67.33
48 291 19.68 3.86 29.71 42.35
72 3.02 15.83 4.88 24.80 34.08
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Figure 4-2: Tensile Modulus and normalized tensile modulus of carbon/epoxy
composite materials as a function of time at fixed temperatures, (a) ambient (b) 66°C (c)
93°C (d) 121°C (e) 149°C (f) 177°C (g) 204°C (h) 232°C (i) 260°C
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It is common engineering practice to "fit a line" to a set of data in order to
determine some useful parameter in a mathematical model or perhaps to generate a
calibration curve. A straight line is a simple polynomial and the goal of the fit is to
determine the coefficients (the slope and intercept) of the polynomial that lead to the
"best fit" of a line to the data. The fitting process can be generalized to determine the
coefficients of the N"-order polynomial that best fits N+1 (or more, usually) data points.
The determination of the coefficients is usually termed "polynomial regression"

Table 4-3 and Table 4-4 show the time-dependent functions of tensile strength
and modulus retention obtained by polynomial curve fittings. In looking at the data set
of tensile strength and modulus retentions, it should be pointed out that time-dependent
functions did not show linear tendency due to initial enhancement of the mechanical
properties caused by post-curing effects. Therefore, the coefficients of regression (R?)
were relatively low compared to data sets without the initial increase and time-
dependent functions were generally of the 2" order.

Table 4-3: Time-dependent functions of tensile strength retention (%) obtained by
polynomial curve fitting

Temperature(°C) a b c d R?
Ambient (23) -0.0017 0.1647 100.35 0.7359
66 0.0073 -1.0516 151.96 0.7732
93 3.E-04 -0.0316 0.6298 129.13 0.5794
121 0.0062 -0.7134 123.45 0.5709
149 0.0109 -1.071 156.08 0.9743
177 5.E-04 -0.0555 1.2256 125.25 0.7931
204 4.E-04 -0.0462 1.06 126.12 0.4772
232 2.E-04 -0.0286 0.9187 117 0.5115
260 0.0317 -3.5419 132.76 0.9362

Time-dependent function : Y (t) = 2t x100 = at® + bt? + ct + d
o.
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Table 4-4: Time-dependent functions of tensile modulus retention (%) obtained by
polynomial curve fitting

Temperature(°C) a b c d R?
Ambient (23) 20.005 0.3913 10345  0.4527
66 8.E-04 -0.0923 2.2132 131.43 0.4938
93 -0.0172 1.0672 120.23 0.7162
121 0.0022 0.4867 117.99 0.9264
149 0.0042 -0.5545 132.32 0.9344
177 0.0054 -0.6963 128.22 0.9295
204 1.E-04 -0.0136 0.2273 120.08 0.2377
232 -0.002 -0.1895 128.23 0.8882
260 0.0181 -2.4333 115.95 0.977

Time-dependent function : Y (t) = %xmo =at® +bt* +ct+d

4.1.3.2 Temperature Dependence

The effect of elevated temperature on the mechanical properties of composites
will be discussed in this section. Changes in temperature-dependent properties can be
reversibly considered up to the point where decomposition of one of the phases, usually
the polymer matrix, begins. Ideally, for a particular composite system, each modulus or
strength value would be measured and expressed as a function of temperature. However,
there are few composite systems where all the required data are available in this form.
The accurate analysis regarding relations among mechanical properties, decomposition
temperature, and glass transition temperature will be discussed in the thermal analysis
chapter. In this section, temperature-dependent functions for longitudinal tensile
strength and modulus at fixed time periods of exposure will be demonstrated by
polynomial curve fittings.

Figure 4-3 shows tensile strength of carbon/epoxy composite materials as a
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function of temperature at fixed times of exposure. As shown in Figure 4-3, in cases
where tensile test specimens were exposed to short time such as 1, 2, 4 and 8 hrs, the
values of the tensile strength properties had fluctuation which means post-curing effect
act differently on aged specimens. As ageing times were prolonged to 16, 24, 48 and 72
hrs, the data of the tensile strength strongly depended on elevated temperatures. In
particular, abrupt drop of the tensile strength occurred between 232°C and 260°C. The
amounts of tensile strength dropped by thermal decomposition at the each ageing times
(16 24, 48, 72 hrs) between 232°C and 260°C were 43.9, 50.4, 58.8 and 66.6%
respectively. In the overall tests, when test specimens were exposed to 149°C, tensile
strengths were superior to the values on any other conditions.

Figure 4-4 represents tensile modulus of carbon/epoxy composite materials as a
function of temperature at fixed periods of time. The data of the tensile modulus
retention also had a similar tendency compared to those of the tensile strength retention
but data fluctuation in short exposure times was not as high indicating that the values of
the tensile modulus are more consistent. Similar to tensile strength retention, abrupt
drop of the tensile modulus also took place between 232°C and 260°C. The amounts of
tensile modulus decreased by thermal decomposition at the each ageing times (16 24, 48,
72 hrs) between 232°C and 260°C were 38.4, 43.2, 63.7 and 67.1%, respectively.

From the data of the tensile strength and modulus retention, it can be seen that
the rate of drop of the mechanical properties was higher in tensile modulus retention
than in tensile strength retention in the case of high exposure temperature conditions

where thermal decomposition can be expected to occur.
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Figure 4-3: Tensile Strength of carbon/epoxy composite materials as a function of
temperature at fixed periods of exposure, (a) 1 hr (b) 2 hrs (c) 4 hrs (d) 8 hrs (e) 16 hrs
(f) 24 hrs (g) 48 hrs (h) 72 hrs
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Figure 4-4: Tensile Modulus of carbon/epoxy composite materials as a function of
temperature at fixed periods of exposure, (a) 1 hr (b) 2 hrs (c) 4 hrs (d) 8 hrs (e) 16 hrs
(F) 24 hrs (g) 48 hrs (h) 72 hrs
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Table 4-5 and Table 4-6 show the temperature-dependent functions of tensile

strength and modulus retention obtained by polynomial curve fitting. Even though R-

squared values are similar to the values of the time-dependent functions, temperature-

dependent function had high order for good R-squared values.

Table 4-5: Temperature-dependent functions of tensile strength retention (%) obtained

by polynomial curve fitting

Time (hr) a b c d R?
1 0.018 99.305] 0.6899
2 9.E-06 -0.0044 0.5991 111.83 0.3216
4 -0.0007 0.1823 127.53 0.4414
8 -0.0016 0.3714 121.19 0.6859
16 -2.E-05 0.0073 -0.628 146.46 0.6967
24 -4.E-05 0.0141 -1.4661 159.13 0.7927
48 4.E-05 0.0151 -1.6784 168.37 0.7917
72 -5.E-05 0.0176 -1.9555 178.64 0.8552

Temperature-dependent function : Y (T) = 9t %100 =aT?+bT? +cT +d
fo

Table 4-6: Temperature-dependent functions of tensile modulus retention (%) obtained

by polynomial curve fitting

Time (hr) a b c d R?
1 -0.0003 0.1046 97.959 0.4957
2 3.E-06 -0.0019 0.3418 109.86 0.2771
4 -0.0007 0.1633 120.23 0.2374
8 -0.0004 0.0309 133.06 0.3202
16 -0.0012 0.1604 132.38 0.5564
24 -2.E-05 0.0093 -1.1203 161.39 0.7578
48 -4.E-05 0.015 -1.8075 180.99 0.7736
72 -5.E-05 0.02 -2.4561 198.97 0.8913

Temperature-dependent function : Y (T) =

Et

x100=aT®+bT? +cT +d
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4.1.3.3 Morphological Analysis

First of all, if looking at the color of the test specimens exposed to elevated
temperatures, the color of the specimens can be divided into five categories as
represented in Figure 4-5.

Firstly, the surfaces of test specimens exposed to both ambient temperature and
lower temperatures up to 121°C kept the original morphology without the change of the
color. In other words, the surfaces in ranges of these temperatures had the shining and
black color. Secondly, as the aging time and exposed temperature were increased, the
specimens showed a brown color and maintained a shiny surface between 149°C and
177°C in exposure temperature. Thirdly, in ranges of between 204 and 232°C, the
specimens had red color and shiny surface. The color change is indicative of chemical
changes occurring in the epoxy due to thermal oxidation. In addition, the color change
is most likely due to an optical effect from the presence of carbon fibers in the
composites. Fourthly, in specimens exposed to 232°C for more than 8 hrs of ageing time
and in 260°C for less than 8 hrs in ageing time, the test specimens had darker color than
black and more shining color due to resin melting caused by severe thermal oxidation.

Finally, test specimens changed to char at 260°C for more than 16 hrs of ageing time.


http://endic.naver.com/popManager.nhn?m=search&query=four�

Figure 4-5: Color distribution of the test specimens after exposure to elevated
temperatures for up to 72 hrs
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Figure 4-6 shows test specimens fractured after tensile test after exposure to
elevated temperatures at the ageing time of 72 hrs. Test coupons on Unaged and lower
temperature exposures revealed visible protruding carbon fibers in the cross section
fractured in brittle failure. In addition, test specimens were not fractured perpendicular
to the fiber directions and the cross section fractured was not clean because fracture
mechanisms were affected by cracks, voids, and poor interfaces between fiber and
matrix or between layers of fabric in process of manufacturing the carbon/epoxy
composite materials with the manual wet layup process. It should be noted that the
fibers used in composite materials do not have perfect alignment along the longitudinal
direction due to the use of manual wet layup process. On the other hand, the cross
sections of the test specimen fractured under high temperature exposure conditions were
approximately perpendicular to the length of the tensile bar due to bonding failure
between the fiber and matrix and softening of the epoxy resin. The reason why the cross
section is perpendicular and clean is that poor interface between fiber and matrix by
thermal oxidation resulted in fiber pulling-out. Also, damage extended along the length
of test specimen and damage area was not confined to the cross section.

Figure 4-7 shows the tensile testing results for the specimens exposed to 23T
at 72 hrs and 260°C at 72 hrs. Both tensile specimens demonstrated a brooming mode of
failure due to thermal degradation of the matrix. The difference of the both pictures is
whether carbon fibers are thermally degraded or not. At 232°C, carbon fibers of test
specimens kept the stiffness up to certain points whereas even carbon fibers were

perfectly degraded by thermal oxidation after exposure to 260°C at 72 hrs.
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93 °C-72hr
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149°C-72hr
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204 °C-72hr

Figure 4-6: Test specimens fractured after tensile test after exposure to elevated
temperatures at the ageing time of 72 hrs

Figure 4-7: Tensile testing results for the specimens exposed to (a) 232 °C at 72 hrs and
(b) 260°C at 72 hrs
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Figure 4-8 and Figure 4-9 exhibit the SEM images for comparison of as-
received specimen and specimens exposed to 232C at the various ageing times. On
fracture surfaces of as-received specimen fibers were well covered with the matrix
representing a good adhesion and fractured surface included the evidence of fracture
with a significant degree of ductility. The ultimate failure strain is generally greater in
unaged specimen than in aged specimen. The strain effect will be explained in following
chapter. On the other hand, in the cases of the specimens exposed to 232°C for 1, 2, 4 hr,
there were a little of resin debris and the interface between fiber and resin showed the
good adhesion due to the additional post curing. As the ageing times were prolonged,
the entire cross section of the aged specimens exhibits micro cracking, holes which
fibers were pulled out, and some of the cracks have developed into delaminations.
Especially, the severe delamination occurred in the specimen exposed to 232°C at 72 hrs
due to thermal decomposition of the epoxy resin and fibers were separated from the
epoxy resin, indicating a low adhesion.

If seeing the surfaces of the fibers, the cross surfaces of the specimens unaged
and aged within the short exposure time were not damaged and showed the good
roughness. Contrary to the above cases, the roughness of the fiber surfaces was
increased and the surface was damaged by thermal degradation in the higher exposure
temperatures. As circled in Figure 4-9 (e), (f), (g) and (h), there were the pits on the

fractured fibers because the fibers were also damaged by thermooxidation.
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1000x%

Figure 4-9: SEM images after tensile testing of specimens exposed to 232°C for (a) 1 hr,
(b) 2 hrs, (c) 4 hrs, (d) 8 hrs, (e) 16 hrs, (f) 24 hrs, (g)48 hrs, (h) 72 hrs - left images:
magnification 400x%, right images : magnification 500%



Figure 4-9: Continued
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Figure 4-9: Continued

4.1.3.4 Strain Effect
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Failure initiates when the fibers are elongated to their fracture strain in a

unidirectional composite subjected to a longitudinal load. It is assumed that the failure

strain of the fiber is less than that of the matrix and all the fibers fail at the same strain.

Therefore, the ultimate longitudinal tensile strength of the composite can be assumed

equal to the composite stress at the fiber fracture strain.

The ultimate failure strain of the fiber is

_ (O-f )ult

E —_——
( f)ult Ef

and the ultimate failure strain of the matrix is

(gm)ult = (O-E)Ult

m

Thus, the composite tensile strength is given by

(GlT)ult =(0 ) Vi +(e0)u En@—V)

(4.3)

(4.4)

(4.5)

Figure 4-10 shows tensile stress-ultimate failure strain curve on specimens



70
exposed to various exposure temperatures at the fixed time, 72 hrs and tensile stress-
ultimate failure strain curve until the strain reaches until 0.3%. Ultimate tensile strains
were distributed between 2.8% and 3.2% except the result of the test specimens exposed
to 260°C. The values of the ultimate failure strain were greater at the lower temperature
than that at the higher temperatures. In the case of ageing time (72 hrs), perfect bonding
between fibers and matrices due to fully cure occurred the strain elongation at the lower
temperatures while thermal decompositions caused the ultimate failure strains to lower
at the higher temperatures. The elastic modulus of the tensile test was calculated from
slop between tensile stress and strain ranging from 0.1 to 0.3% before extensometer is
taken off. Therefore, the slopes were changed from 0.3% strain as depicted in Figure
4-10 (a). As the slope is getting greater, test specimens are stiffer. As can be seen in
Figure 4-10 (b), the slopes were increased from ambient temperature to 14® in
exposure temperature, whereas the slopes were decreased after reaching the maximum
slope between 177C and 232°C due to thermal oxidation of the resin. In the case of
260°C, thermal decomposition of the resin as well as the carbon fibers caused the
elasticity to lose before reaching the ultimate failure strain of 0.3%. As depicted in
Figure 4-7, the epoxy resin was perfectly decomposed and carbon fibers had a brooming

mode of failure.
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Figure 4-10: (a) Tensile stress-ultimate failure strain curve exposed to various ageing
temperatures at a fixed time of 72 hrs (b) Tensile stress-ultimate failure strain curve
until the strain reaches until 0.3% (Note that the kink in figure 4-10 (a) is due to
removal of the extensometer)

Figure 4-11 and Table 4-7 show the relations of the ultimate tensile strength, the
tensile modulus and the longitudinal load as a function of the ultimate failure strain.
Except the environmental conditions exposed to 268C for 16, 24, 48, and 72 hrs, the
values of the tensile strength, the tensile modulus and load were distributed between
500 MPa and 750 MPa, 45 GPa and 73 GPa, 22 KN and 28 KN, respectively. The main
range of the ultimate failure strain was between 2.4% and 3.4%. This range had the
significant variation of the data because these specimens had the void due to hand wet
layup process. As can be seen from R-squared values, the ultimate tensile strain showed
the most linear relation with the longitudinal load. However, the linear relations
between the ultimate tensile strain and the tensile modulus were poor than any other

relations.
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Figure 4-11: (a) Tensile Strength, (b) Tensile Modulus, (c) Load as a function of
ultimate failure strains (%). Error bars indicate standard deviation



Table 4-7: Ultimate failure strain (%) after tensile testing

73

Exposure | Time | Load | S.D | Strength| S.D | Modulus | S.D Failure S.D
condition | (hr) | (KN) [ (KN) | (MPa) | (MPa) | (GPa) |(GPa) | strain (%) | (%)
0 22.88| 0.98 502.26| 15.94 46.46| 3.60 2.713] 0.13

1 23.68/ 1.89 501.34] 16.66 48.03) 4.52 2.862| 0.31

2 2456 2.01] 512.68 29.32 50.26/ 3.69 3.115 0.19

. 4 22.74/ 0.98 505.18 23.45 49.61] 214 2.784] 0.26
A(?;ig]t 8 25.04/ 1.33 507.06] 19.79 48.24 3.56 3.275| 0.40
16 23.05 0.89 522.71 27.66 49.36) 3.01 3.306| 0.20

24 2412 051 51471 1411 53.21] 4.28 3.033] 0.24

48 2391 1.22] 52345 22.61 50.21] 3.64 3.353] 0.23

72 23.94/ 2.19 519.48 16.66 49.52 5.22 3.421 0.21

1 2431 219 706.34] 121.36 56.88] 4.62 2.960| 0.35

2 24.86| 1.15 751.05/ 35.12 63.40f 10.13 3.012] 0.24

4 2549 0.79 759.38 51.76 66.18] 4.48 2.782| 0.20

66°C 8 2554 1.24) 754.03] 55.81 71.28/ 10.33 3.102| 0.19
16 2598 0.73 749.95 61.39 73.68) 9.15 3.194 0.14

24 24200 192 604.06] 86.50 57.04, 4.60 2.866| 0.31

48 23.26| 1.29 584.97| 43.80 57.08 10.82 2.592| 0.42

72 23.61 1.25 578.72] 34.65 56.00f 8.73 2.933| 0.22

1 23.97| 134 632.60] 36.84 5242 4.61 2.830] 0.18

2 24.24) 0.75 646.52] 45.32 57.86] 3.39 2.564] 0.18

4 25.71] 3.13 675.49 108.19 58.24] 5.23 2.620] 0.51

93°C 8 2544/ 136/ 679.70] 98.29 60.21] 8.63 2.685/ 0.31
16 2445 1.67] 691.43 79.60 66.30] 19.36 2.754] 0.28

24 2356 2.79 611.17] 84.19 61.20f 4.09 2.560/ 0.37

48 23400 1.97] 610.71 75.52 59.26/ 9.51 2.605/ 0.18

72 23.300 1.02] 602.29] 28.56 51.00f 8.22 2.827| 0.46

1 23.92 0.21] 584.64] 27.59 52.54| 8.67 3.007] 0.20

2 2413 292 583.46| 7791 54.76| 6.27 2.552| 0.41

4 24.69] 1.18 628.76] 58.75 56.00f 2.36 2.913] 0.21

121°C 8 24.01] 155 66212 77.57 52.76/ 1.05 2.916| 0.25
16 2438 253 564.93 41.97 5149 4.37 2.981 0.38

24 2159 2.38 524.36] 48.69 50.10f 5.15 2.405/ 0.52

48 22.73 150 522.15 38.31 4586 7.17 2.918| 0.43

72 21.31] 151 526.22] 35.73 43.94 792 2.726| 0.35

1 27.66| 1.02) 77559 43.74 61.95 5.00 3.251] 0.08

2 2759 1.98 768.83 92.07 60.11 5.25 3.037] 0.23

4 26.86| 0.52] 757.77| 42.45 60.55 6.31 2.928| 0.38

149°C 8 27.33] 151 752.08] 68.54 60.58 6.63 3.170| 0.06
16 26.64/ 111 720.81 93.11 56.28] 12.60 3.232| 0.12

24 26.07] 250 691.34] 90.38 56.65 5.06 3.146| 0.33

48 2471 3.42 638.38] 63.88 54.15 5.39 2.968| 0.39

72 23.39 1.47] 684.88 43.20 52.78 5.40 3.274] 0.32
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Exposure | Time | Load | S.D | Strength| S.D | Modulus | S.D Failure S.D
condition | (hr) | (KN) [ (KN) | (MPa) | (MPa) | (GPa) |(GPa) | strain (%) | (%)
1 2421 3.13 612.64] 80.61 58.31] 1.86 2.809 0.13
2 25.75 214 623.52] 61.66 59.44| 4.67 2.911] 0.45
4 2591 048 684.95 56.01 59.37| 2.64 2.910| 0.18
177°C 8 2488 1.59 679.07| 75.74 56.06) 4.38 2.973 0.20
16 25.03] 0.93 671.43 53.52 56.63] 4.31 3.138| 0.26
24 24.67| 234 624.42) 125.15 51.76] 13.28 2.863 0.38
48 22.21] 247 570.72 92.71 50.32] 5.09 2.759 0.30
72 23.54/ 0.99 563.94] 43.88 49.18 5.76 2.953 0.21
1 23.19] 1.85 577.67| 57.80 53.46| 3.57 2.766| 0.28
2 2438 1.30 65235 70.31 54.66/ 9.33 2.948 0.11
4 2492 2.38 710.17| 100.84 60.34] 2.16 2.931 0.29
204°C 8 25200 0.80, 673.62] 59.69 57.23] 4.75 2.849 0.19
16 25.80] 1.27] 669.59 72.74 55.18 6.39 3.137| 0.22
24 23.81] 2.38 625.50 103.24 5458 9.36 2.935/ 0.30
48 23.190 1.69 595.91 31.10 53.83 5.47 2.871 0.25
72 23.09] 1.97] 582.49 68.98 53.89] 5.84 2.784 0.33
1 22.16| 3.42] 559.53 113.78 57500 4.47 2.921] 0.33
2 23.11 1.65 594.13 7252 59.88| 3.34 2.692| 0.35
4 2259 2.73 635.30] 109.41 60.12| 6.34 2.853] 0.31
232°C 8 23.06] 3.000 636.98 117.50 60.82 6.11 2.890| 0.35
16 23.71 144 623.21 66.32 5752 7.21 3.039| 0.15
24 22.73] 1.94 611.42 48.53 55.15 3.04 2.781] 0.35
48 22.73] 2.24 603.000 52.38 5427 331 2.867| 0.42
72 20.70] 1.65 565.29 25.92 48.15 3.68 2.456| 0.33
1 25.16| 2.87] 627.34] 118.33 49.14 6.78 2.993| 0.35
2 26.06| 1.65 638.44] 77.55 52.28] 6.41 2.902| 0.15
4 2597 2.01] 667.76] 124.99 52.61 6.37 3.036/ 0.50
260°C 8 21.06| 4.35 537.66| 145.04 4750 5.67 2.455/ 0.71
16 14,11 2.36] 349.88 120.66 3541 4.44 1.613 0.45
24 13.43] 1.62] 303.20, 61.99 31.28) 1.90 2.170] 0.19
48 9.34] 3.26) 248.40 107.04 19.68, 3.86 1.587| 0.28
72 7.51 2.74 188.60] 79.34 15.83] 4.88 1.495/ 0.25
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4.1.3.5 VVolume Fraction Effect

The mechanisms applying for composite materials during loading, and the
progression of damage and fracture modes, are influenced by the properties,
microgeometry and the interaction amongst the composite components since composite
materials are composed of the various components such as fiber, matrix, void, and
interfaces[49]. The strength and the stiffness properties of the composite materials are
extremely dependent on the fiber volume fraction, and this parameter thus is an
important quality measure of such materials. Especially, fiber volume fraction is more
important factor since the fiber is the main load-bearing component in unidirectional
composite materials. The fiber volume fraction of a composite may be determined by
chemical matrix digestion, the burn-off technique, or by photomicrographic techniques.
In this study, the volume fractions were determined by photomicrograph in some cases.

In addition, all volume fractions can be obtained by micromechanical analysis of

composites as follows,

F=F +F, (4.6)
F =0c.A, | (4.7a)
F=0/A; | (4.7b)
F, = O'mAm, (4.7¢)
Where:
Fcyf,m = The uniaxial load in composite, fiber, and matrix, respectively

O, t.m = stressof composite, fiber, and matrix, respectively
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A, ; » =areaof composite, fiber, and matrix, respectively

Assuming that the fibers, matrix, and composite follow Hooke's law and that the

fibers and the matrix are isotropic, the stress-strain relationship is

O. = Elgc (4.88.)
o =E;¢; (4.8b)

Where

E.tm = strains in composite, fiber, and matrix, respectively

E, ; » =elastic modulus of composite, fiber, and matrix, respectively

Accordingly, Equation 4.6 by substituting Equation 4.7 and 4.8 can be changed

as following equation.
EesA =Ee,A; +E_&,A, (4.9)
In the uniaxial load, the strains in the composite, fiber and matrix are equal, then

from Equation 4.9,

A, A
TEn M =EV +EV, (4.10)

c c

In the case of carbon/epoxy composite materials, the elastic modulus (230 GPa)
of the carbon fiber is much greater than the elastic modulus (3.4 GPa) of the epoxy.
Therefore, following equation can be yielded.

E, ~E,V, (4.11)

Table 4-8 shows the volume fractions determined by using Equation 4.11.



Table 4-8: Volume fractions and normalized volume fractions determined by using
Equation 4.11 (the elastic modulus of carbon fiber is assumed to be 230 GPa)

7

Ambient (23°C) 66°C 93°C
. ModulusN Modulus Modulus|N Modulus Modulus|N Modulus
tme " apay | (GPa) | V"N V1 P | (P | VNV (GPa) | (GPay | VPNV
0 46.46 84.480.20/0.37
1 48.03 81.660.21/0.36) 56.88 78.810.25/0.34) 52.42 87.46|0.23/0.38
2 52.48 86.690.23/0.38) 63.40 79.740.28/0.35| 57.86 90.54(0.25|0.39
4 55.48 87.810.24/0.38) 66.18 91.55(0.29|0.40f 58.24 96.62(0.25|0.42
8 | 5884 91.280.26/0.40 71.28 96.66(0.31/0.42]  60.21 97.45/0.26 0.42
16 | 59.14| 101.220.26(0.44 73.68  106.800.320.46] 66.30  102.16/0.29/0.44
24 | 63.84 99.210.280.43 57.04 01.380.25(0.40| 61.20  103.44/0.27/0.45
48 | 65.85| 104.800.290.46| 57.08 78.490.25(0.34] 59.26 96.41/0.26 0.42
72 | 68.44  108.750.30(0.47 56.00 82.690.24/0.36)  51.00 86.250.22 0.38
121°C 149°C 177°C
. ModulusN Modulus| Modulus|N Modulus Modulus|N Modulus
tme " gpay | (GPa) |V NV1(GPa) | (GPa) | YINV1 (GPa) | (GPa) | VI[N Vi
1 52.54 83.520.23|0.36] 61.95 84.12|0.27|/0.37] 58.31] 88.77|0.25/0.39
2 54.76 89.55(0.24/0.39] 60.11 84.51/0.26/0.37] 59.44 98.86/|0.260.43
4 56.00 87.450.24/0.38) 60.55 85.67|0.26/0.37] 59.37 85.15|0.26|0.37
8 52.76 74.520.23/0.32] 60.58 85.61/0.26/0.37] 56.06 80.3410.24/0.35
16 51.49 88.44(0.22/0.38) 56.28 81.47|0.240.35] 56.63 74.170.25/0.32
24 50.10 82.76(0.22|0.36] 56.65 83.40[0.25/0.36] 51.76 80.35|0.23/0.35
48 45.86 81.270.20/0.35| 54.15 81.5900.24/0.35] 50.32 78.17|0.22/0.34
72 43.94 73.140.190.320 52.78 70.06/0.23/0.30  49.18 79.40/0.21/0.35
204°C 232°C 260°C
. ModulusN Modulus| Modulus|N Modulus Modulus|N Modulus
e pa) | (GPa) | VN VT (GPa) | (GPa) | "INV (GPay | (GPa) | VT[NV
1 53.46 85.480.23/0.37] 57.50 92.60[0.25/0.40, 49.14 77.15|0.21{0.34
2 54.66 81.91/0.24/0.36] 59.88 95.2410.26/0.41] 52.28 83.88/0.23 0.36
4 60.34 84.290.26/0.37] 60.12 84.290.26/0.37] 52.61 84.05|0.23/0.37
8 57.23 89.56/0.25|0.39, 60.82 87.80/0.26/0.38)  47.50 73.63/0.21{0.32
16 55.18 85.140.24/0.37] 57.52 79.3900.25/0.35| 35.41 53.07|0.150.23
24 54.58 83.140.24/0.36) 55.15 74.570.240.32 31.28 53.700.14{0.23
48 53.83 84.000.23/0.37] 54.27 76.320.24/0.33] 19.68 29.71j0.09/0.13
72 53.89 85.660.23/0.37] 48.15 64.66(0.21/0.28  15.83 24.80/0.07/0.11
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Figure 4-12 shows volume fraction and the ultimate tensile strength as a
function of temperature. The composites having higher volume fraction generally
showed the good mechanical properties. It should be pointed out that the range between
0.3% and 0.4% in volume fraction did not show any correlation of the tensile strength
and the volume fraction. In the case of composites cured up to certain point, voids
created by hand wet layup process significantly resulted in the decrease of the ultimate
tensile strength. As depicted in Figure 4-13, it can be seen that the data of the tensile
strength were more scattered within range between 0.3% and 0.4% in volume fraction,
whereas Figure 4-13 (b) demonstrated good correlation between the tensile strength and
the volume fraction in range except 0.3% and 0.4% in volume fraction.

The relations of the volume fraction and the failure strain in composite materials
are also meaningful in terms of the mechanical properties. Similar to the result of
correlation of the tensile strength and the volume fraction, the higher volume fraction
showed the higher failure strain as shown in Figure 4-14. The data of the ultimate
failure strain were more scattered within range between 0.3% and 0.4% in volume
fraction as demonstrated in the correlation of the tensile strength and the volume

fraction.
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Figure 4-12: Volume fraction and the ultimate tensile strength as a function of
temperature at fixed times of exposure (a) 1 hr, (b) 2 hrs, (c) 4 hrs, (d) 8 hrs, (e) 16 hrs,
(F) 24 hrs, (g) 48 hrs, (h) 72 hrs
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Figure 4-14: (a) Volume fraction versus the ultimate failure strain (b) Volume fraction
versus the ultimate failure strain without specimens having volume fractions ranging

from 0.3% to 0.4%
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4.2 Off-Axis Shear Testing

4.2.1 Introduction

While the unidirectional composite is very effective in providing strength and
modulus in the direction of the fibers it should be pointed out that the application of
small tangential stresses may lead to matrix cracking, layer delamination and fiber-
matrix debonding, resulting in significant overall reductions in the load-bearing
capacity of the composites[50]. It is obvious that off-axis shear resistance carefully
assessed, especially as related to long-term response, since the efficiency of the
strengthening technique can be consisted by the weakest materials characteristic. If the
naval vessels made of composite materials are operating in the sea, off-axis shear force
caused by rolling-pitching can be applied for ships. Therefore, it is very important to
consider the off-axis shear as a design factor. The test specimen for the off-axis shear is
relatively simple to prepare and requires no special test fixture other than standard

tensile grips. The test method has been standardized as ASTM D 3518.

4.2.2 Data Reduction

When a * 45° laminate is loaded in uniaxial tension, a biaxial state of stress is
induced within each of the +45 and -45 lamina. In this study, off-axis shear strength and
modulus were determined through a standard + 45° laminate tensile test as outlined in

ASTM D 3518. The off-axis shear strength as the specimen was loaded is determined as

O
oy :%—'_Txy (4.12)



(o
_ XX
O-22 2 z-xy
(o}
_ XX
T, =%

Where:
o11, 622 = Normal stresses in the lamina coordinate system

o,.= The applied tensile stress

Txy = Induced shear strength
112 = Shear strength

The maximum off-axis shear strength is determined as

max
max __ P

12 2A

Where:
T, = Maximum off-axis shear strength

P™ = Maximum load

The off-axis shear strain is determined as
Vig = Exx — gyy
Where:

71, = Shear strain

&, = Longitudinal normal strain

Ey = Lateral normal strain

82

(4.13)

(4.14)

(4.15)

(4.16)
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The off-axis shear modulus can be determined by using the chord shear modulus.

Az,
Ay,

hord
G,™ = (4.17)

Where:
G = Shear chord modulus
A7, = Difference in applied shear strength between two shear strain points

Ay,, = Difference of two strain points

4.2.3 Analyses and Results
4.2.3.1 Time Dependence

The data for off-axis shear strength of carbon/epoxy composite materials
exposed to various temperatures from ambient temperature to 260C are represented in
Table 4-9. The off-axis shear strength was obtained by data reduction method. Also, the
normalized off-axis shear strength and shear strength retention were calculated by same
method described in tensile testing section. Figure 4-15 shows the off-axis shear
strength, normalized strength, and strength retention of carbon/epoxy composite
materials using uniaxial tensile test of a + 45° laminate as a function of time at fixed
temperatures.

Even though uniaxial tensile test of a + 45° laminate is dominated by matrix
properties, experimental results showed continuously decrease in shear strength except

for test specimens exposed to ambient temperatures. Contrary to tensile testing, the
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effect of residual post-cure did not initially occur in off-axis shear test. As the exposure
temperature was increased, the rate of decrease of the off-axis shear strength was
rapidly increased. The decreases of the off-axis shear strength exposed to 66, 93, 121,
149, 177, 204, and 232°C from1 hr to 72 hrs in ageing time were 7.41, 17.88, 12.55,
20.36, 32.65, 34.68, and 79.30%, respectively. Especially, test specimens exposed to
232°C abruptly underwent the decrease in off-axis shear strength. As can be seen in
Table 4-9, there were no test results on test specimens exposed to 260°C for more than 8
hrs because test specimens were already fractured when gripped for off-axis shear test.

The reason why test specimens experience continuous decrease of the off-axis
shear strength is that test coupons were distorted by asymmetry when test specimens
were taken out from the oven and kept in atmospheric condition before off-axis test.
This phenomena means that heat transferred from the oven can be resulted in
deformation of the test specimens in process of the thermal expansion and contraction.
The more test specimens were exposed to high temperatures, the more distortion of the
test specimens occurred.

Off-axis shear stresses applying in the plane of the laminate itself cause failure
to be dominated by a single mechanism corresponding to delamination between layers
and due to cracks formed across the coupon width[51].

Although the off-axis shear properties are intrinsically dependent on the resin
characteristics, the increase of the shear strength which can be caused by residual post-

cure effect was offset due to the distortion of the test coupons.
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Table 4-9: Data for Off-axis shear strength (MPa) of carbon/epoxy composite materials
after exposure to various temperatures

Exposure | Time | Thickness Strength SD Normalized Strength
Temperature | (hr) (mm) (MPa) (MPa) |Strength (MPa)| Retention (%)
0 2.98 57.51 1.81 88.80 100.00
1 2.89 58.73 2.19 87.95 102.12
2 3.56 58.47 2.45 107.85 101.66
. 4 3.16 58.40 3.58 95.63 101.55
A(?Stig‘t 8 3.00 58.14 3.99 90.27 101.08
16 3.58 58.15 1.82 107.86 101.10
24 3.37 59.75 3.52 104.32 103.88
48 3.53 62.30 4.91 113.83 108.31
72 3.02 63.38 0.80 99.29 110.20
1 3.13 56.11 3.82 91.56 97.55
2 3.13 55.32 5.75 90.09 96.19
4 .11 54.39 2.50 88.19 94.57
66°C 8 3.27 53.79 1.47 91.61 93.52
16 3.07 53.72 5.05 85.99 93.40
24 3.49 52.68 6.06 95.76 91.60
48 3.13 52.19 3.28 85.18 90.75
72 3.25 51.95 4.61 88.03 90.33
1 3.20 53.94 3.31 89.80 93.78
2 3.24 51.34 1.18 86.64 89.27
4 3.48 51.19 4.74 92.79 89.01
93°C 8 3.27 48.16 5.31 82.10 83.73
16 3.01 47.59 5.05 74.61 82.75
24 3.24 44.54 1.54 75.24 77.44
48 3.68 42.41 2.50 81.29 73.74
72 3.26 44.29 3.57 75.13 77.01
1 3.48 50.50 2.41 91.45 87.81
2 3.26 50.38 3.00 85.63 87.60
4 3.09 49.10 4.42 79.03 85.38
121°C 8 3.29 45.19 4.57 77.44 78.57
16 3.17 45.98 5.90 75.91 79.94
24 3.27 44.56 4.03 75.96 77.47
48 3.70 44.14 5.83 85.14 76.75
72 3.32 44.16 4.78 76.37 76.79
1 3.40 49.18 5.39 87.09 85.51
2 3.31 48.06 3.16 82.94 83.56
4 3.09 47.95 1.16 77.17 83.37
149°C 8 3.25 43.23 3.37 73.25 75.16
16 3.42 42.06 2.57 74.99 73.13
24 3.36 39.40 6.90 69.01 68.50
48 3.20 39.69 4.38 66.15 69.01
72 3.31 39.17 6.48 67.45 68.10
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Exposure | Time | Thickness |  Strength SD Normalized Strength

Temperature | (hr) (mm) (MPa) (MPa)  |Strength (MPa)| Retention (%)
1 3.20 47.90 491 79.75 83.28

2 3.23 45.19 3.05 76.02 78.57

4 3.1 41.85 5.62 67.71 72.76

177°C 8 3.30 39.10 1.15 67.26 67.98
16 3.32 37.82 4.06 65.33 65.75

24 3.27 35.75 4.57 60.88 62.15

48 3.53 33.28 8.07 61.14 57.87

72 3.25 32.26 4.31 54.66 56.09

1 3.35 43.90 2.06 76.52 76.33

2 3.31 41.72 0.69 71.99 72.54

4 3.26 38.91 0.37 65.99 67.65

204°C 8 3.31 36.34 4.21 62.64 63.18
16 3.42 37.57 2.13 66.92 65.32

24 3.23 31.38 2.75 52.84 54.55

48 3.26 30.59 2.49 51.94 53.19

72 3.48 28.67 1.82 51.92 49.85

1 3.28 37.22 4.30 63.52 64.71

2 3.42 34.18 3.34 60.83 59.43

4 3.19 33.20 3.25 55.10 57.72

232°C 8 3.12 33.02 3.27 53.66 57.41
16 3.40 29.09 2.11 51.56 50.57

24 3.22 25.82 0.87 43.31 44.90

48 3.22 16.92 5.74 28.34 29.41

72 3.27 7.71 0.92 13.11 13.40

1 3.24 39.58 1.56 66.73 68.82

260°C 2 3.25 35.36 3.43 59.91 61.48
4 3.20 3341 2.74 55.68 58.08




87

mmmm Strength retention [ Strength retention
H —®— Strength o —&— Strength
Amblent —#— N Strength 66 C —=&— N Strength
< 120 120 ~ = 120 120
a X a S
S 100 +pgmmy - -+ 100‘; S 100 100;’
£ 80 + I i +80 2 £ 80 80 S
j=2] c [=] g
g 60 + -+ 60 § g 60 60 &
D 40 + t40 g | |T 40 40 5
£ 20 | 20 2] | 20 20 2
wn — 2] =
0 - Lo & 0 0 &
0 1 2 4 8 16 24 48 72 0 1 2 4 8 16 24 48
Time (hr) Time (hr)
(a) (b)
e Strength retention e Strength retention
o —&— Strength o —&— Strength
93 C —=— N Strength 121 C' —&— N Strength
< 120 120 ~ < 120 120 ~
a S o S
S 100 100;’ S 100 100‘2’
£ 2| |8 80 2
2 3 2 S
g z g 60 5
3 s |2 40 g
«© o 1] j=)]
& s & 20 5
7] 0o &
0 1 2 4 8 16 24 48 0 1 2 4 8 16 24 48
Time (hr) Time (hr)
(c) (d)
e Strength retention e Strength retention
o —#— Strength o —&— Strength
149 C —=&— N Strength 177 C —&— N Strength
< 120 120 .| |z 120 120 -
o S o X
S 100 100; é 100 100:
£ 80 80 2 £ 80 80 S
2 g 2 S
s 60 60 & o 60 60 E
=] v p=1
? 40 40 g | |T 40 40 g
I 5 © j<))
% 20 20 § % 20 20 E
0 0 & 0 0 &
0 1 2 4 8 16 24 48 0 1 2 4 8 16 24 48
Time (hr) Time (hr)

(€) (f)

Figure 4-15: Off-axis shear strengths and normalized off-axis shear strengths of
carbon/epoxy composite materials as a function of time at fixed temperatures, (a)
ambient (b) 66°C (c) 93°C (d) 121°C (e) 149°C (f) 177°C (g) 204°C (h) 232°C (i) 260°C
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Table 4-10 lists the data for off-axis shear modulus of carbon/epoxy composite
materials exposed to various temperatures from ambient temperature to 260C . Unlike
the values of the off-axis shear strength, the data of the modulus retention were
relatively higher in all ageing conditions. The levels of the decreases of the off-axis
shear modulus exposed to 66, 93, 121, 149, 177, 204, and 23Z2C from 1 hr to 72 hrs in
ageing time were 5.63, 12.7, 9.14, 6.77, 5.04, 18.62, and 45.96%, respectively. These
values are very low compared to the decrease of the off-axis shear strengths. This means
that distortion caused by heat expansion and contraction of the test specimens did
largely not affect the decrease of the shear modulus within ranges for measuring shear
chord modulus. Figure 4-16 shows off-axis shear modulus of carbon/epoxy composite

materials as a function of time at fixed temperatures.
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Table 4-10: Data for off-axis shear Modulus (GPa) of carbon/epoxy composite materials
after exposure to various temperatures

Exposure | Time | Thickness Modulus SD Normalized Modulus
Temperature | (hr) (mm) (GPa) (GPa) | Modulus (GPa) | Retention (%)
0 2.98 6.780 0.10 10.47 100.00
1 2.89 6.760 0.14 10.13 99.71
2 3.56 6.88 0.38 12.70 101.47
Ambi 4 3.16 6.81] 0.32 11.16 100.44
(sto'ég‘t 8 3.00 6.80  0.27 10.56 100.25
16 3.58 6.59 0.46 12.22 97.10
24 3.37 6.71 0.18 11.72 98.92
48 3.53 6.92 0.16 12.64 101.97
72 3.02 7.25 047 11.35 106.83
1 3.13 6.45 0.20 10.48 95.14
2 3.13 6.29 0.27 10.18 92.68
4 3.11 6.25 0.44 10.09 92.19
66°C 8 3.27 6.14  0.29 10.41 90.57
16 3.07 6.14  0.57 9.77 90.47
24 3.49 6.15 0.27 11.13 90.71
48 3.13 6.11 0.23 9.92 90.07
72 3.25 6.09 0.27 10.27 89.78
1 3.20 6.33 0.76 10.48 93.27
2 3.24 575 0.29 9.66 84.82
4 3.48 563 0.79 10.15 82.95
93°C 8 3.27 562 0.48 9.53 82.85
16 3.01 546 0.38 8.51 80.44
24 3.24 532 0.28 8.93 78.38
48 3.68 524 0.38 10.00 77.30
72 3.26 521 031 8.79 76.76
1 3.48 554 0.58 9.99 81.72
2 3.26 540 056 9.14 79.66
4 3.09 554 0.34 8.86 81.62
121°C 8 3.29 563 058 9.60 83.05
16 3.17 564 041 9.27 83.19
24 3.27 558 0.14 9.47 82.31
48 3.70 531 0.53 10.18 78.23
72 3.32 504  0.23 8.66 74.25
1 3.40 541 0.96 9.54 79.80
2 3.31 540 095 9.27 79.61
4 3.09 541 0.73 8.66 79.75
149°C 8 3.25 5120 0.46 8.62 75.43
16 3.42 509 0.72 9.03 75.04
24 3.36 501 0.57 8.74 73.91
48 3.20 502 0.29 8.32 74.00
72 3.31 505 0.07 8.65 74.40
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Exposure | Time | Thickness Modulus SD Normalized Modulus
Temperature | (hr) (mm) (GPa) (GPa) | Modulus (Gpa) | Retention (%)
1 3.20 523 0.53 8.66 77.10
2 3.23 519 0.25 8.68 76.46
4 3.1 523 0.19 8.41 77.05
177°C 8 3.30 521 0.08 8.91 76.76
16 3.32 528 0.19 9.07 77.79
24 3.27 519 0.62 8.80 76.56
48 3.53 511 0.84 9.34 75.33
72 3.25 497,  0.23 8.37 73.22
1 3.35 6.14 012 10.65 90.52
2 3.31 588 031 10.09 86.63
4 3.26 524 0.62 8.85 77.30
204°C 8 3.31 507, 0.33 8.69 74.69
16 3.42 506 0.51 8.96 74.55
24 3.23 502 0.18 8.40 73.96
48 3.26 502 0.19 8.49 74.05
72 3.48 500 0.50 9.00 73.66
1 3.28 561 043 9.53 82.75
2 3.42 543 0.26 9.62 80.10
4 3.19 525 0.73 8.67 77.40
232°C 8 3.12 521 0.18 8.42 76.81
16 3.40 513 0.27 9.05 75.63
24 3.22 512 0.49 8.55 75.53
48 3.22 3.80 0.26 6.33 56.02
72 3.27 3.03 0.28 5.13 44.72
1 3.24 563 011 9.44 82.95
260°C 2 3.25 556 0.33 9.38 82.01
4 3.20 555 0.50 9.21 81.87
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Figure 4-16: Off-axis shear modulus and normalized off-axis shear modulus of
carbon/epoxy composite materials as a function of time at fixed temperatures, (a)
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The time-dependent functions of off-axis shear strength and modulus retention

obtained by polynomial curve fittings are represented in Table 4-1land Table 4-12.

Compared to the data of the curve fitting regarding tensile strength and modulus, R-

squared values were relatively higher because the residual post-cure effect did not

enable the test specimens to enhance the initial shear properties. Especially, the

functions showed nearly linear tendency in high temperatures such as 232 and 26

and R-squared values in off-axis shear strength were higher than values of modulus.

Table 4-11: Time-dependent functions of off-axis shear strength retention (%) obtained

by polynomial curve fitting

Temperature(°C) a b c d R?
Ambient (23) 0.1257 98.966 0.9072
66 -6.E-05 0.008 -0.3787 94.915 0.9301
93 0.0078 -0.7584 90.045 0.9515
121 -2.E-04 0.0217 -0.9054 86.477 0.8911
149 -2.E-04 0.0321 -1.3697 84.936 0.9717
177 -2.E-04 0.0333 -1.5098 79.635 0.9456
204 -2.E-04 0.025 -1.2471 73.358 0.9178
232 -0.668 60.828 0.992
260 -3.2428 69.058 0.8489

Time-dependent function : Y (t) =2

x100 = at® +bt? +ct +d

Table 4-12: Time-dependent functions of off-axis shear modulus retention (%) obtained

by polynomial curve fitting

Temperature(°C) a b c d R?
Ambient (23) -5.E-05 0.0081 -0.2603 100.82 0.8922
66 -7.E-05 0.0095 -0.3575 93.964 0.7743
93 -2.E-04 0.0216 -0.9109 89.259 0.7912
121 9.E-05 -0.0125 0.3405 80.445 0.9461
149 -9.E-05 0.0133 -0.5555 80.588 0.9234
177 -0.001 0.0226 76.882 0.9213
204 -3.E-04 0.0409 -1.4835 87.768 0.7666
232 -0.0026 -0.3337 81.123 0.9696
260 -0.3194 83.022 0.6926

Time-dependent function : Y (t) = 2 x100 = at® + bt? + ct + d
o.
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4.2.3.2 Temperature Dependence

Figure 4-17 represents the off-axis shear strength of the test specimens of the
carbon/epoxy composite as a function of temperature at fixed time. As shown in Figure
4-17, the slopes which mean the drop of the off-axis shear strength were very steep as
the ageing time is going up. The rate of decrease of the off-axis shear strength at each
fixed times (1, 2, 4, 8, 16, 24, 48, 72 hrs), as the exposure time is increased, was 32.6,
39.53, 42.8, 43.2, 49.97, 56.78, 72.85 and 87.84%, respectively. It is apparent the
distortion of the specimens for testing caused linear drop in off-axis shear strength and
offset enhancement of the mechanical property due to residual post-cure effect.
Accordingly, off-shear strength must be considered as an important design factor in
many applications having high temperature variation.

Contrary to off-axis shear strength as shown in Figure 4-18 , off-axis shear
modulus showed relatively a tendency to approach asymptotic levels except severe
conditions (exposure temperature: more than 232, ageing time: more than 48  hrs).
The level of reduction in off-axis shear modulus at fixed times (1, 2, 4, 8, 16, 24, 48, 72
hrs) from ambient temperature to 260C was 16.8, 19.17, 18.49, 23.38, 22.16, 23.65,
45.06, and 58.14%, respectively. Relatively, these values were very low than in the case

of the off-axis shear strength.
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Table 4-13 and Table 4-14 list the temperature-dependent functions of off-axis
shear strength and modulus retention using polynomial curve fittings. Compared to the
time-dependent functions, temperature-dependent functions showed more linear
relations and R-squared values were superior to the results of the time-dependent
functions. Especially, temperature-dependent functions on the off-axis strengths showed
strongly linear correlation between shear strengths and exposure temperatures.

Table 4-13: Temperature-dependent functions of off-axis shear strength retention (%)
obtained by polynomial curve fitting

Time (hr) a b c R
1 -0.0002 -0.1094 102.96 0.9539
2 -0.0002 -0.1063 101.82 0.9683
4 -0.1924 105.59 0.9742
8 -0.2047 103.21 0.9918
16 -0.222 104.46 0.974
24 -0.2634 106.13 0.9824
48 -0.3211 111.17 0.9421
72 -0.3211 117.26 0.9169

Temperature-dependent function: Y (T) = 9t 4100=aT2 +bT +c¢
O.

Table 4-14: Temperature-dependent functions of off-axis shear modulus retention (%)
obtained by polynomial curve fitting

Time (hr) a b c R?
1 0.0007 -0.26 107.05 0.6819
2 0.0009 -0.3192 108.13 0.8454
4 0.0008 -0.3214 107.85 0.9754
8 0.0008 -0.3212 107.44 0.9703
16 0.0006 -0.2684 103.29 0.9235
24 0.0009 -0.3294 106.29 0.9161
48 0.0003 -0.2467 104.74 0.8452
72 0.0002 -0.2656 108.03 0.7948

Temperature-dependent function: Y (T) = %xloo =aT?+bT+c
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4.2.3.3 Morphological Analysis

The off-axis shear tests were accomplished in accordance with the procedure of
uiaxial tensile test. Test specimens were comprised of 2 layers laminate with +45° and
-45° fiber directions. Figure 4-19 shows the test coupons distorted by asymmetry in
process of thermal expansion and contraction by heat transfer and dissipation when test
specimens were cooled in the atmospheric temperature after taken out from the oven.
As can be seen in Figure 4-19, distortion of the test specimens by asymmetry and char
formation by thermal oxidation resulted in the severe deterioration in terms of off-axial
shear strength and modulus. The angles of the distortion which caused internal crack
when test coupon was gripped were higher as the exposure temperatures were going up.

Figure 4-20 shows test specimens fractured after uniaxial tensile test of a + 45°
laminate exposed to elevated temperatures at the ageing time, 72 hrs. All test specimens
were fractured parallel to the fiber directions. In the lower exposure temperatures such
as ambient temperature, 66, 93, and 12£C, crack was found around the fractured cross
section and the surface between 2 layers was well kept the shape wrapping the fibers
without thermal degradation of the resin. However, the delamination between 2 layers,
thermal oxidations and char formation in the internal and outer surfaces, additional
cracks except the cross section were discovered in the test specimens exposed to high

temperatures (204, 232, and 260°C) as depicted in Figure 4-20.



Figure 4-19: Test specimens distorted by asymmetry in process of thermal expansion
and contraction after exposure to 260°C for 8 hrs

Figure 4-20: Test specimens fractured after uniaxial tensile test of a + 45° laminate
exposed to elevated temperatures at an ageing time of 72 hrs

99
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4.2.3.4 Strain Effect

Figure 4-21 shows tensile stress-ultimate failure strain curve by uniaxial tensile
test of a + 45° laminate exposed to various exposure temperatures at the fixed time, 72
hrs. Like tensile test, off-axis shear modulus was calculated from slop between off-axis
shear stress and strain ranging from 0.1% to 0.3% before extensometer is taken off.
However, off-axis shear strain was rapidly reached to 0.3% compared to tensile strain
because uniaxial tensile test of a + 45° laminate is matrix-dominant. Ultimate failure
strains in off-axis shear test were lower than those of the tensile test and all test
specimens were fractured before strains were reached 1.5% strain. As the exposure
temperatures were going up, ultimate failure strain and off-axis shear strength were
getting lower although the residual post-curing apparently happened in process of
exposure to temperatures. In addition, the reason why the slopes of the off-axis shear
stress versus the ultimate shear failure strains were not perfectly linear is that a + 45°
laminates are ductile due to matrix-dominant characteristics. As can be seen in Figure
4-21, ductility is getting higher as the exposure temperatures are increased.

Figure 4-22 shows the off-axis shear strength and off-axis shear modulus as a
function of ultimate failure strains (%). If looking at the comparison of two data related
to shear strength and shear modulus, it should be pointed out that off-axis shear
strengths were more strain-dependent with ultimate failure strains than in the case of
off-axis shear modulus. All test coupons were fractured between 0.75% and 1.6 % in
strain while off-axis shear strength and modulus were within 35 ~ 65 Mpa and 5 ~ 7
GPa, respectively. Off-axis shear strengths were widely distributed compared to off-axis

shear modulus as shown in Figure 4-22 (a). As shown in Figure 4-23, in the case off-
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axis shear strength and modulus were changed to logarithmic scale, the more linear data

were obtained.
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Figure 4-21: Off-axis shear stress-ultimate failure strain curves from specimens exposed
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4.2.3.5 Correlation to Tensile Test Results

Correlations between tensile and shear results are very important to estimate the
other properties from the values obtained by useful experimental test.

First, in case an off-axis shear stress applied to a representative volume element
for finding off-shear modulus of a unidirectional composite, off-shear modulus can be

calculated by following equation

" G;,@+V)+G_ V,
Glz — Gm |: f12( f) :| (4.18)
GleVm + C;m (1+Vf )
" Gme
= (4.19)

GV, +G,V,
Where G/, = shear modulus for cylinder shaped composites
G/, = shear modulus for rectangular shaped composites
G,, = nominal epoxy modulus (1.308 GPa)
G, = nominal carbon fiber modulus (22 GPa)

In addition, the data of fiber volume fraction using Equation 4.11 were used to
calculate the off-axis shear modulus. As shown in Table 4-15, calculated shear modulus
had good correlation in the ranges which the tensile properties were enhanced by the

residual post-cure effect.
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Table 4-15: Comparison of experimental shear modulus and calculated shear modulus-

G'12: experimental off-axis shear modulus ( G/, = shear modulus for cylinder shaped
composites, G;,=shear modulus for rectangular shaped composites)

Ambient (23°C) 66°C
Time v Gy, G", | error | G™y, | error vV G'yp G", | error | G"y, | error
(hr) (GPa) | (GPa) | (%) | (GPa) | (%) (GPa) | (GPa) | (%) | (GPa) | (%)
0 0.377 6.78) 590 13.00 4.93 273
1 0.36| 6.76) 5.79] 14.4 4.86 282 0.34 6.45 568 12.0 4.79] 25.8
2 0.3 6.88 599 129 499 275 0.35 6.29 5.71 9.1 481 235
4 0.38f 6.81 6.04/ 114 502 26.3] 040 6.25 6.20 090 512 181
8 040 6.80 6.19 9.00 512 248 042 6.14] 6.42 -46/ 527 14.2
16 044 6.59  6.63 -0.7 541 17.8 0.46 6.14 6.90] -125/ 5.60 8.8
24 043 6.71 6.54 25 535 202 040 6.15 6.19 -0.6f 5.12 16.8
48 0.460 6.92 6.81 1.6 553 20.0f 034 6.11 567 7.3 478 218
72 047 7.25 7.00 3.4/ 566 2181 0.3 6.09] 5.83 43 488 1938
93°C 121°C
Time v G'12 | G"12 | error | G"12 | error Ve G'12 | G"12 | error | G™12 | error
(hr) (GPa) | (GPa) | (%) | (GPa) | (%) (GPa) | (GPa) | (%) | (GPa) | (%)
1 0.38 6.33 6.02 48 501 20.8] 036 554 586 -58 491 115
2 0.39 575 645 -7.00 510 11.4 0.39 5.40 6.11 -13.1) 5.07 6.2
4 0420 563 6.42 -141 527, 6.3 038 554 6.02f -88 501 9.5
8 042 5.62 6.46| -149 5300 57 032 563 552 2.1 468 169
16 0.44 546/ 6.68 -22.4/ 544 02 038 564 6.07 -7.5 5.04f 10.7
24 0.45 5.32 6.74f -26.8 549 -3.2 036 558 583 -45 489 125
48 0421 524 641 -22.31 527 -04 0.35 531 577 -88 4.85 8.6
72 0.38 5.21 597 -147] 498 4.4 032 504 546/ -85 4.65 7.7
149°C 177°C
Time v G12 | G"12 | error | G™12 | error vV G12 | G"12 | error | G™12 | error
(hr) (GPa) | (GPa) | (%) | (GPa) | (%) (GPa) | (GPa) | (%) | (GPa) | (%)
1 0.377 541 589 -88 4921 9.1 039 523 6.08 -16.2| 5.05 3.5
2 0.377 540, 590 -9.3] 493 87 043 519 652 -258 534 -3.0
4 0.377 541 5095 -10.00 496 83 037 523 593 -13.4 4.95 5.3
8 0.37 5.12 5095 -16.2] 496 3.00 035 521 574 -10.2| 4.82 7.3
16 0.35) 5.09 578 -13.6f 4.85 4.6 0.32] 5.28 550 -43 467 11.4
24 0.360 5.01 5.86| -16.9 4900 22 035 519 574/ -105  4.83 7.1
48 0.350 5.02 579 -153 486 3.3 034 511 565 -10.6/ 4.77 6.6
72 0.300 505 535 -6.1 458 9.3 0.35 4.97] 570 -14.8  4.80 3.3
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204°C 232°C
Time Vv G'12 | G"12 | error | G™12 | error vV G'12 | G"12 | error | G™12 | error
(hr) (GPa) | (GPa) | (%) | (GPa) | (%) (GPa) | (GPa) | (%) | (GPa) | (%)
1 037/ 6.14 594 32 496 19.3] 040 561 6.24/ -11.2] 515 8.2
2 0.36) 588 580 13 4.86 17.2] 041 543 6.36| -17.00 523 3.7
4 037/ 524 589 -12.4 493 6.0] 037 525 589 -12.3] 493 6.2
8 039 507 6.11 -20.6 5.077 0.0] 038 521 6.04 -159 502 3.6
16 037/ 506 593 -17.2f 4.95 21} 035 513 570 -11.1f 480 6.4
24 0.36) 502 585 -16.6 4.90, 24| 032 512 552 -7.7 468 8.6
48 037/ 502 588 -17.1] 492 21] 033 3.80 558 -46.9] 4.73 -24.4
72 037/ 500, 595 -19.1) 496 0.7] 028 3.03) 5.16| -70.2] 4.46) -47.0
260°C

Time v G'12 | G"12 | error | G"12 | error

(hr) f | (GPa) | (GPa) | (%) | (GPa) | (%)

1 0.34 563 561 02 475 157

2 0.36) 556/ 588 -57 492 11.6

4 037/ 555 588 -6.0 492 114

8 0.32 5.48 4.66

16 0.23 4.78 422

24 0.23 4.80 4.24

48 0.13 4.11 3.82

72 0.11 3.98 3.74
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Figure 4-24 shows the data distribution of the tensile properties and off-axis

shear properties. The data of the tensile strength were distributed between 500 MPa and
790 MPa and off-axis shear strengths were widely distributed due to offset of residual
post-cure effect. Meanwhile, the values of tensile and off-axis shear modulus were
concentrated between 42 GPa and 75 GPa and between 5 GPa and 7 GPa, respectively.
If changing the tensile properties into logarithmic scale because the values of the tensile
property have more scale compared to off-axis shear property, more linear correlation

can be obtained as shown in Figure 4-25.
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Figure 4-24: Data distribution of (a) tensile strength versus off-axis shear strength and
(b) tensile modulus versus off-axis shear modulus
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(b) tensile modulus versus off-axis shear modulus using a logarithmic scale
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4.3 Flexural Testing

4.3.1 Introduction

Flexural properties provide important factor of composite materials as related to
the response of naval vessels operating in the diverse environments. However, it is
difficult to estimate values that can be directly utilized in design because flexural testing
subjects the test specimens to a mixed state of stress and a stress gradient. The flexural
characteristics and their change as a function of time and temperature are important and
offer the crucial data to decide the deteriorative level after exposure to high
temperatures and fire.

Flexure tests are very useful for characterizing mechanical properties of layered
composite materials due to simplicity of the test method for determining characteristics
where relative rather than absolute data are needed. Therefore, flexural data are used to
derive the other mechanical properties because of simple test method. In case composite
materials are bended since flexural loading in materials imposes both tensile and
compressive stresses, these tests must be considered for determining the design data. As
mentioned, flexural properties are a combination of the tensile and compressive

properties of the composite materials[52] .

4.3.2 Data Reduction

For test specimens in 3 point bending comprised of simple beam supported at
two points and loaded at midpoint, the flexural strength and modulus are determined

through a three-point flexural test following method described in ASTM D790. A
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support span-to-depth ratio of 16:1 was used for 2 layers laminate. The test specimens is
deflected until rupture occurs in the outer surface of the test specimen or until a
maximum strain of 5.0% is reached, whichever occurs first.

The flexural strength is obtained by following equation

3PL

where:
of = the stress in the outer fibers at midpoint, MPa
P =the load at a given point in the load-deflection curve, N
L = the support span, mm
b = the width of the specimen tested, mm

h = the thickness of the specimen tested, mm

Flexural strain is defined as nominal fractional change in the length of an
element of the outer surface of the test specimen at midspan, where the maximum stress

occurs. It may be calculated for any deflection using Equation 4.21.
g, =6Dh/L? (4.21)
where:
&, = strain in the outer surface, mm/mm

D = maximum deflection of the center of the beam, mm
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Chord modulus may be calculated from two discrete points on the load

deflection curve. The chord modulus is calculated using the following equation:
Ei =(0r,—0n) (&1, —&11) (4.22)
where:

E, = chord modulus, GPa

4.3.3 Analyses and Results
4.3.3.1 Time Dependence

Flexural properties with regard to strength, modulus, strain and load were
determined at room temperature after the test specimens had been exposed to a
controlled temperature for times up to 72 hrs. A flat rectangular specimen was simply
supported close to its ends and centrally loaded in three point bending. Each data were
obtained by average value determined from five flexural tests. Flexural test is often
utilized to characterize mechanical properties of layered laminate because they offer a
simple means of determining bending response. However, Flexural test can be resulted
in various failure modes as follows[50],

- Tensile fracture of fibers

- Tensile fracture of outer surface

- Compression fracture of outer surface

- Tensile fracture with interlaminar shear

- Compression fracture with interlaminar shear

- Interlaminar shear
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Data for Flexural strength (MPa) of carbon/epoxy composite materials after
exposure to various temperatures are tabulated in Table 4-16 and Flexural strengths as a
function of time at fixed temperatures are depicted in Figure 4-26. The flexural strength
retentions did not largely enhanced by residual post-cure effect compared to the result
of tensile test. The maximum strength retention caused by post-curing was 117.43% in
condition of 177°C exposure temperature for 72hr. It should be noted that this value is
much less than the maximum strength retention (154.42%) of tensile test. At lower
exposure temperatures, the reason why the flexural strength data show fluctuation is
that post-curing effects did not largely contribute to enhancement of the property. In
other words, as mentioned previously, defects in process of hand wet layup fabrication
had probably test specimens fractured in various failure modes. As ageing time was
increased, the strength drops in ranges of ambient, 66, 93, 121, 149, 177, and 204°C
were only 5.23, 6.53, 3.19, 7.37, 11.54 and 13.26%, respectively. As strength
enhancements were not highly affected by residual post-cure effect, strength reductions
were largely not influenced by thermal degradation in low exposure temperatures. Big
drop of the flexural strength took place in conditions of 232°C exposure temperature for
72 hrs and 260°C exposure temperature for more than 8 hrs. Since thermal oxidation
caused catastrophic delamination between 2 layers in high exposure temperatures, the

rate of drop of the flexural strength was higher than that of the tensile strength.
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Table 4-16: Data for flexural strength (MPa) of carbon/epoxy composite materials after
exposure to various temperatures (N denotes normalized)

Exposure [Time| Thickness | Width | load | Strength | S.D | Nstrength | Strength
Temperature| (hr) | (mm) (mm) | (KN) | (MPa) | (MPa) (MPa) |retention(%)
0 2.83 12.88 0.74] 513.13 36.64 753.48 100
1 277 1273 0.74] 543.11 16.70 779.48 105.84
2 273 12.84/ 0.78] 565.72] 15.28 799.48 110.25
Ammbi 4 279 12.67) 0.72| 527.26) 30.88 762.89 102.75
(?SOLg;t 8 284 1273 075 53205 7651 78201 103.69
16 280 12860 0.73 527.11) 10.95 764.03 102.72
24 278 1271 0.70| 515.97] 75.90 742.14 100.55
48 2.63 12.800 0.68] 523.90 26.16 714.59 102.10
72 2.88 12.49 0.73] 514.700 59.23 768.72 100.31
1 3.000 12.800 0.81] 525.82 34.01 816.79 102.47
2 3.07 12.49 0.82] 520.14 9.37 826.02 101.37
4 278 12700 0.77| 558.61 73.47 804.64 108.86
66°C 8 284 1285 0.78] 54449 4794 801.21 106.11
16 256 1271 0.64] 523..72] 55.05 693.32 102.06
24 290 12820 0.75| 543.15 81.71 815.58 105.85
48 2821 12.75 0.70| 495.65  63.63 724.73 96.59
72 3.03 12.64 0.80] 511.71 66.01 803.36 99.72
1 297 12,67/ 0.79] 512.19  69.29 788.20 99.82
2 2.67] 12.74 0.68 540.100 24.67 747.88 105.26
4 3.077 12.61] 0.84] 51258 49.98 814.81 99.89
93°C 8 3.08 12.73 0.79] 483.48  55.38 772.19 94.22
16 298 1281 0.81] 518.38 30.03 799.05 101.02
24 3.13 1271 0.85| 495.93 109.24 804.80 96.65
48 294 12,64 0.82| 54055 21.71 822.31 105.34
72 291 12.84) 0.84] 545.66 41.23 822.03 106.34
1 2.69 1256 0.70| 535.95 30.11 747.69 104.45
2 2.80 12.690 0.77] 554.82 36.79 805.50 108.12
4 287 12.86) 0.78] 529.80 44.94 787.29 103.25
121°C 8 291 1255 0.78] 523.24 19.17 789.61 101.97
16 2660 12.87] 0.68] 543.61 69.20 748.52 105.94
24 294 12.72) 0.85| 555.62 26.81 846.38 108.28
48 3.13 12.74 0.82| 523.16) 70.08 848.43 101.95
72 2.67) 1257 0.70| 553.06 28.91 765.11 107.78
1 2821 12.700 0.69] 498.76) 97.21 728.25 97.20
2 273 12.74 0.72| 574.78  46.37 814.22 112.01
4 2.89 1256| 0.74] 505.41 15.11 756.81 98.50
149°C 8 2.78 12.73 0.81] 594.22] 53.17 855.16 115.80
16 2.67) 1291 0.74] 576.04 25.62 795.41 112.26
24 2720 12,63 0.71] 553.59  48.29 779.47 107.88
48 279 1273 0.75| 542.36 73.84 784.03 105.70
72 299 12.78 0.73] 461.98 25.12 714.51 90.03
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Exposure [Time| Thickness | Width | load | Strength | S.D | Nstrength | Strength

Temperature| (hr) | (mm) (mm) | (KN) | (MPa) | (MPa) (MPa)  |retention(%)
1 287 1277,  0.79 540.21 8.04 802.62 105.28

2 264 1269  0.73 586.62] 37.05 803.18 114.32

4 3.04 1276/ 0.85 529.97] 85.57 834.77 103.28

177°C 8 291 12.77) 0.81] 548.39 83.06 826.85 106.87
16 280 1299 0.75 530.45 27.08 770.25 103.37

24 277 1293  0.73] 527.56 8.66 756.48 102.81

48 299 1274 0.87] 549.98 4222 852.76 107.18

72 273 12,73  0.80] 602.56] 47.72 853.58 117.43

1 3.08 12.72] 0.89] 530.27] 43.87 847.33 103.34

2 2.86) 1283 0.82] 562.61] 39.56 833.12 109.64

4 3.14 1271 0.85 49213 4851 800.67 95.91

204°C 8 275 1288 0.71 526.03 47.50 748.98 102.51]
16 2800 12620 0.76] 545.35 44.81 790.47 106.28

24 2.86] 1280 0.76] 526.99 63.49 782.02 102.70

48 3.000 12.75 0.87] 548.88 68.89 853.19 106.97

72 2.89 12.660 0.88 600.62] 36.85 900.15 117.05

1 295 1275 0.85 549.63 38.76 839.54 107.11

2 282 1257, 0.72] 516.77, 60.33 754.40 100.71

4 3.02 12790 0.85 528.36] 61.34 826.76 102.97

232°C 8 283 1288 0.77] 540.63  45.01 791.33 105.36
16 298 1265 0.79] 538.35 37.20 831.94 104.92

24 280 1273  0.78] 557.54 54.28 808.86 108.65

48 295 1255 0.73] 534.48 73.29 816.26 104.16

72 2.86) 12.700 0.50] 356.95 138.39 528.21 69.56

1 299 1295 0.80] 49427 18.27 764.46 96.32

2 2.76) 1290, 0.73] 534.28 2492 763.35 104.12

4 284 1271 0.82] 57569 12.04 847.13 112.19

260°C 8 291 1282 0.44] 295.26| 66.36 444.41 57.54
16 2.68 12.78 0.15 122.17] 14.30 169.33 23.81

24 2.86) 12.63  0.15 104.44 8.99 154.49 20.35

48 3.060 1288 0.13 76.88  13.18 122.00 14.98

72 3.15 12,62 0.09 51.66f 20.91 84.25 10.07
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Figure 4-26: Flexural strengths and normalized flexural strengths of carbon/epoxy
composite materials as a function of time at fixed temperatures of exposure, (a) ambient
(b) 66°C (c) 93°C (d) 121°C (e) 149°C (f) 177°C (g) 204°C (h) 232°C (i) 260°C
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Figure 4-26: Continued
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Table 4-17 shows data for flexural modulus (GPa) of carbon/epoxy composite
materials after exposure to various temperatures and Figure 4-27 represents flexural
modulus of carbon/epoxy composite materials as a function of time at fixed
temperatures.

The chord modulus of flexural test initially showed a little increase by residual
post-curing effect. The amount of increase in terms of property retention was lower than
enhancement of the flexural strength. Similar to the result of flexural strength, data
fluctuation existed in the low exposure temperatures and the values of the flexural
modulus were rapidly reduced in high temperatures. The retention of flexural modulus
in condition of the exposure temperature (260°C) for ageing time (72 hrs) was only
6.78%. It should be noted that the thickness of test specimens affected flexural modulus.
As test specimens are thinner, the flexural modulus is getting higher. Since thicker test
specimen means area containing more than the maximum allowable resin content which
may arise from improper curing exist, the void and defect in resin-rich area resulted in
the reduction of the flexural modulus due to big deflection in centrally loading.

In case the test specimens were subjected to experimental conditions of
exposure temperature (260°C) for more than 8 hrs, flexural modulus can be
catastrophically reduced because test specimens supported at two points and loaded at
midpoint changed to char by thermal oxidation. When nose for loading passed the

section of char, rapid deflection can be measured by flexural test equipment.
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Table 4-17: Data for flexural modulus (GPa) of carbon/epoxy composite materials after
exposure to various temperatures (N denotes normalized)

Exposure [Time| Thickness | Width | load |Modulus| S.D |N Modulus| Modulus
Temperature| (hr) | (mm) (mm) | (KN) | (GPa) | (GPa) (GPa) |retention(%)
0 2.83 12.88 0.74 36.64 4.86 53.80 100.00
1 2770 1273 0.74 41.70 1.08 59.84 113.79
2 273 12.84 0.78 43.85 4.05 61.97 119.68
Ammbi 4 279 12.67] 0.72 39.52 5.26 57.18 107.85
(ZmSO'S;‘t 8 284 1273 075 3898 342 57.35 106.37
16 280 12.86) 0.73 40.52 3.36 58.73 110.57
24 278 1271 0.70 39.40 7.38 56.68 107.54
48 2.63 12.80, 0.68 40.78 1.62 55.62 111.28
72 2.88 1249  0.73 39.69 4.47 59.27 108.30
1 3.00 12.80, 0.81 36.33 9.44 56.43 99.15
2 3.071 1249  0.82 36.65 0.83 58.21 100.03
4 278 1270, 0.77 41.11 9.37 59.22 112.20
66°C 8 284 1285 0.78 39.88 6.30 58.69 108.84
16 256 1271 0.64 39.12 4,24 51.79 106.76
24 290 12.820 0.75 36.01 5.96 54.07 98.28
48 282 12.75 0.70 34.55 6.38 50.52 94.30
72 3.03 12.64 0.80 33.29 4,91 52.26 90.85
1 297 12.67] 0.79 35.69 7.44 54,92 97.41
2 2.67] 12.74  0.68 38.43 2.50 53.22 104.89
4 3.077 1261 0.84 34.13 5.58 54.26 93.16
93°C 8 3.08 1273 0.79 32.22 4.81 51.46 87.93
16 298 12.81 0.81 31.64 4.24 48.76 86.34
24 3.13 12.71) 0.85 32.16 6.01 52.19 87.77
48 294 1264 0.82 34.50 4,54 52.49 94.16
72 291 12.84 0.84 35.10 5.46 52.87 95.78
1 2.69 1256 0.70 38.59 1.66 53.83 105.31
2 280 12.69  0.77 37.99 3.57 55.16 103.69
4 2.87] 12.86) 0.78 36.21 7.52 53.81 98.82
121°C 8 291 1255 0.78 37.11 4.10 56.00 101.27
16 266 12.87] 0.68 38.76 8.12 53.36 105.77
24 294 12.72] 0.85 35.70 4.07 54.39 97.44
48 3.13 1274 0.82 33.72 4.00 54.68 92.01
72 267/ 12.57] 0.70 34.82 2.39 48.17 95.02
1 282 12.70, 0.69 34.65 10.32 50.60 94.57
2 273 1274 0.72 41.30 3.29 58.50 112.70
4 2.89 1256 0.74 34.99 4,78 52.39 95.48
149°C 8 278 1273 0.81 40.48 4.26 58.25 110.47
16 267 1291 0.74 36.52 3.86 50.43 99.67
24 2720 1263 0.71 36.67 5.55 51.63 100.07
48 279 1273 0.75 35.46 3.93 51.25 96.76
72 299 12.78 0.73 32.21 5.35 49.81 87.89
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Exposure [Time| Thickness | Width | load | Modulus| S.D |N Modulus| Modulus

Temperature| (hr) | (mm) (mm) | (KN) | (GPa) | (GPa) (GPa) |retention(%)
1 287 1277 0.79 32.72 2.13 48.61 89.28

2 264 1269 0.73 40.88 3.70 55.96 111.55

4 3.04 1276/ 0.85 32.66 6.00 51.45 89.14

177°C 8 291 1277, 0.81 35.52 5.96 53.56 96.95
16 280 1299 0.75 33.41 2.77 48.51 91.17

24 277 1293 0.73 34.29 4.93 49.17 93.57

48 299 1274 0.87 34.58 3.27 53.61 94.37

72 273 1273 0.80 40.87 2.98 57.90 111.55

1 3.08 12721 0.89 30.61 3.33 48.91 83.53

2 2.86) 12.83 0.82 36.86 4.18 54.59 100.60

4 314 1271 0.85 31.90 3.93 51.89 87.05

204°C 8 2.75 12.88 0.71 36.98 2.35 52.66 100.93
16 280 12.62] 0.76 33.32 3.52 48.30 90.93

24 2.86 12.80] 0.76 33.93 6.18 50.35 92.60

48 3.00 1275 0.87 34.52 2.63 53.65 94.20

72 289 12.66/ 0.88 35.56 2.50 53.29 97.04

1 295 1275 0.85 36.15 4.64 55.22 98.66

2 282 1257, 0.72 34.29 2.24 50.05 93.57

4 3.02 1279 0.85 35.57 6.86 55.67 97.09

232°C 8 283 12.88 0.77 35.54 4.42 52.01 96.98
16 298 12.65 0.79 37.72 4.47 58.29 102.95

24 280 1273 0.78 37.66 4.32 54.64 102.78

48 295 1255 0.73 35.08 6.48 53.57 95.73

72 2.86 12.700 0.50 23.45 6.88 34.70 63.99

1 299 1295 0.80 36.06 4.05 55.78 98.42

2 276/ 1290, 0.73 35.72 2.00 51.03 97.47

4 284 1271 0.82 38.82 2.95 57.12 105.94

260°C 8 291 12820 0.44 19.24 1.80 28.96 52.51
16 2.68 1278 0.15 8.85 1.85 12.26 24.15

24 2.86 12.63 0.15 8.22 1.51 12.16 22.43

48 3.06 12.88 0.13 7.16 1.41 11.36 19.53

72 3.15 12.62] 0.09 2.48 0.86 4.05 6.78
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