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ABSTRACT

The Effect of Temperature on Fatigue Strength and Damage of FRP Composite
Laminates, Hossein Mivehchi, Masters of Applied Science Thesis in Mechanical

Engineering, Ryerson University, Toronto, Canada, 2009.

The present study intends to investigate the effect of temperature on cumulative fatigue
damage of laminated fibre-reinforced polymer (FRP) composites. The effect of temperature
on fatigue damage is formulated based on a previously proposed residual stiffness fatigue
damage model. The fatigue strength of FRP composite laminates is also formulated to have

temperature dependent parameters.

This research work is divided into three main parts: the first part reviews the fatigue damage
mechanism in fibre-reinforced composites based on stiffness degradation. The recent residual
stiffness model of Varvani-Shirazi was used as the backbone structure of damage analysis in
this thesis. This model is capable of damage assessment while the effects of maximum stress,
stress ratio and fibre orientation of FRP composites were recognized. The Varvani-Shirazi
damage model was further developed to assess fatigue damage of FRP composites at various
temperatures (7). Inputs of the damage model are temperature dependent parameters
including Young’s modulus (E), ultimate tensile strength (o,), and fatigue life (Ny). As the
next part of the proposed analysis, the temperature dependency of each parameter is
formulated, and the relations of E-T and o,;, —T are substituted in the Varvani-Shirazi fatigue
model. Finally, all terms and equations are evaluated with the experimental data available in

the literature.

Six sets of fatigue data were used in this thesis to evaluate fatigue damage of FRP specimens.
The predicted results were found to be in good agreement with the experimentally obtained
data. The proposed fatigue damage model was found promising to predict the fatigue damage
of unidirectional (UD) and woven FRP composites at different temperatures. Temperature
dependant‘ parameters of Young’s modulus, ultimate tensile strength, and S-N diagram were

also found to be responsive when used for UD, cross-ply, and quasi-isotropic FRP laminates.
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OBJECTIVE AND SCOPE OF THE THESIS

Fibre-reinforced polymer (FRP) composites are extensively used in various industr
including aerospace, automotive, sporting goods, marine, electrical, and construction.
comparison with traditional metals and alloy-based structures, FRP composites have super

strength-to-weight ratio, greater corrosion resistance, and high resistance to fatigue failure.

Fatigue failure in FRP composites involves a gradual damage progress when subjected
repeated or fluctuating stresses below the ultimate tensile strength of the material. T
damage which is caused by the initiation and accumulation of microcracks results
degradation of mechanical properties such as strength and stiffness leading to failure of F]
components. The complexity of fatigue damage in FRP composites is that they :
inhomogeneous and anisotropic, and therefore crack/damage progress changes its rate o

the matrix, fibre, and matrix-fibre interface.

The mechanical properties of FRP composites as viscoelastic materials are significan
influenced by temperature variation. FRP components working at various operati
temperatures show an increasing trend in degradation of mechanical properties and thereft

a non-uniform triphasic failure mechanism.

The present study intends to investigate the effect of temperature on fatigue strength a
damage of FRP composite laminates. The fatigue damage analysis has been developed bas
on the stiffness reduction of materials in a triphasic manner including regions of the matr
the matrix-fibre interface, and the fibre as the number of cycles progresses. The effect
operating temperature variations on the stiffness reduction and strength of FRP composi
has been further investigated. This investigation considers the temperature effects on bc
static and fatigue responses of the FRP composite and its microconstituents in three stag

specified as I, II, and III.

The ultimate objective of this study is to achieve a better understanding of the dama

mechanism in FRP composites under cyclic loads and in the presence of vario
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temperatures. This enables engineers to control and predict the stiffness, damage progress
and eventual failure life of FRP laminates subjected to fatigue loads at different operating
temperatures. This analysis further leads to a more reliable design of machinery parts and

components when using such composite laminates under the studied load and environmental

conditions.



PREFACE

The following provides a brief description of materials covered in the chapters of this thesis.

Chapter 1 reviews the importance of fatigue damage analysis and the application of

laminated FRP composites in industry.

Chapter 2 covers a brief description of material characteristics and the stress/strain
constitutive relationship in FRP composites. As two examples, the characteristics of glass
fibre-reinforced polymer (GFRP) and carbon fibre-reinforced polymer (CFRP) composites
and the mechanical properties of these materials influenced by the matrix, fibre, volume
fraction and orientation of the fibre are addressed. In this chapter, the effects of fibre
orientation on the elastic moduli and the ultimate tensile strength of unidirectional FRP

composites are also analyzed.

Chapter 3 presents the concept of fatigue damage in FRP composites and introduces two
recent cumulative fatigue damage models. The concept of temperature effect on the fatigue
damage and the temperature dependent static and dynamic mechanical properties affecting

the cumulative fatigue damage are discussed.

Chapter 4 includes the derivation and development of the temperature dependent fatigue
damage model and its parameters such as Young’s modulus, the ultimate tensile strength, and

the fatigue strength for FRP composite laminates.

Chapter 5 evaluates the proposed temperature dependent relations with the available
experimental data in the literature. The predictions and the experimental data are compared in

this chapter.

Chapter 6 discusses all the evaluation results and analyzes the overall efficiency of the

proposed relations by comparing them together.

XXi



Chapter 7 summarizes the conclusion obtained by this study. It gives the key points related to the
temperature dependent fatigue assessment of laminated FRP composites and includes future work

recommendations.

Appendix A lists testing conditions and material properties of the FRP composites studied in
this thesis and Appendix B tabulates experimentally obtained values of E, o,4, S-N, and D-N

at various operating temperatures extracted from literature.
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CHAPTER ONE

Introduction and Application of FRP Composites

1.1 Introduction

Composite materials or composites are formed by combining two or more materials that have
quite different mechanical properties. The materials or constituents do not dissolve or blend into
each other and maintain their separate (at least microscopic) identities in the composite, but they
give the composite unique properties and characteristics that are different from those of the
constituents. There are two categories of constituents: matrix and reinforcement. The matrix has
a continuous state, and the reinforcement exists in two forms of fibres or particulates. In
composites, the reinforcements are surrounded by the matrix material [1]. Changing the volume
fraction of the reinforcements in the matrix and also changing their orientation and arrangement
in it, allow designers to produce wide varieties of composites with different mechanical

properties.

In the last three decades, the field of composite materials has had much rapid advancement. The
vast use of these materials in aerospace, automotive, electronics, sporting goods and many other
types of industrial equipment has turned them into one of the most interesting topics for research.
Among the different research issues, investigating the fatigue behaviour of composites is a

challenging and favorable topic.

Fatigue is the phenomenon leading to fracture under repeated or fluctuating stresses having a
maximum value less than the ultimate static strength of the material [2]. All materials except
glasses are susceptible to fatigue. Almost all engineering components such as connecting rods
and crankshafts of engines, steam or gas turbine blades, connections or supports for bridges,
railroad wheels and axels, and other parts are subjected to varying loads throughout their

working life. And, fatigue is easily the most common and the most imperfectly understood cause
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of failure in service [3,4].

One of the earliest papers on fatigue of metals was published in 1867, by A. Wohler, a German
engineer [5]. However, research on the fatigue performance of advanced composites started at
the beginning of the 1970s, just after their introduction, with glass, boron and carbon fibre
composites. These early works served as a basis for later understanding of the complex fatigue

behaviour of composites [6].

In general, the fatigue of composite materials is quite a complex phenomenon, and an extensive
research effort is being spent on it today. Composite materials are inhomogeneous and
anisotropic, and their behaviour is more complicated than that of homogeneous and isotropic
materials such as metals. The main reasons for this are the occurrence of different damage types,
their interactions and their different growth rates in composites. Damages of composites in their
constituents include fibre fracture, matrix cracking, matrix crazing, fibre buckling, fibre-matrix

interface failure, and delamination [7].

Some of the parameters that influence the fatigue performance of composites are:

e fibre type (e.g., carbon, glass, and aramid),

e matrix type (polymeric (thermoset resins and thermoplastics), metallic, and ceramic),

e type of reinforcement structure (e.g., unidirectional (continuous and discontinuous),
woven, knitted, and braided),

e type of FRP composite structure (laminated, sheet molded compound, and injection
molded),

e Jaminate stacking sequence (e.g., unidirectional, angle ply, and cross ply),

e environmental conditions (e.g., temperature, moisture, and UV radiation), and

e Joading conditions (e.g., maximum stress, stress ratio R, and cycling frequency).

In this research, among the large number of criteria affecting the fatigue behaviour of
composites, the effect of temperature on the fatigue damage of unidirectional fibre-reinforced
polymer (FRP) composites is discussed mainly. In fact, this goal is conducted based on two

previously proposed fatigue damage models [8,9]. The models have already considered the



effects of maximum stress, stress ratio and fibre orientation on the cumulative fatigue damage of

FRP composites.

The major fatigue models and life time methodologies for FRP composites are classified in three
categories: (i) fatigue life models, which do not take into account the actual degradation
mechanisms, such as matrix cracks and fibre fracture, but use S-N curves or Goodman-type
diagrams and introduce some sort of fatigue failure criteria [7,10-12], (i1) phenomenological
models for residual stiffness/strength [7-9,13,14], and (iii) progressive damage models which use
one or more damage variables related to measurable manifestations of damage (transverse matrix

cracks, delamination size) [7,15-17].

The fatigue damage model employed in this study is constructed based on stiffness degradation
of materials over life cycles. Stiffness degradation damage models [8,9,13] are reliable
approaches relating damage progress of FRP composite material properties, including the
properties of the matrix, fibre, and fibre-matrix interface as the number of stress cycles
progresses. One of such damage models developed lately [9] is extensively used in this thesis.
Mechanical properties of FRP composite laminates including their microconstituents are further
formulated as a function of operating temperatures. Temperature dependent parameters of
Young’s modulus, ultimate tensile strength, and fatigue strength as inputs of the damage model
characterize the damage of FRP composite specimens. However, before discussing the topics in

detail, some applications of the composites are briefly addressed in the rest of this chapter.

1.2 Applications of FRP Composites

Composite materials were first used in aircraft engine rotor blades in the 1960s. Nowadays,
composite materials, and especially fibre-reinforced ceramic composites, are vastly considered
for many high-temperature applications in advanced aerospace vehicles and gas turbine engine
components. The use of composite materials has been shown to reduce major cost due to failure
of components and structures [18]. Striking examples of breakthroughs based on the utilization
of composite materials and especially fibre-reinforced polymer composites are increasingly

found in transportation vehicles (e.g., aircraft, space shuttle, and automobile), civil infrastructure



(e.g-: buildings, bridges, and highway barriers), and sporting goods (e.g., tennis rockets, golf

clubs, bicycle frames, fishing rods, and sailboats).

FRP composites also have many electrical applications. Some electrical applications include E-
glass fibre polymers in transformer housings, motor casings, switch components, and circuit
breaker arms. Also, printed circuit boards (PCBs) in electronic packages are made of E-glass
fabric reinforced epoxy. The excellent electrical insulation properties and low cost of E-glass
fibres and the relatively high resistance of thermoset polymers, such as epoxies, to creep, to

elevated temperature, and to chemicals, are the main reasons for their inevitable applications [1].

Glass-reinforced polymers (GRPs) are also applied to make hot tubes, pipes for drinking water,
sewers, chemicals, and oil sucker rods. Sucker rods are employed in moving underground oil
upwards to the surface. The major advantages of the GRP sucker rods to steel sucker rods are
that the GRP rods have less weight and stronger corrosion resistance [1]. Therefore, it is
concluded that FRPs and especially GRP composites have both onshore and offshore
applications. The most successful offshore applications for composites have been in pipework
for aqueous liquids. Performance-based guidelines for the design of glass fibre reinforced epoxy
(GRP) pipes have significantly accelerated these applications. The chemical resistance of GRP
and the maximum use temperature in a particular fluid depends on the type of resin and hardener

used. GRP tubes are largely immune to the effects of hydrogen sulphide and carbon dioxide [18].

Some other industrial applications of FRP composites include the use of the materials in pressure
vessels, rollers, and wind turbine blades. Composite pressure vessels are made by filament
winding carbon, S-glass, or Kevlar 49 fibre reinforced epoxy around an aluminum alloy or a
blow molded high density polyethylene tube. The vessels can be used for the storage of water,
diesel, oxygen, nitrogen, and other gases and chemicals. The pressure vessels can also be used as
liquid oxygen, nitrogen, hydrogen, and helium tanks. It is known that the temperature of the
liquids is in the range of 90 K to 4 K and few materials can stand the cryogenic temperatures.
The major advantages of using the FRP composites to other materials as the tanks are that the
composites have a lighter weight and are more corrosion resistance. The future is expected to

bring more widespread use in tanks, as well as in vessels operating at higher pressures than at



present. This will probably lead eventually to applications in separators and other high pressure

processing equipment where thermal and corrosion requirements can be very demanding.



CHAPTER TWO

Material Characteristics and Stress/Strain Constitutive Relation in FRP

Composites

2.1 Fibre-Reinforced Composite

Figure 2.1 schematically shows a simple on-axis unidirectional composite lamina
reinforced with continuous fibres (black strips) which are initially well bonded to the
matrix so that, under load, fibres and matrix deform together. The applied load is
transferred to the matrix and fibres, and the stress on the composite, o,., can be expressed

by the rule of mixtures:
0. = 0V + 0, (1 — Vy) (2.1)

where oy and o, are the stresses in the fiber and the matrix, respectively. In Equation
(2.1), Vy corresponds to the volume fraction of the fiber, and (1-¥)) represents the matrix
volume fraction or V,,. Generally, when the fibres make an angle with the load direction,

the composite is called an off-axis unidirectional fibre-reinforced composite.

A N

>
Load Load

Figure 2.1: A simple on-axis unidirectional composite lamina under tensile loading.



In most practical composites, the high-performance reinforcing fibres are regarded as
being brittle, i.e., they deform elastically to failure, showing little or no non-linear
deformation. In metal- and polymer-matrix composites, the matrix is usually capable of
some irreversible plastic deformation, and, in such materials, the matrix failure strain is

usually much greater than that of the fibres.

Figure 2.2 illustrates the difference between stress-strain properties of a composite
material and its fibre and matrix phases. In the figure, €. corresponds to the fracture
strain of the composite under a uniaxial tension load. The stiffness of matrix by itself is
very low. As fibres are reinforced within the matrix phase, the resulting material becomes
a composite with much higher stiffness and strength. Reinforcement fibers with different

stiffness can dramatically change the mechanical properties of composites.

.
>

Composite

Matrix

v
3]

Figure 2.2: Schematic illustration of the stress-strain curves of composite and its fibre

and matrix phases.

When reinforcing fibres are loaded perpendicularly to the fibre direction, commonly
referred to as the transverse direction, the entire load is not transmitted through the fibre
and failure is controlled by rupture or plastic flow of the matrix, or by fibre/matrix
separation, and, therefore, the strength of the composites in this direction is relatively
weak. In other words, transverse properties of a composite depend on the strength of the
interface bond between the fibres and the matrix. If this bond is weak, the transverse
properties of the composite material are poor, and poor interface leads to poor transverse

strength. Progressive failure of the interfaces leads to what can be interpreted as low
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stiffness in the transverse direction. A poor interface results in high resistance to thermal
and electrical conduction. Considerable research is directed toward improving the bond at
the interface between the fibre and matrix by treating the surface of the fibre before it is

combined with the matrix material to form a composite [18].

The type of fibre and matrix, the strength of fibre/matrix interface, and the fibre
orientation and concentration have crucial effects on the strength and stiffness of
composites including FRP composites. To understand these effects more clearly, the
properties of two extensively used FRP composites, namely, glass fibre-reinforced
polymer (GFRP) and carbon fibre-reinforced polymer (CFRP) composites, are discussed
in the following sections. The effects of fibre orientation on stiffness and strength of the

materials are also briefly addressed.
2.1.1 Mechanical Properties of GFRP and CFRP Composites
2.1.1.1 Glass Fibre-Reinforced Polymer Composites

The GFRP composite, popularly called “fibreglass”, is simply a composite consisting of
glass fibres contained within a polymer matrix such as polyester, vinyl ester, and epoxy.
The glass that is drawn into fibres is generally composed of SiO;, Al;O3, and smaller
amounts of other oxides. The glass fibre type “E” is the most widely used for composites
[19]. It has good physical and electrical properties and reasonable weathering ability. In
Table 2.1, some typical properties of E-glass fibres are given. There are also other types
of glass including “A” and “S”. “A” is a soda-lime glass with poor physical and electrical
properties, but it has good resistance to acid attack and is also inexpensive. “S” glass, a
silica alumina magnesia mixture, has better strength properties than the others and can be

used at higher temperatures, but it is more expensive [4].

Glass fibres for composites have a good combination of properties: moderate stiffness,
high strength, and moderate density. Most fibreglass materials are limited to service

temperatures below 200°C. To improve the stiffness of GFRPs and their service



temperature to approximately 300°C, high-purity fused silica for the fibres and high-

temperature polymers such as the polyimide resins are used [20].

Table 2.1: E-glass fibres properties [18].

Properties Value Properties Value

Fibre diameter | 10-20 um [19] | Coefficient of thermal expansion | 4.7-5x 10 /°C

Tensile strength | 1.4-3.45 GPa Dielectric constant at 1 MHz 6.4
Elongation 1.8-3.2 % Thermal conductivity 1.04-1.3 W/m/°C
Tensile modulus | 72.4 GPa Density 2540 Kg/m®
Poisson’s ratio 0.2 Hardness (Vickers 50g-15g) 5.6

2.1.1.2 Carbon Fibre-Reinforced Polymer Composites

The advent of high-modulus carbon (graphite) fibres obtained from continuous
polyacrylonitrile (PAN) filaments has caused considerable technical interest in recent
years. Although a continuous spectrum of fibre strength and modulus values can be
obtained by varying the process details, especially the maximum temperature at which
the fibres are pyrolyzed, they are usually marked in the three basic forms often referred to
as Types 1, 11, 1II fibres. For practical purposes, the fibres can only be used in conjunction
with polymeric matrices such as epoxy and polyester resins. Typical properties of carbon

fibres are given in Table 2.2.

It should be noted that the high modulus of carbon fibres causes more anisotropy in
strength, modulus, and thermal expansion coefficients than similar composites
incorporating glass fibres. For instance, as seen in Table 2.2, the thermal expansion of
carbon fibres is negative in the longitudinal direction, and it is positive in the transverse
direction. For a given type of fibre, the axial tensile strength and modulus of a composite
depends on the volume fraction of fibres and only to a slight extent on the resin system

employed. The axial compressive strength is substantially lower than the tensile strength.
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Table 2.2: Carbon fibres properties [18].

Properties Value Properties Value

0.5 x 10 /°C
_ Longitudinal and (transverse) .
Fibre diameter | 4-10 um [20] . . and (7-12 x 10"
coefficient of thermal expansion

/°C)
Tensile strength | 2.4-2.9 GPa Specific heat 950 J/Kg/°C
Elongation 1 % Thermal conductivity 20 W/m/°C
Tensile modulus | 228-276 GPa Density 1950 Kg/m’
Poisson’s ratio 0.3 Shear modulus 5.5 GPa

2.2 Strains and Stresses

Fibre reinforced polymer (FRP) composites consist of continuous or discontinues brittle
fibres embedded in a matrix. Such a composite is heterogencous (i.c., the properties vary
from point to point). On a scale that is large with respect to the fibre diameter, the fibre
and matrix properties may be averaged, and the material may be treated as homogeneous.
The material is considered to be quasi-homogeneous, which implies that the properties
are taken to be the same at every point. These properties are not the same as the
properties of either the fibre or the matrix but are a combination of the properties of the

constituents.

The study of the stress-strain response of a single layer is assumed to be equivalent to
determining the relations between the stresses applied to the bonding surfaces of the layer
and the deformations of the layer as a whole. The strain of an individual fibre or element
of matrix is of no consequence to this level of analysis. The effect of the fibre
reinforcement is smeared over the volume of material, and it is assumed that the two
materials, fibre-matrix system, are equivalent to a single homogenous material. This is an
important concept because it makes the analysis of a fibre-reinforced composite easier.

Equally important is the fact that this single material does not have the same properties in
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all directions. A composite system is obviously stronger and stiffer in the fibre direction
(direction 1) than in the matrix directions (directions 2 and 3) (See Figure 2.3). In
addition, just because the matrix directions are both perpendicular to the fibre direction,
the properties in these two directions are not necessarily equal to each other. A material
with different properties in three mutually perpendicular directions is called an
orthotropic material. Hence, a layer with this characteristic is said to be orthotropic [18].
The 1-2, 1-3 and 2-3 are three planes, and the material properties are symmetric with

respect to each of these planes.

In this chapter, equations are presented for calculating the stress and strains when the
structure undergoes only small deformations and the material behaves in a linearly elastic
manner. A unidirectional FRP composite consists of fibres reinforced within the matrix
phase with an off-axis angle & with respect to the applied loading axis. It is therefore
convenient to employ two coordinate systems: a local coordinated system aligned, at a
point, with the fibres and a global coordinate system attached to a fixed reference point.
Figure 2.3 presents global and local coordinate systems used for fibrous composites. The
local and global Cartesian coordinate systems are designated by 1, 2, 3 and x, y, z axes,

respectively.

In the x, y, z coordinate system, the normal stresses are denoted by Oy, Gyy, G, and the
shear stresses by Txy, Tyz, T2x. Accordingly, the corresponding normal and shear strains are
Exx> Eyys €2z AN Yxy, Vyz, Yzx- In the 1, 2, 3 principal material coordinate system, the normal
stresses are denoted by o, 02;, 633 and the shear stresses are denoted by 1y, 123 T32. The
corresponding normal and shear strains are €1, €22, €33 and yi2, Y23, Y31, respectively. The
symbol y represents engineering shear strain. Figure 2.4 presents all tensorial stresses in
X, ¥, z and 1, 2, 3 coordinates. Based on the figure, the stiffness matrix, [C], which is
obtained by the generalized Hook’s law relation for anisotropic materials is a square
matrix and has 36 constants. Moreover, the compliance matrix, [S], defined by the
inverse of the stress-strain relations is also a 6 by 6 matrix with obviously 36 elements. In
this thesis, Cj; and Cij are considered as the elements of the stiffness matrix in 1, 2, 3

coordinates and x,y, z coordinates, respectively. And, S; and 5‘,, are considered as

11



the elements of the compliance matrix in 1, 2, 3 and x, y, z coordinates, respectively.

A Oz
0G33
T
zx/ = Yz
Tz 1 j—-» — Y
o.
o\ 2
P L :/
P 022\ 2

Figure 2.4: The stresses in the global x, y, z and the local 1, 2, 3 coordinate systems [21].

It is noteworthy that, for elastic materials, the stiffness and compliance matrices are
symmetric, so only 21 of the 36 constants are independent. In the next section, it will be
shown that the matrices can be turned into 3 by 3 matrices for unidirectional FRP
composites under plane stress conditions. The tensile stress-strain curves for a glass fibre,

polyester resin, and on-axis UD GRP composite are illustrated and compared with each
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other in Figure 2.5. These curves show that the glass fibre is a brittle material and has a
linear behavior until failure, but the polyester resin is ductile and shows a nonlinear

stress-strain curve.
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Figure 2.5: Stress-strain curves of polyester resin, glass fibre, and GRP composite: (a)

matrix: polyester, (b) fibre: glass fibre, and (¢) GRP composite [21].
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Figure 2.6a presents the tensile stress-strain curve for a 0° (on-axis) CFRP composite.
The curve is almost linear until failure which shows that fibre properties are dominant.
Figure 2.6b presents the shear stress-strain curve of the CFRP composite, which is non-
linear, and this non-linearity is due to matrix ductility. It is noteworthy to express that, in
a tension test, the Young’s modulus or moduli, £, can be obtained from the slope of the
stress-strain curve in the elastic region (i.e., £ = o/¢), and in a shearing test, the shear

modulus or moduli, G, will be obtained as G = 1/y.

1000 T T T T

Giraphite epoxy 0 deg Graphite epoxy
EI=.]2'.I'5§7 MPa : : (].‘HSRM MPa
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Figure 2.6: Stress-strain response for CFRP composite: (a) tensile test, and (b) shear test

[21].

2.3 Effect of Fibre Orientation on the Strengths of Unidirectional FRP Composites

As it was mentioned in the previous section, the stiffness and compliance matrices for
anisotropic materials are square matrices with 36 elements. However, in case of having a
unidirectional lamina, as seen from Figure 2.3, the planes of material property symmetry
are increased, and most of the 36 elements become zero. Moreover, since the lamina
cannot withstand high stresses in any direction other than that of the fibres, the stress
components in the z and 3 directions can be considered negligible. Therefore, to analyze

the strengths of off-axis UD FRP composites, the plane stress condition can be
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considered. Figure 2.7 represents an off-axis UD specimen under the plane stress

condition of 6, = Ty, = T,x = 0 and oy, Oyy, and T,y # 0. M,y is the moment in x-y plane.

Gyy o
A
F, %
. ‘:; ¥ e o
| =
-
N R
A 4
Off-Axis Stresses On-Axis Stresses

Figure 2.7: An off-axis UD specimen under plane stress condition.

The word “strengths™ used in this section is referred to the elastic moduli and the ultimate

tensile strength.
2.3.1 Young’s and Shear Moduli of Off-Axis Unidirectional FRP Composites

Based on the plane stress condition, the relationships between stresses and strains in the

x-y and 1-2 coordinate systems are written as Equation (2.2) and (2.3), respectively.

Exx 3:11 S12 Si6] [0xx
Eyy [ = |S12 522 S26 \ ] (2.2)
Vay Si6 Sz6 Ses
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S11 S12 077911
522 S1?_ 522 0 ||o22 (2:3)
Y12 Seel LT12

Due to the plane stress condition, the stiffness matrices in Equations (2.2) and (2.3) are 3
by 3 matrices. Recalled form elementary mechanics of materials, the transformation
matrices for expressing stresses and strains in an X-y coordinate system in terms of
stresses and strains in a 1-2 coordinate system can respectively be defined as Equations

(2.4) and (2.5):

Oxx cos26 sin@ —2sinfcosf 1[%11
Iayy = [ sin%0 cos?6 2sinfcos6 l 1922‘ (2.4)
Txy sinfcos® —sinfcosf cos?H — sin?6J LT12
cos%6 sin%6 —sinfcosf | [€11
[ ‘ [ sin%@ cos?@ sinfcos@ ] [522 (2.5)
Vxy 2sinfcosd —2sinfcosf cos?6 — sin?6l L¥12

where @ is the angle between the x-axis to the 1-axis (see Figure 2.7). Using Equations

(2.2)~(2.5), Sjj in Equation (2.2) can be derived from the following Equations:

S11 = S11€05%6 + (2515 + Se6)sin%Bcos? + S,,sin*6 (2.6)
S12 = S12(sin*6 + cos*6) + (511 + Sy2 — Sg6)sin?Bcos?6 (2.7)
So2 = S115in*0 + (281, + See)sin?fcos?6 + Sy, c0s%0 (2.8)
Si6 = (2511 — 2512 — Sg6)sinfcos>0 — (25,5 — 2515 — Sg6)sin3Gcosh (2.9)
Syc = (2811 — 2513 — See)sin30cos6 — (28,5 — 2512 — See)sinfcos®0 (2.10)
See = 2(2811 + 25,5 — 4515 — Se6)sin%0c0s20 + Sgg (sin*6+cos*0) (2.11)

In Equation (2.3), S11, S12, S22, and See are equal to the following material properties:

1 Vi2 V21 1

11 El 12 El EZ 22 EZ

where, vi2 is the Poisson’s ratio defined as - £3,/€;;. So, the relations between the material

properties in x-y and 1-2 coordinates can be calculated by Equations (2.13)—2.16).
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1 1 1 2v 1
= —cos"0 + (— - J) sin®fcos®6 + E—sin49 (2.13)

E. E Gz E 2
v 1 1 1
Vig = Ej [Ele (sin*6 + cos*6) — (-E—I + 5 —G—]z) sin29c0529] (2.14)
1 1 1 2v 1.
— = —sin*6 + (—— - 12) sin’fcos®6 + — cos*6 (2.15)
E, E; Gr2 1 E;
4 2(2+2+4v12 1)'29 2 4 L (sin*6+cos*0 2.16
— =2t —=—F——— 526 + — ;
G ETRTE s sin“fco e sin cos"0) ( )

In the following, using the above equations, the variations of the shear modulus and
Young’s modulus for an off-axis GRP and CFRP composite are calculated and shown as
a function of the off-axis angle. As Figures 2.8 and 2.9 show, the modulus of elasticity
initially possesses the highest value at 0° on-axis angle where the fibres are oriented
along the loading axis. The magnitude of the Young’s modulus decreases as the off-axis

angle increases. Moreover, the figures represent an initial increase of the shear modulus
as the off-axis angle increases from zero to a maximum value of 45°. Beyond an off-axis
angle of 45°, the shear modulus keeps decreasing as the off-axis angle increases from 45°
to 90°. At 90° off-axis angle, the shear modulus becomes as small as the shear modulus

achieved at 0°.
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Figure 2.8: (a) The Young’s modulus and (b) the shear modulus of GRP as off-axis angle
changes [21].
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Figure 2.9: (a) The Young’s modulus and (b) the shear modulus of CFRP composite as
off-axis angle changes [21].

2.3.2 Ultimate Tensile Strength of Off-Axis Unidirectional FRP Composites

Figure 2.10 represents the tensile strength for GRP and CFRP composites. It can be observed
that the tensile strength is maximum for 0° plies and drops rapidly with increasing off-axis
angles to 90°. The initial dominant failure is due to fiber failure, while the higher off-axis

angles failure of the composites is mainly due to matrix cracking.
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Figure 2.10: Variation of tensile strength versus off-axis angles for GRP and CFRP [21].
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To model the ultimate tensile strength of unidirectional fibre-reinforced composites as a
function of off-axis angle, many criteria have been proposed. One of the criteria is the so
called Tsai-Hill static failure criterion [22,23]. Hill proposed a yield criterion for

orthotropic materials [24]:

(G o H)O'lzl + (F + H)O’%z + (F + 6)0'3?3 = 2HU]10'22 = 260110’33 - 2F0'220'33 +
2Lt%; + 2Mti; + 2Nth, = 1 (237)

Terms F, G, H, L, M, and N are regarded as failure strengths. If only o, acts on the body,
then, because its maximum value is considered as the ultimate tensile strength in the fibre

direction, X
1
(G+H) = X2 (2.18)
Equation (2.19) is achieved when o5, is applied:
1
(F+H) =— (2.19)

where Y is defined as the ultimate tensile strength transverse to the fibre direction.

Similarly, if only o33 acts and the strength in the 3-direction is denoted as Z, then

1
(F+G) = 77 (2.20)
When shear stress 12 is dominantly applied on the body, Equation (2.21) is obtained:
1
2N = 57 (2.21)

In Equation (2.21), S is defined as the shear strength acting in 1-2 coordinates. Strengths
L and M are also determined using a similar equation to (2.21). The ultimate shear
strengths in the 2-3 and 3-1 planes are called U and V, respectively. Using Equations
(2.18), (2.19), and (2.20), the following relations between F, G, H and X, Y, and Z are

determined:
1 1 1 i 1 i | 1 1

By considering a plane stress condition in the 1-2 plane of a unidirectional lamina with
fibres in the 1-direction, the following relations are obtained:
033=T23=T31=Z=U=V=0 (2.23)

and
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Ull,X =0 022,Y #0 T12, S # 0 (2.24)
Substituting Equations (2.18)—(2.22) into Equation (2.17) results in:

2 2 z
o, 1 1 92 T2
_Xlz - (—Xz + _YZ) 011077 + _Yz + ——;2 =1 (225)

Since Y ?is much smaller than X 2, Equation (2.25) can be rewritten as:

2 2 2
011 011022 O  T12
= +.....Y2 +__52 =1 (2.26)

Figure 2.11 presents an off-axis composite subjected to axial load in the x direction.
-
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Figure 2.11: An off-axis UD specimen under uniaxial tension and plane stress condition.

The stress-transformation equations for the in-plane stresses in 1-2 and x-y coordinates

are defined as:

017 = 0y, C0s%0
Oyp = OyySiN?0 (2.27)

T12 = —0y, C0SOsing
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By substituting the relations of Equation (2.27) into Equation (2.26), the Tsai-Hill failure

criterion for uniaxial off-axis strength is obtained as:

cos'd 1 1 ap . g, SiN'G 1
e ( ——) cos“fsin“f + =

s~ e (2.28)

In Equation (2.28), oy is the ultimate tensile strength of the UD composite with the off-
axis angle ¢ [24]. The ultimate tensile strength at room temperature (RT), is also denoted
as o, (6, RT) for a given off-axis angle #. In Chapter 4, the effect of temperature

variations on the Tsai-Hill failure criterion will be discussed.
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CHAPTER THREE

Fatigue Damage and Temperature Effect in FRP Composites

3.1 The Concept of Cumulative Fatigue Damage in FRP Composites

“Under cyclic tension-compression excursions, matrix cracks are formed as an initial stage of
micro-damage process, which affects the residual strength and the life of a given laminate.
Damage initiation in the form of microcracks is normally formed at a local micro-defect such as
misaligned fibres, resin-rich regions or voids created during fabrication process. Once initiated,

matrix cracks grow in a multiple mode and number within the matrix over the life cycles.” [9]

Damage accumulation continues as more cracks integrate until they encounter a fibre, leading to
matrix-fibre phase. Damage progress at this stage may cause matrix-fibre debonding and more
reduction in the stiffness of composite laminates. The later stage of damage development is
typified by an increasing rate of progression of all damage modes resulting in catastrophic fibre
failure. The progressive development of damage during fatigue life can be overviewed with the
aid of Figure 3.1, which represents the development of damage during the fatigue life of

unidirectional composite materials [9].

Damage, D

Failure

Matrix

XX &

= Number of Cycles, N

Figure 3.1: Three regions of cracking mechanism in unidirectional composites.
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In region I, multiple crack initiations within the matrix are grouped together during the first 20%
of the fatigue life. Region II commences as matrix cracks reach the vicinity of fibre. As the
number of cycles increases, the crack grows along the fibre-matrix interface. This region is
characterized with a larger life span and a lower slope of damage progress. In region 111, with a
shorter life span, fibre breakage occurs shortly after damage has been accumulated during
regions I and 1II [9]. Generally, this mechanism is applicable for almost all kinds of laminated

fibre-reinforced composites.

The long-term behaviour and damage mechanisms of fibre-reinforced polymer (FRP) composite
materials have widely been researched by material engineers/scientists over the past thirty years.
The fatigue behaviour of FRP composites is a complex process involving various changes in the
microstructure of the material, before leading to different damage modes/types of failure. The
damage process in FRP composites under fatigue loading is a combination of various damage

modes, such as matrix cracking, fibre breakage, delaminations [18].

Any physically based damage model for a composite must use contributions from individual
constituents as building blocks to determine the overall damage to the composite. The peculiarity
of damage is that the three constituents of FRP composites (matrix, fibre-matrix interface, and
fibre) do not fail simultaneously. This is explained by their differing mechanical properties [9].
Among different types of fatigue damage models, the concept of cumulative damage may be
used as the most suitable approach to analyze and predict the fatigue behaviours of composite
materials. It has been observed that the cumulative fatigue damage of composite materials can be
measured in terms of stiffness reduction. Therefore, the quantitative evaluation of the fatigue

damage can be shown as:
- En
D = E (3.1)
where D is cumulative fatigue damage, E is the initial Young’s modulus of the undamaged
material, and Ey is the Young’s modulus of the damaged material in cycle N . Thus, the extent
of damage can be quantified by measuring the Young’s modulus of the material. It is concluded

from Equation (3.1) that D is between 0 and 1. When there is no damage, D equals 0, and when

the material is fully damaged and divided into two parts, D becomes 1.
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3.2 Fatigue Damage Models for FRP Composites
- 3.2.1 Ramakrishnan- Jayaraman Model
The mechanical behaviour of a composite material depends upon the response of its constituents,

namely, the fibre, the matrix and their interface. Ramakrishnan and Jayaraman [8] have

developed a stiffness-based damage model based on individual constituents as building blocks to

determine the overall damage to the composite. In their model, a combination of logarithmic and
linear decay functions of time (or cycles) was associated with the stiffness drops for the different

damage processes. The total damage (D) as a function of the number of fatigue cycles (V) was

described as:
E,V, In(N+1) E.V, N EfVy Tappl ln(l_ﬁ%)
— m¥m _ f* mim g£* [ 7 . _app
D—{ o f)]n(Nf)}+{ = (Nf)}+ e (1 %) m(L) (3:2)
N
P

where Ny = fatigue life or number of cycles to failure,
E,, = Young’s modulus of matrix,
E;= Young’s modulus of fibre,
Vn = volume fraction of matrix,
Vi = volume fraction of fibre,
E.= Young’s modulus of composite,
f " = fibre/matrix interface strength parameter, (0 < f = 1),
Oappr = applied tensile fatigue stress, and

o = ultimate tensile stress.

Equation (3.2) has three parts: a linear part between two logarithmic parts as shown in Figure

3.1. The first part is associated with the matrix degradation; the second part represents the

fibre/matrix interface cracking; and, the third part is associated with the fibre failure/pull-out.
This model has originally been developed for ceramic-matrix composites and is not applicable
when composite specimens are subjected to loading with mean values. The Ramakrishnan-

Jayaraman model is also used for on-axis loading conditions, restrictedly.
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3.2.2 Varvani- Shirazi Model

The change of the fibres angle in respect to loading direction in a composite can change the
strength of the composite. As the angle @ is increased from 0° to 90°, the stiffness of the
composite is decreased. The effect of mean stress on fatigue damage is also crucially important.
Varvani and Shirazi [9] have further developed the Ramakrishnan and Jayaraman fatigue damage

model to include the effect of both fibre orientation and mean stress as:

o[- (-2 @)

ln(l HN )
EfVycos 6 (1 _ Omax (1—R)) k' (3.3)

E. 204 ]n( 1 )
nN
I

where Ny = fatigue life or number of cycles to failure,

n = the assumed percentage of run-out or drop in stiffness,
6 = the angle between the fibre and the load direction,

E,, = Young’s modulus of matrix,

Er= Young’s modulus of fibre,

V,» = volume fraction of matrix,

V= volume fraction of fibre,

E.= Young’s modulus of composite,

/" = fibre/matrix interface strength parameter,

Omax = Maximum fatigue stress,

R = stress ratio (Gmin/ Omax),

o = ultimate tensile stress.

When the material under fatigue loading is fully damaged and divided into two parts, D becomes
1. It is always crucial to prevent failure due to fatigue cycles. Since damage in composites is
characterized by three stages and a fast failure occurs in the last stage, researchers usually

monitor cracking/damage to a certain percentage of drop in stiffness. Stiffness drop is a method
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 to control damage and prevent catastrophic failure. In Equation (3.3), the term n corresponds to
 the percentage of drop in stiffness recorded for a fatigue test. This mainly shows to what extent
the stiffness drop versus fatigue cycles has been controlled/measured before final failure. For
instance, by considering the degradation up to sixty percent of the real damage life (60%), term »

= ((},6)'] = 1.67. Then, the number of cycles considering term » is modified as nN;.
3.3 Effect of Temperature on Fatigue Damage

Fatigue damage D in Equation (3.3) is developed as a function of the maximum applied stress
Omax» Number of loading cycles N, load or stress ratio R, and material and structural properties,
such as Young’s modulus E, volume fraction V, and fibre orientation #. Equation (3.3) can be

further modified including the effect of temperature 7, i.c.;
D = D(0y;4:,N,R,E,V,0,T, ...) (3.4)

In Equation (3.3), three parameters including Young’s modulus of the composite, E., composite
ultimate tensile strength, o,4, and the fatigue life of composite, N, were found to be temperature-
dependent. Substituting the temperature dependent parameters in Equation (3.3), the fatigue

damage equation can be expressed as:

. _Eflffcosﬂ e In(N+1) _Efocosﬂ . N
D_{(l Ec(T) )(1 f )ln(an(m}"L{(i Ec(T) )f (nN;(T))}+

N
EfVycos 6 (1 _ Omax (l—R)) '“(1 N f(T)) 3.5)
Ec(T) 203 () ,n( 1 ) ‘
nN ¢ (T)

To recognize the effect of temperature in Equation (3.5), the functions of E. (7), 6.4 (T), and Ny

(T) are required to be expanded. The next chapter will discuss these functions in detail.

3.4 Effect of Temperature on Young’s Modulus and Tensile Strength

Fibre-reinforced polymer composites fall into the class of viscoelastic materials. It means that
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they respond to external forces in a manner intermediate between the behaviour of an elastic
solid and a viscous liquid. An elastic solid has a definite shape and is strained by external forces
instantaneously; once the forces are removed, it returns to its original state. By contrast, a
viscous liquid has no definite shape and flows under the application of external forces
irreversibly. The viscoelastic materials (e.g., FRP composites and polymers) can show both the
properties of an elastic solid and a viscous liquid and all the intermediate properties depending
on the temperature and strain rate. In the following sections, the effect of temperature on two of
the materials properties, namely, the Young’s modulus and tensile strength, will be discussed in

detail.

3.4.1 Young’s Modulus and Temperature

Generally, elastic moduli can be divided into: Young’s modulus or moduli (£), shear moduli (G),
and bulk moduli (B). The Young’s moduli also include: tensile modulus (E;), compressive
modulus (E¢), and buckling modulus (£;). The variation of temperature has a very significant
effect on the elastic moduli and specially Young’s moduli of fibre-reinforced polymer

composites.

In composites, the polymeric matrix is profoundly influenced by temperature change. Figure 3.2
schematically illustrates the effect of temperature on the Young’s modulus of a typical polymer.
As it is seen, by increasing the temperature, the Young’s modulus is decreased; however, the
variation is not linear. Below a specific temperature called the glass transition temperature (7)
of the polymer, the material is brittle or has a glassy state and shows an elastic behaviour. Above
T,, the polymer is ductile or has a rubbery state and behaves plastically. In the two cases, the
variation of the Young’s modulus with temperature is linear. However, between the two regions,
there is a narrower region in which the material demonstrates a viscoelastic behaviour. Also,
there is another narrow region above the rubbery state and around the melting point (7},) of the
polymer in which the material melts and flows as a liquid; in this case, the Young’s modulus is
the lowest and goes to zero. In both the flow and viscoelastic regions, the Young’s modulus-
temperature relation is not linear. Then, generally, the change of temperature divides the

modulus-temperature diagram into the four regions of glassy, viscoelastic, rubbery, and flow. It
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is also noteworthy that the same regions occur with the change of the time-scale or strain rate on
the Young’s modulus-time diagram, as discussed in Refs. 25 and 26. The effect of strain rate on

Young’s modulus and other mechanical properties is not discussed in this research.

Figure 3.3 typically shows the effect of temperature on the Young’s modulus of FRP composites
with different lay-ups.
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Figure 3.2: Temperature dependence of Young’s modulus in a typical polymer.
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Figure 3.3: Temperature dependence of Young’s modulus in typical laminated FRP composites.
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As shown in Figure 3.3, due to the fibre dominancy, the Young’s modulus of the typical 0° lay-
up remains unchanged with changing temperature by the matrix melting point. In other words, in
an on-axis unidirectional laminated FRP composite, the great portion of the load is supported by
the fibres. Since, the modulus of the fibres remains almost unchanged at temperatures below the
melting point of the matrix, the modulus of the composite does not show considerable change. It
is obvious that around the melting point, the matrix starts melting down. Therefore, the Young’s
modulus dramatically reduces. The 90° lay-up is matrix dominant at which the polymeric matrix
severely degrades as the operating temperature increases. Any composite lay-up between 0 and

90 shows an intermediate response of modulus versus temperature change.

3.4.2 Ultimate Tensile Strength and Temperature

Riley et al. [27] defined the ultimate tensile strength (o,,) of a material as the maximum tensile
stress (based on the original area) developed in the material before rupture. The definition, by
replacing “tensile stress” with “compressive stress” or “shearing stress”, can also be used for the
ultimate compressive strength or ultimate shear strength of the material, respectively. One of the

main parameters which affects the ultimate strengths of FRP composites is temperature.

As Shen and Springer [28,29] declared, the effect of temperature on the ultimate tensile strength
of laminated FRP composites is very similar to that on Young’s modulus. It means that in Figure
3.3, by replacing “Young’s modulus” with “Ultimate tensile strength” in the vertical axis, the
same interpretations and conclusions can be rewritten for the ultimate tensile strength of the
materials. In the next chapter, the formulations of the ultimate tensile strength and Young’s

modulus of the composites at different temperatures are presented.
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CHAPTER FOUR

Temperature Dependent Fatigue Damage Model and its Parameters for FRP
Composites

4.1 Mechanical Properties and Temperature Effect

The effect of temperature on the static and fatigue strengths of FRP composites and polymers has
been studied by several researchers [25,26,30-32]. In these studies, either the Williams-Landel-
Ferry (WLF) equation or an Arrhenius equation was employed to introduce a shift factor. The

shift factor includes the effect of temperature on mechanical properties of polymers.

Based on the WLF equation, the shift factor a(T') is expressed as:

loga(T) = % (4.1)
where, T is temperature, 7y is the reference temperature which has typically been supposed as 7,
and the constants C; and C,, originally thought to be universal constants, have been shown to
vary rather slightly from polymer to polymer. A list of C; and C, for some polymers has been
presented in Ref. 31. These constants have experimentally been measured at 7 = 7,. The WLF
equation is usually suitable for the temperature range of 7, < 7 < T,+100 K [32]. Therefore, it is

normally used to predict the effect of temperature on the mechanical properties of the bulk

polymers in the viscolastic and rubbery regions only (see Figure 3.2).

For polymers at temperatures above 7,+100 K, the Arrhenius equation is used:

loga(T) = ——mr (1 1) 4.2
e T (42)

where, G is the gas constant, 8.314 [J/K.mol], AH [J/mol] is the viscoelastic activation energy

of the polymer, and 7j is the reference temperature where 7y # T,. The Arrhenius equation is
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usually applicable for rubber-like and liquid polymers.

The disadvantages of both WLF and Arrhenius equations are that: first, they are usually suitable
for bulk polymers not composites; second, they are normally applicable in temperatures above
the glass transition temperature of the polymer; and third, to obtain the constants in either
equations, many experimental measurements are required. Therefore, to predict the mechanical
properties of FRP laminates at various temperatures, it is essential to develop a model which is
applicable to the composites, valid to a wider range of temperatures, and requires less

experimental measurements.

4.2 The Proposed Temperature Dependant Relations for Monotonic Properties

In viscoelastic polymers, the shift factor, a(T), is usually employed to predict the behaviour of
the tensile viscosity #(T) of a polymer at different temperatures as:

n(T) = a(T)n(Ty) (4.3)

where, #(Ty) 1s the tensile viscosity at the reference temperature, and a(T) is the shift factor
obtained by Equations (4.1) or (4.2). It is obvious that a relation such as Equation (4.3) can be
written for any mechanical property of a material. Therefore, by rewriting Equation (4.3) for the

ultimate tensile strength and the Young’s modulus of laminated FRP composites, we have:
0wt (T) = a(T)oy (To) (4.4)
and
E(T) = a(T)E(T,) (4.5)

In the above two equations, o, (T) and E(7) are, respectively, the ultimate tensile strength and
the Young’s modulus at an arbitrary temperature; o, (To) and E(Tp) are the values of the

physical parameters at the reference temperature.

Equations (4.3)-(4.5) are employed to identify material properties at any arbitrary temperature.
These equations require both the reference temperature and the shift factor as known parameters.

To formulate ¢,,(T) and E(T) in laminated FRP composites, a new relation for the shift factor,
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a(T), is proposed as:

a(T) = l_m( _1.{._:1)111

where, T is temperature, 7p denotes the reference temperature, and 7, is the polymer melting

(4.6)

temperature of the composites, all in Kelvin. Constant C in Equation (4.6) is defined based on

the mechanical property as:

C = (oi“:‘:—(% - 1) (4.7)
and
= (5 ((7?) . 1) (4.8)

In these equations, g, (0) and E(0) are the ultimate tensile strength and the Young’s modulus at
absolute zero temperature (0 K = -273°C), respectively. Terms o, (7)) and E(T}) correspond to

values of the physical parameters at the reference temperature.

Based on Equations (4.6)-(4.8), Equations (4.4) and (4.5) can be rewritten as follows:

Fef-1) (-1

3“"3
S

Oute (T) = oy (To) |1 - » (1 —-TZ“-) In ( _;_0) (4.9)
and
EO 4 o
E(T) =E(Tp) |1 - (E(TO) = )In (1 ;’“) (4.10)
In(1- ﬁ) (1- ﬁ)

Equations (4.9) and (4.10) are the models which predict the amount of the ultimate tensile

strength and the Young’s modulus of laminated FRP composites at different temperatures.
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4.3 The Elements of Proposed Temperature Dependent Relations
4.3.1 Temperature Variables

Before the evaluation, mentioning some points about the properties of Equations (4.9) and (4.10)
is necessary. In the equations, temperature 7 is an arbitrary temperature. As 7 changes, the
tensile strength and the Young’s modulus change. Note that 0 K is theoretically the coldest
temperature, and 7, is the polymer melting point of the composite. This addresses the

temperature range of composites from the glassy state to the flow.

In Equations (4.9) and (4.10), the reference temperature 7, has been taken as room temperature
(RT = 20-27°C or 293-300 K). Therefore, in the evaluation of the model in the next chapter, 7 is
taken as RT. The values of o, (RT) and E(RT) are readily obtained from rather less expensive
tensile tests of composite materials. Taking 7 below or above RT to measure o, (To) and E(Ty)

1s also possible; however, it involves more costly and complicated tensile tests.
4.3.2 E(Ty) and 0,4 (Ty) and Temperature Effect on Tsai-Hill Relationship

The parameters of E(To) and o, (To) are influenced by composite laminate lay-ups. For
unidirectional laminates, the Tsai-Hill static failure criterion [22,23] can be employed to
calculate a4, (To) at Tp = RT as an alternative for measuring the parameter. The ultimate tensile
strength predicted by this criterion for a unidirectional (off-axis) composite laminate at RT and

plane stress condition is expressed as:

1
0w (6,RT) = , _ , (411)
cos*(8) cos?(0)sin?(0) , sin*(8) , sin?(6)cos?(6)
X2 X2 Tyt 52

where, X and Y represent the ultimate tensile strength of the composite laminate along the fibre
and transverse to the fibre directions, respectively, and S denotes the ultimate shear strength. The
angle between the fibre and load direction is denoted as 6. The values of axial and transverse
tensile strengths and shear strength of an on-axis (¢ = 0°) laminate are determined and used as

inputs of Equation (4.11) to calculate the ultimate tensile strength of off-axis (6°) laminates.
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Equation (4.11) can be substituted into Equation (4.9) to represent a general form of Tsai-Hill

static failure criterion in which the effect of temperature has been considered.
4.3.3 Constant C in Shift Factor Relation

The constant C in Equation (4.6) corresponds to the sensitivity of material or mechanical
property to temperature variation. The constant defined in Equations (4.7) and (4.8) is a function
of 6, (0) and o, (7o) or E(0) and E (75). In both cases, by knowing the amount of the mechanical
properties at 0 K and 7y (7, is normally assumed as room temperature), the corresponding

constant is achieved.

The measurement of ¢,,(0) or E(0) at absolute zero (the coldest temperature) is theoretically
possible. The temperatures of liquid oxygen, nitrogen, hydrogen, and helium are about 90 K, 77
K, 22 K, and 4 K, respectively. Using advanced cryogenic equipment, temperatures as low as 4
K (using liquid helium) are achieved to obtain ,,(4) and E(4), which are close enough to values

of 0,4(0) and £(0).

In Equations (4.7) and (4.8), where 6,4(0) = 6.(RT) and E(0) > E(RT), the constant C varies
between 0 and 1 for almost all laminated FRP composites. In these cases, Equations (4.9) and
(4.10) are plotted as the diagram presented in Figure 4.1. This diagram shows a decreasing trend
with increasing temperature. When 0,4(0) = 6,4(RT) or E(0) = E(RT), C becomes 0. This case
represents a very strong 0° lay-up. For other composite lay-ups and laminates, as matrix
dominancy increases from 0° lay-up to 90° lay-up, 0,4(0) is greater than 0,4(RT) and E(0) is
greater than E(RT). When 6,,(0) = 26,4(RT) or E(0) = 2E(RT), C becomes 1.

From Figures 5.1-5.13, it has also been concluded that, for most of the situations, the amount of
C for the ultimate tensile strength is normally between 0.2 and 0.4, and the constant C for the
Young’s modulus is usually between 0.1 and 0.2. Therefore, on average, C can be considered 0.3
and 0.15 for o, and E, respectively. Based on these figures, Equations (4.9) and (4.10) will be

evaluated in Chapter 5.
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Figure 4.1: A typical curve of o,,, —T or E-T plotted with Equations (4.9) or (4.10) in the defined

cases.
4.4 Fatigue Strength and Temperature

When a composite material is subjected to cyclic stresses, fatigue damage is cumulated over
fatigue cycles, and when the damage becomes 100%, fatigue failure takes place. The relation

between the cyclic stress, o, and the number of cycles to failure, Ny, is mathematically defined as:

a=A(N)" (4.12)

Equation (4.12) is known as the power-law stress-life relation, and the o - N; curve based on the
equation is generally the so-called S-N curve. By plotting ¢ versus the logarithm of Ny, a curve
very similar to a line is obtained in which coefficient 4 is the y-intercept at N = 1 cycle, and
exponent m, which has a negative value, represents the slope of the curve. The o is normally
considered as one of the following stresses : maximum Stress, Opay, Minimum Stress, G,
mean Stress, Omean = (Omax + Omin)/2, stress range, AG = Gpax — Omin, OT stress amplitude, o, = Ao/2.

In this study, it is considered as the maximum stress. Hence, Equation (4.12) is rewritten as:
m
Omax = A(Ny) (4.13)

In this thesis, the load history is in sinusoidal form. If a sinusoidal load is applied to a specimen,

and the specimen fails in a quarter of a cycle, it means that the amount of stress has been equal to
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the ultimate strength. In the case of tension-tension or tension-compression loading, constant 4

equals the ultimate tensile strength. Equation (4.13) then is rewritten as:
m
Omax = Oule (4Nf) (4.14)
Equation (4.13) can also be expressed as:
Omax = Oult (ZN,") (415)

In fact, Equation (4.15) specifies that if the specimen failed in half a cycle or in a reversal, the

maximum applied stress would be equal to the ultimate tensile strength.

However, between the two equations, (4.14) and (4.15), using Equation (4.14) is recommended
because it is more precise. This equation expresses the way fatigue properties of the material can
be related to its static property. Using the equation, by knowing the intercept 4 and the slope m
of a S-log N curve for a material, the ultimate tensile strength, o,,, of the material will be

calculated.
4.4.1 Temperature Effect on Intercept (4)

By comparing Equation (4.13) with Equation (4.14), it is concluded that the intercept 4 can be
expressed as:
A = oy, (4™) (4.16)

In the previous part, the effect of temperature on the ultimate tensile strength of laminated FRP
composites was studied. According to Equation (4.16), 4 is a function of o,,. It means that the
variation of 4 in regards to temperature is similar to that of o, Therefore, the effect of
temperature on A can be characterized in the same way as o,,. Analogous to Equation (4.9), the

effect of temperature on A4 can be formulated as:

(:((%_% (-1
In(l—%) (1—;—2)

A(T) = A(Ty) |1 -

(4.17)
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where A(7) is the intercept at an arbitrary temperature, 4(7p) is the amount of intercept at the
reference temperature normally at room temperature, and A(0) represents the amount of intercept
at 0 K. Using Equation (4.17), the intercept is achieved at any arbitrary temperature. Figure (4.2)

presents the response of intercept A as the operating temperature increases. ‘

A(D)
AT,)

Intercept, 4

Temperature, T[K]

Figure 4.2: Illustration of intercept-temperature curve generated using Equation (4.17).

4.4.2 Temperature Effect on Slope (m)

The exponent m in Equation (4.13) corresponds to the slope of the S-log N curve. Since by
increasing and decreasing stress, the life is respectively decreased and increased, m has a
negative value. Therefore, the bigger the absolute value of m, the more the fatigue strength and
vice versa. In contrast with intercept 4, which has a static nature, m has a fatigue nature and is
obtained by doing at least three fatigue tests. It is worthy to note that to increase the precision of
m, the number of fatigue tests should be increased to an even 30, containing a full range of
fatigue lives, from 1 cycle to 10° or 10?cycies. Normally, the absolute value of the m achieved by
the 30 tests is less than that of the 3-test m. This is mainly due to the high scatter and statistical
nature of fatigue tests. Therefore, the higher number of fatigue tests done on a specimen, the

more optimum slope is obtained for its S-log N curve.
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The response of intercept 4 with temperature on laminated FRP composites shows a decreasing
trend almost the same as what was presented in Figure 4.2, based on Equation (4.17). However,
the variation of m with temperature is more complex. Exponent m shows variations with stress
ratio and the range of operating temperature. To formulate m as a function of temperature,
several sets of experimental S-N fatigue data (listed in Appendix B) at various operating

temperatures were studied, and Equation (4.18) resulted:
il
In(1- T;)

In _%)

In Equation (4.18), m(T) represents slope (m) as a function of temperature (7), and m(7p) denotes

m(T) = m(Ty) (4.18)

the amount of slope at reference temperature 7, (= RT). In this equation, the whole term in the
square brackets represents the shifting factor for the slope m. It is noteworthy to specify that the
fundamentals of Equation (4.18) are analogous to Equations (4.17), (4.10), and (4.9). Figure 4.3

depicts the response of m versus temperature.

Temperature, T [K]

“’T 0 T T
(—)l |
R T

Slope, m

Figure 4.3: Typical illustration of slope-temperature curve plotted using Equation (4.18).
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Similar to Figure 4.2, Figure 4.3 has been plotted in the temperature range of 0 K to around 7,
As it is seen from Figure 4.3, the absolute value of slope m is increased by increasing
temperature. This increasing trend, which is almost similar to the decreasing trend of intercept

with temperature, signifies the fact that by increasing temperature the fatigue strength decreases.

As it was discussed earlier, the S-N relation is defined as Equation (4.13). Inserting the

temperature dependent parameters of 4 and m in this equation results in:

m(T)

Omax = A(T)(Np(T)) (4.19)

Substituting Equations (4.17) and (4.18) into Equation (4.19), the full description of the

temperature dependent S-N relation is expressed as:

T
-/-4—(9)—— 1 T == 1 m(To)l]i(l—Tfl)]
Omax = A(To) |1 - Yien - )m ( ?3) W) 0T (20

m(1-7%) \(-13)

4.5 Inclusion of Temperature Dependent Parameters in Fatigue Damage Model

To implement the effect of temperature in fatigue damage Equation (3.5), the temperature
dependant parameters of o,(7) and E(T) or E.T) have been formulated. The proposed
relationships for the parameters have been developed in Equations (4.9) and (4.10). Fatigue life
data Ny obtained at temperature 7 was used as an input of the damage equation. Therefore,

considering the parameters, fatigue damage Equation (3.5) is given as:
=l et Y e Ry R s L) Y (R
b= {(1 EC(T)) (L7 ]n(nN;)} * {(1 E.(T) f (an)} T

")

In[1—
E(T) (1 20y (T) ) ln( 1 ) (4.21)
an

Term F in Equation (4.21) varies based on composite laminate lay-up. For unidirectional

39

—




composites, term F extracted from the rule of mixtures becomes E/; cos(6). For orthogonal
woven composites, the rule of mixtures results in F = K&V Note that V' = KV corresponds to

the volume fraction of fibres which are aligned in the loading direction.
4.5.1 Algorithm/Flowchart of Fatigue Damage Analysis for FRP Composites

Figure 4.4 represents the procedure of fatigue damage analysis of the described woven

composites based on the proposed damage method in this study.

Define
E, Vi Vi, EAT),
7 0l T), Oy R, 1, and

Calculate Use the Proposed Fatigue
Total Damage, D Damage Model of Equation
. over (4.21) to Find the Damage
Life Cycles, N in each Cycle.

Figure 4.4: Flowchart of generalized material property degradation technique

The developed fatigue damage analysis method includes damage in three regions of the matrix,
matrix-fibre interface and fibre, and reflects the cracking mechanism within the three regions

from early region of growth to final failure. This flowchart illustrates the procedure of damage
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analysis in the following steps:

1. Define input parameters of E;, Vj, I’}', EAT). T % 0ulT), Omax, R, n, and Ny.
ii. For cycles smaller than fatigue life, calculate the values of damage cycle-by-cycle.

iii. Calculate the total damage over fatigue life cycles.
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CHAPTER FIVE

Evaluation of the Temperature Dependent Analysis and Results

5.1 Evaluation of the Temperature Dependent Monotonic Properties Model

Experimental data extracted from the literature [28,29,33,34] have been used to evaluate the
formulations proposed for the ultimate tensile strength and Young’s modulus. The tested
materials, the type of plies and laminates, the reported fibre volume fraction of some specimens,
and also the amount of the mechanical properties at room temperature have been listed in Tables
A-1 and A-3. The extracted data from the literature have been tabulated in Appendix B. The

following section presents two extensive sources of experimental data used in this thesis.

5.1.1 Jen et al. Data

Jen et al. [34] tensile tested samples made of graphite/PEEK (AS-4/PEEK) prepregs with
different lay-ups of cross-ply [0/90]ss and quasi-isotropic [0/+45/90/-45]>s laminates. After
curing, the laminates were cooled down at room temperature (RT) and taken out from the hot
press. A cutting machine with diamond blade and water cooling was used to cut the laminates
into L =240 mm, W = 25.4 mm, and t = 2 mm coupons, according to ASTM D3039-93. Copper
plate was considered as end tabs by NP-50 two-component adhesive. The fibre volume fraction
of the specimens was reported to be about 61%. The tension tests on the specimens were

performed at RT (25°C), 50°C, 75°C, 100°C, 125°C,150°C, and 175°C.

5.1.2 Shen and Springer Data

Shen and Springer [28,29] have measured ultimate tensile strength and buckling modulus of a
special kind of graphit/epoxy specimens called Thornal 300/Fiberite 1034 at different

temperatures. The size of the specimens in the tension test was reported as L = 101 mm, W =
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12.7 mm, and t = 0.9 mm, and the size in the buckling tests was reported as L = 36-318 mm, W =
4.76 mm, and t = 0.9 mm. Shen and Springer have also evaluated the ultimate tensile strength
and Young’s modulus variations with temperature using different sets of data available in the
literature. The summary of the test data is discussed as follows: Thornel 300/Narmco 5208 was
tensile tested at a temperature range between 300-450 K, reported by Hofer et al. [35] and
Husman [39]. Hertz [36] performed monotonic tests on HT-S/(8183/137-NDA-BF;:MEA) at
various temperatures of 200-450 K. The experimental measurements of Browning et al. [37] on
the influence of temperature on o, for Herculus AS-5/3501 were ranged from 300 K to 425 K.
Further experiments were conducted to obtain the effect of temperature on a,;, for boron/Narmco
5505 by Kaminski [38]. In addition to o, experiments, Hofer ez al. [35] conducted a new sets of

tensile tests to evaluate £ with temperature change between 300 K to 450 K.

5.1.3 Calculated o,4(T) and E(T) Results

To calculate o,,(7) and E(T) using Equations (4.9) and (4.10) the following parameters are

required:

1. The amount of o, and E at room temperature, o,,(To= RT) and E(To= RT).
il. The amount of ,, and E at 0 K, ¢,4(0) and E(0).

iii. Room temperature, RT, and the polymer melting point of the tested FRP laminate, 7.

To evaluate Equations (4.9) and (4.10), over ten different composite materials [28,29,33,34]
were examined. All the parameters required to calculate the proposed relations were taken from
the literature and listed in Tables A-1-A-4. The calculated mechanical properties at various
operating temperatures were compared with the experimental values in Figures 5.1-5.13. The

figures show a good correlation between the experimental data and the predicted values.

In Figures 5.1-5.12, the ultimate tensile strength shows a steeper decay than Young’s modulus as
operating temperature increases. These figures verify that the Young’s modulus of on-axis
composites is less sensitive to temperature change. For composites with the lay-up of 90°, the
degradation of the Young’s modulus becomes more pronounced as the temperature increases

(see Figures 5.8 to 5.10 and 5.13).
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Figure 5.1: (a) Ultimate tensile strength and (b) tensile modulus of 0° boron/epoxy as a function
of temperature. Data of Ref. 33 modeled by Equations (4.9) and (4.10), respectively.
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Figure 5.2: (a) Ultimate tensile strength and (b) tensile modulus of 0° aramid/epoxy as a
function of temperature. Data of Ref. 33 modeled by Equations (4.9) and (4.10),
respectively.
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function of temperature. Data of Ref. 33 modeled by Equations (4.9) and (4.10),
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Figure 5.4: (a) Ultimate tensile strength and (b) tensile modulus of 0° E-glass/epoxy as a
function of temperature. Data of Ref. 33 modeled by Equations (4.9) and (4.10),
respectively.
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Figure 5.5: (a) Ultimate tensile strength and (b) tensile modulus of 0° alumina/PEEK as a
function of temperature. Data of Ref. 33 modeled by Equations (4.9) and (4.10),
respectively.
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Figure 5.6: (a) Ultimate tensile strength and (b) tensile modulus of [0/90]4s AS-4/PEEK as a
function of temperature. Data of Ref. 34 modeled by Equations (4.9) and (4.10),
respectively.
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Figure 5.7: (a) Ultimate tensile strength and (b) tensile modulus of [0/+45/90/-45],s AS-4/PEEK
as a function of temperature. Data of Ref. 34 modeled by Equations (4.9) and (4.10),
respectively.
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Figure 5.8: (a) Ultimate tensile strength and (b) buckling modulus of 90° Thornel 300/Fiberite
1034 as a function of temperature. Data of Refs. 28 and 29 modeled by Equations

(4.9) and (4.10), respectively.
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Figure 5.9: (a) Ultimate tensile strength and (b) tensile modulus of 90° Thornel 300/Narmco
5208 as a function of temperature. Data of Refs. 28 and 29 modeled by Equations
(4.9) and (4.10), respectively.
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Figure 5.10: (a) Ultimate tensile strength and (b) tensile modulus of 90° HT-S/(8183/137-NDA-
BF3:MEA) as a function of temperature. Data of Refs. 28 and 29 modeled by
Equations (4.9) and (4.10), respectively.
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Figure 5.11: (a) Ultimate tensile strength of 90° Herculus AS-5/3501 as a function of
temperature. Data of Ref. 28 modeled by Equation (4.9).

200 T T T T T T
90" Boron/Narmco 5505
Q  Exp.
Z
=
b‘
=
a0
B o0} i
(5]
i
g
=
@
g
= 50 T
|
0 1 I 1 1 1. 1

200 250 300 350 400 450 500 550

Temperature, T [K]

Figure 5.12: (a) Ultimate tensile strength of 90° boron/Narmco 5505 as a function of
temperature. Data of Ref. 28 modeled by Equation (4.9).
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5.2. Evaluation of the Fatigue S-N Relation

Experimental data extracted from the literature [34,40] have been used to evaluate fatigue S-N
relation (4.20). The tested materials, the type of plies and laminates, the reported fibre volume
fraction of some specimens, and also the amount of the experimentally obtained intercept A at
room temperature have been listed in Table A-5. The extracted data from the literature have been
tabulated in Appendix B. The following section describes the fatigue testing condition and data

taken from the literature.

5.2.1 Jen et al. Data

Jen et al. [34] conducted tension-tension fatigue tests using MTS 810 testing machine in load
control condition with a stress ratio of R = 0.1 and sinusoidal waveform at a frequency of 5 Hz
on graphite/PEEK prepregs. The prepregs were used to make AS-4/PEEK cross-ply [0/90]ss and
quasi-isotropic [0/+45/90/-45],s laminate samples. The specimen size and fibre volume fraction
were given as L = 240 mm, W = 25.4 mm, and t = 2 mm and 61%. The T, of PEEK was reported
to be 416 K. The fatigue tests were performed at RT (25°C), 75°C, 100°C, 125°C, and 150°C.

The specimens were fatigue tested for up to 10° cycles.
5.2.2 Kawai and Taniguchi Data

Kawai and Taniguchi [40] fatigue tested composite laminate samples of carbon/epoxy with
woven fabric lay-ups. The prepreg tape F6343B-05 (TORAY) made of carbon fibre T300 and
thermosetting epoxy resin # 2500 (7, = 403 K). Five kinds of plain coupon specimens with
different fibre orientations (6 = 0, 15, 30, 45, and 90°) were cut from 400 mm by 400 mm
laminate panels. The off-axis angle # has been defined as the angle between the loading direction
and the warp direction of the specimens. The dimensions of the specimens were reported as L =
200 mm, W = 20 mm, and t = 3 mm. Tension—tension fatigue tests were performed on the
specimens at room temperature (25°C) and the temperature of 100°C under load control
condition. The fatigue load was applied in a sinusoidal waveform with a frequency of 10 Hz and

stress ratio R = 0.1. The specimens were fatigue tested for up to 10° cycles.
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5.2.3 Calculated Fatigue S-N Results

To calculate the fatigue S-N relation using Equation (4.20), the following parameters are

required:

1. The amount of 4 and m at room temperature, A(7y= RT) and m(7,= RT).
ii. The amount of 4 at 0 K, 4(0).
iii. Room temperature, RT, and the polymer melting point of the tested laminated FRP

composite, T,

To evaluate Equation (4.20), sixteen different fatigue S-N data sets obtained at various
temperatures [34,40] were examined. All the parameters required to calculate the fatigue S-N
relation were taken from the literature and listed in Tables A-5 and A-6. Temperature dependent
exponent m and coefficient 4 were first calculated (see Figures 5.14, 5.17, 5.20, 5.23, and 5.26).
Equation (4.20) has been used to assess fatigue life for cross-ply and quasi-isotropic
graphite/epoxy laminates and various woven graphite/epoxy composites with off-axis angles of
15°, 30°, and 45°; Figures 5.15, 5.18, 5.21, 5.24, and 5.27 present the predictions. Predicted
fatigue lives of composite samples were compared with the experimental S-N data and presented
in Figures 5.16, 5.19, 5.22, 5.25, and 5.28. The figures show that the fatigue data outside of
plotted dashed lines (+£3 factor bands) correspond to experimentally obtained S-N data [34,40] at
operating temperatures near the glass transition temperature 7, at which the polymer is changed

to a viscose state.
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Figure 5.14: The relationships of (a) intercept and (b) slope with temperature for [0/90]4s AS-
4/PEEK respectively modeled by Equations (4.17) and (4.18) and correlated with
the experimentally obtained intercepts and slopes.
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Figure 5.17: The relationships of (a) intercept and (b) slope with temperature for [0/4+45/90/-
45]»s AS-4/PEEK respectively modeled by Equations (4.17) and (4.18) and
correlated with the experimentally obtained intercepts and slopes.
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Figure 5.18: S-N equations of [0/+45/90/-45],s AS-4/PEEK at different temperatures. Data
extracted from Ref. 34 modeled by Equation (4.20).
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Figure 5.19: Comparison of experimental fatigue lives extracted from Ref. 34 with the fatigue
lives predicted with Equation (4.20) for [0/4+45/90/-45],s AS-4/PEEK at different

temperatures.
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Figure 5.20: The relationships of (a) intercept and (b) slope with temperature for plain-woven
(15°) T300/Epoxy#2500 respectively modeled by Equations (4.17) and (4.18) and
correlated with the experimentally obtained intercepts and slopes.
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Figure 5.21: S-N equations of plain-woven (15°) T300/Epoxy#2500 at different temperatures.
Data extracted from Ref. 40 modeled by Equation (4.20).
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Figure 5.22: Comparison of experimental fatigue lives extracted from Ref. 40 with the fatigue
lives predicted with Equation (4.20) for plain-woven (15°) T300/Epoxy#2500 at
different temperatures.
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Figure 5.23: The relationships of (a) intercept and (b) slope with temperature for plain-woven
(30°) T300/Epoxy#2500 respectively modeled by Equations (4.17) and (4.18) and
correlated with the experimentally obtained intercepts and slopes.
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Figure 5.24: S-N equations of plain-woven (30°) T300/Epoxy#2500 at different temperatures.
Data extracted from Ref. 40 modeled by Equation (4.20).
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Figure 5.25: Comparison of experimental fatigue lives extracted from Ref. 40 with the fatigue
lives predicted Equation (4.20) for plain-woven (30°) T300/Epoxy#2500 at different
temperatures.
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Figure 5.26: The relationships of (a) intercept and (b) slope with temperature for plain-woven

(45°) T300/Epoxy#2500 respectively modeled by Equations (4.17) and (4.18) and
correlated with the experimentally obtained intercepts and slopes.
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Figure 5.27: S-N equations of plain-woven (45°) T300/Epoxy#2500 at different temperatures.
Data extracted from Ref. 40 modeled by Equation (4.20).
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Figure 5.28: Comparison of experimental fatigue lives extracted from Ref. 40 with the fatigue
lives predicted with Equation (4.20) for plain-woven (45°) T300/Epoxy#2500 at
different temperatures.
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5.3 Evaluation of the Fatigue Damage Model

Hiwa et al. [41] tested composite samples of plain-woven glass cloth (WF 350) and glass mat
(MC 3008) as the reinforced fibres embedded within the matrix of polyvinyl ester resin. The
FRP composite samples made by the materials have been laminated by the hand lay-up method.
The number of plies in the polyvinyl ester/glass cloth and polyvinyl ester/glass mat were 5 and 3,
respectively. Also, the volume fraction of the glass fibres in the cloth and mat were 48% and
35%, respectively. To measure the modulus ratio or fatigue damage of the composite versus
number of cycles at different temperatures, different fatigue tests with the loading frequency of
16.7 Hz and the stress ratio of 0 were performed on the specimens. The composites with glass
cloth fibres were tested with the maximum stress of 130 MPa at RT (25°C), 50°C, and 70°C.
However, the glass mat-reinforced polyvinyl ester composites were tested with the maximum
stress of 90 MPa at RT (25°C), 100°C, and 150°C. In this thesis, to evaluate the proposed fatigue
damage model, six sets of D-N data have been extracted from the described fatigue damage
experiments. A summary of the tested materials and some conditions of the fatigue tests have

been listed in Table A-7. The extracted data have been tabulated in Appendix B.
5.3.1 Calculated Fatigue Damage Model Results

To calculate the fatigue D-N relation using Equation (4.21), the following parameters are

required:

i. The material properties of Ej, ¥}, V; or Ky, and 7
ii. The amounts of E.(7) and o,/(T) using Equations (4.9) and (4.10) with knowing RT, 7,
E«RT), 6.4(RT), and the corresponding constant C.

iii. The load conditions of .y, R, n, and Ny

In this study, to evaluate the proposed fatigue damage model of Equation (4.21), the parameters
have been extracted from Ref. 43 and listed in Table A-7. The calculation of the total damage
over life cycles is done based on the algorithm described in Section 4.5.1. Figures 5.29-5.34
show the comparison between the calculated and the experimental fatigue damage parameters.

As it is seen, there is a good correlation between the predictions and the experimental data.
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Figure 5.29: Fatigue damage of glass cloth/polyvinyle ester versus number of cycles under g,
=130 MPa, f= 16.7 Hz, and R = 0 at 298 K. Data of Ref. 41 modeled by Equation
(4.21).
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Figure 5.30: Fatigue damage of glass cloth/polyvinyle ester versus number of cycles under g,
=130 MPa, /= 16.7 Hz, and R = 0 at 323 K. Data of Ref. 41 modeled by Equation
(4.21).
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Figure 5.31: Fatigue damage of glass cloth/polyvinyle ester versus number of cycles under g.x
=130 MPa, /= 16.7 Hz, and R = 0 at 343 K. Data of Ref. 41 modeled by Equation
(4.21).

76



Glass Mat/Polyvinyl ester,

o . 90 MPa,
08 - f=16.7Hz, and R=0 | i
at 298 K
O  Experimental Data
0.6 [~ | == Fatigue Damage Model i

Damage, D

0 2x10* 4x10* 6x10°*

8 x 10 1x10°  12x10°

Number of Cycles, N [Cycles]

Figure 5.32: Fatigue damage of glass mat/polyvinyle ester versus number of cycles under 6, =
90 MPa, /= 16.7 Hz, and R = 0 at 298 K. Data of Ref. 41 modeled by Equation
(4.21).

7




1 T T T I I

Glass Mat/Polyvinyl ester,
o =90 MPa,

08 — f=16.7HZ,andR=0 |
at 373 K

O Experimental Data
0.6 || = Fatigue Damage Model =

Damage, D

OG 1 | = | | |
0 2x10t  4x10*  6x10° 8x 10° 1x10°  12x10°

Number of Cycles, N [Cycles]

Figure 5.33: Fatigue damage of glass mat/polyvinyle ester versus number of cycles under g, =
90 MPa, /= 16.7 Hz, and R = 0 at 373 K. Data of Ref. 41 modeled by Equation
(4.21).
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Figure 5.34: Fatigue damage of glass mat/polyvinyle ester versus number of cycles under 6,0 =
90 MPa, /= 16.7 Hz, and R = 0 at 423 K. Data of Ref. 41 modeled by Equation

(4.21).
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CHAPTER SIX

Discussion of Results

6.1 General Outlook

As it was discussed, to predict the fatigue damage of composite structures under cyclic loading, a
cumulative damage model is a necessity. Researchers have done some work on cumulative
damage models, both experimentally and analytically [7,8,9]. The proposed damage models in
Refs. 8 and 9 are based on residual stiffness phenomenological damage analysis and take into
account the three regions of the damage development based on the physics and the mechanism of
cracking in the matrix, the matrix-fibre interface and the fibre. The model proposed in Ref. 8 by
Remakrishnan and Jayaraman is capable of damage assessment in on-axis unidirectional fibre-
reinforced ceramics. However, the damage model proposed in Ref. 9 by Varvani and Shirazi is
not only non-restricted to specific loading directions (on-axis and off-axis), but also considers the
effect of mean stress or stress ratio, R. The model has also been shown to be applicable for

unidirectional GRP and CFRP composites.

The present study has aimed to investigate the effect of temperature on the cumulative fatigue
damage of laminated FRP composites. To fulfill this goal, the Varvani-Shirazi fatigue damage
model has been chosen as the backbone of the analysis, and then the temperature dependency of
its parameters has been formulated. In the Varvani-Shirazi model, it was found that three
parameters including Young’s modulus, ultimate tensile strength, and the fatigue life of the
composites are temperature-dependent. Therefore, as the first step, the temperature dependency
of the parameters was modeled, and then the relations of E-T and ¢, —T were implemented in
the model to provide the general form of the proposed temperature dependent fatigue damage
analysis. The proposed relations were given in Chapter 4, and the evaluation of them was

conducted in Chapter 5.

In this chapter, the results obtained from the evaluation of the proposed fatigue damage model
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and other temperature dependent relations are discussed. As it was mentioned and shown in the
evaluation part, there are different numbers of graphs for the temperature dependent relations. By
dividing the discussion into the three parts of monotonic properties, fatigue strength and fatigue

damage, the concluded results of each part are analyzed in detail.

6.2 Temperature and the Monotonic Properties

As illustrated in Figures 5.1-5.13, the curves generated using the proposed o, —T and E-T
relations show a good correlation with experimental data. To more clearly illustrate the deviation
of the experimental data from the models, the diagrams have not been shown from 0 to 7,,. It is
obvious that the models can predict the behaviour of the mechanical properties in the entire

temperature range.

To formulate and calibrate the temperature dependency of the monotonic properties, various sets
of experimental data were extracted from four different references [28,29,33,34]. The type of
plies and laminates used in these references included 0°, [0/90]4s, [0/+45/90/-45],s, and 90°. The
types of materials used as the specimen also included boron/epoxy, aramid/epoxy, S-glass/epoxy,
E-glass/epoxy, alumina/PEEK, graphite/PEEK, and different types of graphite/epoxy
composites. One of the advantages and strong points of the proposed o, —T and E-T relations is
that they can successfully be applied to all the specimens with a variety of types and laminate

structures.

Based on the calculated results presented in Figures 5.1-5.13, the effect of temperature on 0°
plies is less than [0/90]ss, [0/+45/90/-45]>s, and 90°, while 90° lay-ups have the highest
sensitivity to temperature changes. The sensitivity to temperature is also different between the
ultimate tensile strength and Young’s modulus of a composite material. With the exception of
Figure 5.2, Figures 5.1-5.13 illustrate the fact that the effect of temperature on the ultimate
tensile strength is more pronounced than that on Young’s modulus. In the proposed temperature
dependent formulation, the sensitivity of the mechanical properties to temperature is evaluated
based on the constant C. The bigger C corresponds to a higher temperature sensitivity and vice

versa. As an example, the modified graphs of Figure 5.8 are shown in Figure 6.1.
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1034 as a function of temperature. Data of Refs. 28 and 29 modeled by Equations
(4.9) and (4.10), respectively.
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The graphs of Figure 6.1 present the variation of ultimate tensile strength and buckling modulus
with temperature for 90° Thornel 300/Fiberite 1034 composites. The data have been extracted
from Refs. 28 and 29 and have been modeled by Equations (4.9) and (4.10), respectively. As it is
seen, the curves based on the equations have been shown in the domain of 0 K to around the
polymer melting point. Since, the specimen in the test is a 90° graphite/epoxy composite, the
monotonic properties show a relatively high sensitivity to temperature change. However, the
amount of the sensitivity is higher for the ultimate tensile strength. This is confirmed by the
higher value of C for the ultimate tensile strength. The successful use of the proposed model for
the buckling modulus proves the fact that the temperature dependency of two different Young’s
moduli (the tensile modulus and the buckling modulus) shows a similar trend. This fact has also

been reported in Ref. 29.

6.3 Temperature and Fatigue Strength

To formulate and calibrate the temperature dependency of fatigue strength, experimental data of
various temperatures have been extracted from different references [34,40]. The type of
laminates used in these references include [0/90]4s, [0/+45/90/-45]5s, and plain-woven (15°),
(30°) and (45°). The materials tested under fatigue loading were graphite/epoxy and

graphite/PEEK composites.

Figures 5.14-5.28 show the fatigue S-N relations for various operating temperatures for these
materials. Formulation of fatigue S-N diagrams for composite samples requires determining both
intercept A4 and exponent m as the temperature increases. Figures 5.14, 5.17, 5.20, 5.23, and 5.26
compare the intercept 4 and the slope m determined from the experimental S-N curves with
diagrams of 4-T and m-T plotted using Equations (4.17) and (4.18). The calculated intercepts

and slopes were used to obtain the predicted S-N curves at different temperatures.

Figures 5.15, 5.18, 5.21, 5.24, and 5.27 show the predicted fatigue S-N curves. The general
behaviour or rule concluded from the figures is that by increasing temperature, the fatigue
strength of laminated FRP composites is decreased. In the curves, the “decrease” of fatigue

strength is associated with the reduction of intercept 4 and/or the increase of slope m. The
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experimentally obtained S-N curves also follow the general rule; however, exceptions exist. As
two examples, the experimentally obtained S-N curves for [0/90]4s and [0/+45/90/-45],s AS-

4/PEEK specimens at different temperatures are presented in Figures 6.2 and 6.3.

Generally, in both Figures 6.2 and 6.3, the experimental S-N curves shift to lower fatigue
strength as the magnitude of operating temperature increases. The highest fatigue strength in
these figures belongs to test data at 298 K, while the lowest fatigue S-N data results from tests
conducted at 423 K. The highest fatigue strength is associated with the highest intercept 4 and

the lowest slope m, while the lowest fatigue strength is related to the lowest 4 and the highest m.
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Figure 6.2: Experimentally obtained S-N curves for [0/90]ss AS-4/PEEK at different

temperatures. Data extracted from Ref. 34.
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Figure 6.3: Experimentally obtained S-N curves for [0/+45/90/-45],s AS-4/PEEK at different

temperatures. Data extracted from Ref. 34.

In Figure 6.2, as temperature increases, the intercepts of the S-N curves decrease. However, this
trend stops at around 398 K, at which the intercept is suddenly increased. For temperatures above
398 K or above the glass transition temperature of PEEK (7, = 416 K), the intercepts are reduced
again. It is noteworthy that by increasing temperature, the slopes of the curves show a continuous
increasing trend. If there is a situation in which, by increasing temperature, the intercepts are
continuously decreased but the slopes do not show the expected increasing trend, the decreasing
trend of fatigue strength will also be deranged. This phenomenon has been observed for the
fatigue S-N data of quasi-isotropic graphite/PEEK specimen. Figure 6.3 clearly presents the
situation. In both the figures, the deviations from the normal trends occurred at around 398 K

which is very close to the T,. These behaviours may be attributed to the change of the composite
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matrix state around the glass transition temperature where matrix shows viscoelastic response.

A comparison between the experimentally obtained fatigue lives and the predicted lives based on
S-N relation (4.20) was presented in Figures 5.16, 5.19, 5.22, 5.25, and 5.28. These figures
include five different materials and lay-ups fatigue tested at various temperatures. Figure 6.4
compares sixteen different sets of the experimental life data with the predicted fatigue lives. This
figure, with over 130 fatigue life data tested at various temperatures, successfully collapses 80%
of fatigue life data between the upper and the lower bands shown by dashed lines. The 20% of
the data which deviated from the +3 bands were attributed to temperatures near the glass

transition temperature 7, at which the matrix shows a change in status.
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Figure 6.4: Comparison of experimental life data with the predicted fatigue lives of Equation

(4.20) for sixteen different sets of data extracted from Refs. 34 and 40.

6.4 Temperature and Fatigue Damage

To evaluate fatigue damage Equation (4.21) as the proposed fatigue damage model, six sets of

D-N data were extracted from the literature. The data had been obtained by fatigue tests with the
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loading frequency of 16.7 Hz and the stress ratio of 0. The tests were performed on glass
cloth/polyvinyl ester with the maximum stress of 130 MPa at RT (298 K), 323 K, and 343 K and
the glass mat/polyvinyl ester with the maximum stress of 90 MPa at RT (298 K), 373 K, and 423
K. The D-N data modeled with Equation (4.21) have been illustrated in Figures 5.29 to 5.34. In

all the graphs, the experimental data show a good correlation with the model.

The main point concluded from the D-N graphs is that, with increasing temperature, the
cumulative fatigue damage is increased. The damage increase is due to the damage growth in
each of the three regions of I (matrix cracking), II (fibre/matrix interface cracking), and III (fibre
breakage). To understand the point more clearly, as an example, all the three D-N curves for the
glass cloth/polyvinyl ester at 298, 323, and 343 K are shown together in Figure 6.5. In this
figure, as temperature increases, fatigue life decreases, and fatigue damage in each of the three

regions of I, 11, and III increases. Therefore, the overall cumulative fatigue damage increases.
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Figure 6.5: Fatigue damage of glass cloth/polyvinyle ester versus number of cycles under gar
=130 MPa, f'= 16.7 Hz, and R = 0 at 298 K, 323 K and 343 K. Data of Ref. 41
modeled by Equation (4.21).
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CHAPTER SEVEN

Conclusion and Recommendation

7.1 Conclusion

The static and fatigue behaviours of laminated FRP composites as inhomogeneous and
anisotropic materials are influenced by different parameters such as: fibre/matrix lay-up,
laminate stacking sequence, loading conditions, and environmental conditions. Since FRP
composites are viscoelastic materials, their mechanical properties are temperature dependent. In
this study, the effect of temperature on the fatigue damage of laminated FRP composites,

ultimate tensile strength, Young’s modulus, and fatigue strength of the materials was formulated.

As a comparison between bulk polymers as isotropic materials and laminated FRP composites, it
was pointed out that the variations of the ultimate tensile strength and Young’s modulus with
temperature are different in the two materials. The presence of continuous fibres in the
composites was introduced as the main reason for the difference. It was also mentioned that
when fibre dominancy becomes less pronounced and/or fibre volume fraction reduces, the

strengths of the FRP laminates reduce.

It was discussed that among the different plies and laminates of FRP composites, 0° plies have
the highest ultimate tensile strength and Young’s modulus, and 90° plies have the lowest. The
variation of a4, and E in 0° lay-ups with temperature is usually very small, and the parameters
remain almost unchanged by increasing temperature to around the polymer melting point of the
composite. At temperatures very close to the melting point, the mechanical properties
dramatically decrease and finally go to zero. However, o, and E in 90° lay-ups usually have the
highest variation with temperature when compared to other plies and laminates. The high
sensitivity to temperature was described as the matrix dominancy of the lay-ups. Off-axis

unidirectional, angle-ply, cross-ply, and woven laminates mostly show behaviours intermediate
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between the two lay-ups. To characterize the temperature dependent parameters, a shifting factor
concept was introduced, which is able to predict the mechanical properties of 0°, 90°, and the

intermediate composite lay-ups.

The proposed shift factor equation is advantageous over the WLF and the Arrhenius equations.
These two equations are merely suitable for bulk polymers, and they are applicable at
temperatures above the glass transition temperature of the polymer. However, the proposed shift
factor equation is applicable for laminated FRP composites at operating temperatures between 0

K to the polymer melting point (75,).

Using the proposed shift factor, monotonic mechanical properties of laminated FRP composites
including £ and o,;, were formulated as a function of temperature. Based on the power-law S-N
relation, both the coefficient A4 and the exponent m of the relation were found to be
temperature-dependent. The coefficient of the S-log N diagram graphically intercepts the curve
with the cyclic stress axis at N = 1 cycle, while the exponent presents the slope of this curve. It
was described that the temperature dependency of the intercept can be modeled very similarly to
the ultimate tensile strength. The temperature dependency of the slope m was also calibrated
using several sets of experimental data available in the literature. Sixteen sets of S-N data taken
from the literature were used to evaluate the S-N relation (4.20). The predicted fatigue lives were
found to be in a very close agreement with the experimental life data obtained from five different

composite materials.

The cumulative fatigue damage model of Varvani-Shirazi was further developed based on
temperature dependent parameters. The fatigue damage equation was evaluated using six sets of
damage data extracted from the literature. Comparison of the D-N curve predicted using
Equation (4.21) and the experimental values of damage versus fatigue cycles were found to be in

good agreement.

7.2 Recommendation

The fatigue damage of FRP composites is a function of various parameters. Some of these
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parameters include loading frequency, moisture, and ultra violet radiation. It is recommended to
further investigate the effect of loading frequency/strain rate on the fatigue damage model. The
effect of moisture and environment on the degradation of composite laminates requires extensive
research. Other parameters including composite laminate lay-up, loading spectrum, and fibre-
matrix interface strength are crucial parameters influencing the integrity and durability of
composite components in-service loading. To achieve a comprehensive model, such parameters

should be examined precisely.
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APPENDIX A

Testing Conditions and Mechanical Properties

To assess the proposed temperature dependent monotonic and fatigue models, the amounts of all
the constitutive parameters of the models for different specimens and test conditions have been
extracted from literature. In this appendix, the information is tabulated and presented for
reference and possible future use. The information is listed in Tables A-1 to A-7. There has been
a great effort to extract the information from the original literature as accurately as possible. All

the specimens used in the references are unnotched.

Table A-1: Summary of the experimental information used for the evaluation of the proposed

o —1 relation.

Fibre . .
— Ultimate Tensile
Composite Reference | Plies/Laminates s Strength at RT,
Fraction,
V, (%] our (RT) [MPa]
Boron/Epoxy [33] 0° 50 1400 (295 K)
Aramid/Epoxy [33] 0° 60 1400 (295 K)
S-glass/Epoxy [33] 0° - 1600 (295 K)
E-glass/Epoxy [33] 0° 70 1100 (295 K)
Alumina/PEEK [33] 0° 45 800 (295 K)
AS-4/PEEK [34] [0/90]4s 61 1068.4 (298 K)
AS-4/PEEK [34] [0/+45/90/-45]2s 61 730.4 (298 K)
Thornel 300/Fiberite 1034 [28] 90° 58.6 (300 K)
Thornel 300/Narmco 5208 [28] 90° 40.4 (300 K)
HT-S/(8183/137-NDA- "
BF;:MEA) [28] 90 49.5 (300 K)
Herculus AS-5/3501 [28] 90° 63 54.8 (300 K)
Boron/Narmco 5505 [28] 90° --- 109.9 (300 K)
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Table A-2: Summary of the experimental information (extrapolated and reported) used for the

evaluation of the proposed o, —T relation.

Corresponding M Pc?lymer'
Composite Reference | Plies/Laminates Constant C e“;‘ngllz]o =
(Extrapolated) (Extrapolated)
Boron/Epoxy [33] 0° 0.3 450
Aramid/Epoxy [33] 0° 0 450
S-glass/Epoxy [33] 0° 0.25 450
E-glass/Epoxy [33] 0° 0.2 450
Alumina/PEEK [33] 0° 0.25 616
AS-4/PEEK [34] [0/90]4s 0.4 616 (Reported)
AS-4/PEEK [34] [0/4+45/90/-45]5s 0.2 616 (Reported)
Thornel 300/Fiberite 1034 [28] 90° 0.4 431
Thornel 300/Narmco 5208 [28] 90° 0.4 532
HT-S/(8183/137-NDA- "
BF,:MEA) [28] 90 0.3 457
Herculus AS-5/3501 [28] 90° 0.2 474
Boron/Narmco 5505 [28] 90° 0.3 546
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Table A-3: Summary of the experimental information used for the evaluation of the proposed

E-T relation.
vi:?l:;e Young’s Modulus
Composite Reference | Plies/Laminates Fraction at RT,
V, (%] E(RT) [MPa]
Boron/Epoxy [33] 0° 50 210000 (295 K)
Aramid/Epoxy [33] 0° 60 80000 (295 K)
S-glass/Epoxy [33] 0° --- 57000 (295 K)
E-glass/Epoxy [33] 0° 70 43000 (295 K)
Alumina/PEEK [33] 0° 45 90000 (295 K)
AS-4/PEEK [34] [0/90]4s 61 77680 (298 K)
AS-4/PEEK [34] [0/+45/90/-45],s 61 55010 (298 K)
Thornel 300/Fiberite 1034 [29] 90° --- 7375 (300 K)
Thornel 300/Narmco 5208 [29] 90° --- 9042 (300 K)
HT-S/(8183/137-NDA- “
BF;:MEA) [29] 90 e 3433 (300 K)
Courtaulds HMS/Herculus 5
3002M [29] 90 6979 (300 K)
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Table A-4: Summary of the experimental information (extrapolated and reported) used for the

evaluation of the proposed E-T relation.

Corresponding S aiymer
Composite Reference | Plies/Laminates Constant C Mel;ng[lff int,
(Extrapolated) (Extrapolated)
Boron/Epoxy [33] 0° 0.1 450
Aramid/Epoxy [33] 0° 0.25 450
S-glass/Epoxy [33] 0° 0.1 450
E-glass/Epoxy [33] 0° 0.1 450
Alumina/PEEK [33] 0° 0.1 616
AS-4/PEEK [34] [0/90]4s 0.1 616 (Reported)
AS-4/PEEK [34] [0/+45/90/-45]5s 0.1 616 (Reported)
Thornel 300/Fiberite 1034 [29] 90° 0.2 431
Thornel 300/Narmco 5208 [29] 90° 0.2 532
HT-S/(8183/137-NDA- "
BF::MEA) [29] 90 0.3 457
Courtaulds HMS/Herculus o
3002M [29] 90 0.1 550
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Table A-5: Summary of the experimental information used for the evaluation of the proposed

A-T, m—T, and the temperature dependant S-N relation.

Fibre
Composite Reference | Plies/Laminates F\:-glci:i':s, h:;f];c.;;) Il\ﬂ:lt!’]:ir,
Vi %]
AS-4/PEEK [34] [0/90]4s 61 1207.2 (298 K)
AS-4/PEEK [34] [0/+45/90/-45]55 61 787.6 (298 K)
T300/Epoxy#2500 [40] Plain-Woven (15°) 267.2 (298 K)
T300/Epoxy#2500 [40] Plain-Woven (30°) 204.4 (298 K)
T300/Epoxy#2500 [40] Plain-Woven (45°) 186.8 (298 K)
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Table A-6: Summary of the experimental information (extrapolated and reported) used for the

evaluation of the proposed A-7, m—T, and the temperature dependant S-N relation.

Corresponding Folymer:
Composite Reference | Plies/Laminates Constant C Melt;ﬂng“zo g
(LAHpOIIEd) (Extrapolated)
AS-4/PEEK [34] [0/90]4s 0.4 616 (Reported)
AS-4/PEEK [34] [0/+45/90/-45]5s 0.2 616 (Reported)
T300/Epoxy#2500 [40] Plain-Woven (15°) 0.7 603
T300/Epoxy#2500 [40] Plain-Woven (30°) 0.85 603
T300/Epoxy#2500 [40] Plain-Woven (45°) 0.9 603

101




Table A-7: Summary of the experimental information extracted from Hiwa et al. [41] for glass
cloth/polyvinyl ester and glass mat/polyvinyl ester used for the evaluation of the

proposed temperature dependant fatigue damage model.

Material E. Oult

at T[K] | [MPa] | [MPa]

Cl;;'; at | 24000 | 431

Nggga‘ 13900 | 251
wri) | 16 | 5 |t | B | o | 7| L | vivag | R | it | (cyeles
Cl;;‘ga‘ 433 | 05 | 78400 | 0.1 | 02 [048 | 05| 130 | 0 | 167 | 67000
Cl;’;};at 433 | 05 | 78400 | 0.1 | 02 | 048 | 03 | 130 | 0 | 167 52000
Cl;;‘;a‘ 433 | 0.5 | 78400 | 0.1 | 02 | 048 | 01 | 130 | 0 | 167 45500
Vet | 433 [0375| 78400 | 01 | 02 | 035 | 05| 90 | 0 [167| 98939
N;%a‘ 433 |0375| 78400 | 0.1 | 02 | 035 03| 9 | o 167 95000
"g;‘ 433 |0.375| 78400 | 0.1 | 02 [ 035 | 01| 90 | o0 |167] 16000
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APPENDIX B

Experimental Data

In this appendix, all sets of the experimental data used to evaluate the proposed temperature
dependent monotonic and fatigue models are tabulated and presented for reference and possible
future use. The data is listed in Tables B-1 to B-38. There has been a great effort to extract the
data from the original literature as accurately as possible. All the specimens used in the

references are unnotched.

Table B-1: List of the experimental data extracted from Reed and Golda [33] used for the

evaluation of the proposed a,, —7 and E-T relations for the 0° boron/epoxy

composite.
0° Boron/Epoxy
Ultimate Tensile Young’s
Temptirl'zlture, - Strength, o, Modulus, E,
[MPa] [MPa]
4 1800 240000
76 1700 230000
295 1400 210000
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Table B-2: List of the experimental data extracted from Reed and Golda [33] used for the

evaluation of the proposed o,, -7 and E-T relations for the 0° aramid/epoxy

composite.
0° Aramid/Epoxy
Ultimate Tensile Young’s
Temp ilz]t uve, T Strength, o, Modulus, E,

[MPa] [MPa]

- 1400 100000
76 1400 99000
295 1400 80000
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Table B-3: List of the experimental data extracted from Reed and Golda [33] used for the

evaluation of the proposed o, —7 and E-T relations for the 0° S-glass/epoxy

composite.
0° S-glass/Epoxy
Ultimate Tensile Young’s
Tempt;nl‘?]t ure, T Strength, o, Modulus, E,

[MPa] [MPa]

4 2000 62000

76 2100 59000

295 1600 57000
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Table B-4: List of the experimental data extracted from Reed and Golda [33] used for the

evaluation of the proposed o,, —T and E-T relations for the 0° E-glass/epoxy

composite.
0° E-glass/Epoxy
Ultimate Tensile Young’s
Tempti;:]t ure, T Strength, 6, Modulus, E,

[MPa] [MPa]

- 1300 47000

76 1400 45000

295 1100 43000
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Table B-5: List of the experimental data extracted from Reed and Golda [33] used for the

evaluation of the proposed o,, -7 and E-T relations for the 0° alumina/PEEK

composite.
0° Alumina/PEEK
Ultimate Tensile Young’s
Tempeill'zlt e ¥ Strength, ¢, Modulus, E,

[MPa] [MPa]

4 1000 100000

76 1300 100000
295 800 90000
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Table B-6: List of the experimental data extracted from Jen et al. [34] used for the evaluation of

the proposed o,,,—T and E-T relations for the [0/90]4s AS-4/PEEK composite.

[0/90]4s AS-4/PEEK
Ultimate Tensile Young’s
Temp‘i;’:]t e, ¥ Strength, o, Modulugs, E,

[MPa] [MPa]
300 1068.4 77680
323 1019.6 77040
348 951.2 76700
373 830.16 75230
398 808.42 73530
423 766.68 70640
448 741.01 69810

108



Table B-7: List of the experimental data extracted from Jen et al. [34] used for the evaluation of

the proposed o,, —T and E-T relations for the [0/+45/90/-45],s AS-4/PEEK

composite.
[0/+45/90/-45],5 AS-4/PEEK
Temperature, T Ultimate Tensile Young’s
K] Strength, 6, Modulus, E,
[MPa] [MPa]
300 730.42 55010
323 726.73 53290
348 681.07 52680
373 651.85 52090
398 622.27 50680
423 583.51 48510
448 579.64 48350
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Table B-8: List of the experimental data extracted from Shen and Springer [28] used for the
evaluation of the proposed o, —7 relation for the 90° Thornel 300/Fiberite 1034

composite.
90° Thornel 300/Fiberite 1034
Temperature, T Ultimate Tensile
K] Strength, 6.
[MPa]
344,375 50
366.4583 43.75
394.5833 355
411.25 21.16667
422.5 12.75
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Table B-9: List of the experimental data extracted from Shen and Springer [29] used for the
evaluation of the proposed E-T relation for the 90° Thornel 300/Fiberite 1034

composite.
90° Thornel 300/Fiberite 1034
Young’s
Tempii];]t ey 7 Modulus, E,
[MPa]
200 7542
300 7375
367.5 6563
395.8 5521
423.8 3938
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Table B-10: List of the experimental data extracted from Shen and Springer [28] used for the
evaluation of the proposed o, —T relation for the 90° Thornel 300/Narmco 5208

composite.

90° Thornel 300/ Narmco 5208

Ultimate Tensile
Temperature, T
(K] Strength, o,
[MPa]
300 40.41667
400 28.25
450 20
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evaluation of the proposed E-T relation for the 90° Thornel 300/Narmco 5208

composite.

Table B-11: List of the experimental data extracted from Shen and Springer [29] used for the

90° Thornel 300/ Narmco 5208

Young’s
Temp"iﬁ‘]’“ ke T Modulugs, E;
[MPa]
300 9042
366.7 8688
394.2 8354
421.9 T3T3
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Table B-12: List of the experimental data extracted from Shen and Springer [28] used for the
evaluation of the proposed o, —T relation for the 90° HT-S/(8183/137-NDA-
BF3;:MEA) composite.

90° HT-S/(8183/137-NDA-BF3:MEA)
Temperature, T Ultimate Tensile
(K] Strength, o,
[MPa]
217.3611 64.06944
301.7361 49.58333
394.0972 38.79167
449.6528 7777778
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Table B-13: List of the experimental data extracted from Shen and Springer [29] used for the
evaluation of the proposed E-T relation for the 90° HT-S/(8183/137-NDA-

BF3;:MEA) composite.

90° HT-S/(8183/137-NDA-BF3:MEA)

Temperature, T M?)]do::lugs,,sE,
&) [MPa]
217.1 3222
302.6 3433
400.4 2600
450 433.3

115




Table B-14: List of the experimental data extracted from Shen and Springer [28] used for the
evaluation of the proposed o,, —7T relation for the 90° Herculus AS-5/3501

composite.

90° Herculus AS-5/3501

Ultimate Tensile
Temperature, T
K] Strength, o,
[MPa]

300 54.83333
366.875 50.91667
394.7917 45.33333
422.2917 37.6667
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Table B-15: List of the experimental data extracted from Shen and Springer [28] used for the

evaluation of the proposed a,, —7 relation for the 90° boron/Narmco 5505

composite.
90° Boron/Narmco 5505
Temperature, T Ultimate Tensile
[K] Strength, Cult
|[MPa]
300 109.901
377.5243 90.59406
40 7574257
488.3168 56.13861

117



Table B-16: List of the experimental data extracted from Shen and Springer [29] used for the

evaluation of the proposed E-T relation for the 90° Courtaulds HMS/Herculus

3002M composite.
90° Courtaulds HMS/Herculus 3002M
Young’s
Tempelll-?]ture, T Modulus, E,
[MPa]
300 6979
400 6583
450 6208
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Table B-17: List of the experimental S-N data extracted from Jen et al. [34] used for the
evaluation of the proposed A-T, m—T and S-N relations for the [0/90]4s AS-4/PEEK
composite at 298 K.

f=5Hz,R=0.1,and T=298 K
N“T{:’;‘;;{:eydes Maximum Stress,
Ny |Cycles) il e’
1000000 571.3
1000000 629.17
4298662 688.52
123499.9 747.88
52079.48 807.24
7498.942 905.17
3414.549 96104
114.3756 983.82
58.43414 10432

1 1068.4
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Table B-18: List of the experimental S-N data extracted from Jen et al. [34] used for the
evaluation of the proposed A-7, m—T and S-N relations for the [0/90]4s AS-4/PEEK
composite at 348 K.

f=5Hz,R=0.1,and T=348 K
Nomher of Cyeles | o iomem Stress,
to Failure,

N¢ |Cycles] i
1000000 412.52
841395.1 473.36
7943282 532.72
390541 590.59
22820.93 648.46
2326.305 706.33
1143.756 768.65
101.9373 826.53
66.83439 884.4

: 949.69
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Table B-19: List of the experimental S-N data extracted from Jen et al. [34] used for the
evaluation of the proposed 4-7, m—T and S-N relations for the [0/90]4,s AS-4/PEEK

composite at 373 K.

f=5Hz,R=0.1,and T=373 K
ik i ?f Lyoles Maximum Stress,
to Failure,

Ny [Cycles] max [MPa]
944060.9 394.71
735642.3 412.52
94406.09 471.88
52079.48 531.23
7498.942 590.59
595.6621 648.46
643.1812 707.82
28.18383 767.17

| 829.49
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Table B-20: List of the experimental S-N data extracted from Jen er al. [34] used for the
evaluation of the proposed A-T, m—T and S-N relations for the [0/90]4s AS-4/PEEK
composite at 398 K.

f=5Hz,R=0.1,and T=398 K
Parmber ?r Cysles Maximum Stress,
to Failure,
N, [Cyeles] Omax [MPa]
1000000 333.87
980994.7 373.94
530884.4 412.52
64318.12 471.88
42986.62 531.23
5207.948 590.59
841.3951 649.94
908.5176 707.82
68.12921 767.17
1 807.24

122



Table B-21: List of the experimental S-N data extracted from Jen e al. [34] used for the
evaluation of the proposed A-T, m—T and S-N relations for the [0/90]4s AS-4/PEEK
composite at 423 K.

f=5Hz,R=0.1,and T=423K
Number Pf Cycles Maximum Stress,
to Failure,
Ny [Cyeles] Sl M
1000000 314.58
368694.5 344.26
77243 353.17
34807.01 373.94
7356.423 4333
1267.281 490.67
370 569.81
128.3315 648.46
6431812 727.11
1 765.69
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Table B-22: List of the experimental S-N data extracted from Jen et al. [34] used for the
evaluation of the proposed 4-T, m—T and S-N relations for the [0/+45/90/-45],s
AS-4/PEEK composite at 298 K.

f=5Hz,R=0.1,and T=298 K
Pamaber ?f Cyeles Maximum Stress,
to Failure,

N; [Cycles] Omax [MPa]
1.00E+06 482.89
9.62E+05 493.03
6.68E+05 512.31

63096 571.15
11438 610.71
5207.9 631
891.25 650.28
1211.5 669.55
90.852 688.83
1 730.42

124



Table B-23: List of the experimental S-N data extracted from Jen et al. [34] used for the
evaluation of the proposed A-T, m—T and S-N relations for the [0/+45/90/-45],s
AS-4/PEEK composite at 348 K.

f=5Hz,R=0.1,and T=348 K
Number ?f Cysles Maximum Stress,
to Failure,

Ny [Cycles] Tmax IMPa]
8.91E+05 393.62
1.12E+05 433.18
4.22E+04 452.45

94406 492.02
10194 531.58
643.18 37115
520.79 610.71
60.72 649.26

1 681.73
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Table B-24: List of the experimental S-N data extracted from Jen er al. [34] used for the
evaluation of the proposed A-T, m—T and S-N relations for the [0/+45/90/-45],s
AS-4/PEEK composite at 373 K.

f=5Hz,R=0.1,and T=373K
Numberut Cysles | o o Stress,
to Failure,

N, [Cycles] i
1.00E+06 344.92
6.43E+05 365.21
1.02E+05 394,63

18127 473.76
794.33 53086
246.41 591.44
73.564 631

1 652.31
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Table B-25: List of the experimental S-N data extracted from Jen er al. [34] used for the
evaluation of the proposed AT, m—T and S-N relations for the [0/+45/90/-45],g

AS-4/PEEK composite at 398 K.

f=5Hz,R=0.1,and T=398 K
e T:;,;ﬁflfeydes Maximum Stress,
N, [Cycles] Omax [MPa]
1.00E+06 315.5
8.25E+05 335.79

98099 374.34
1.02E+05 413.9
76442 433.18
36169 472.74
9261.2 512.31
107.98 551.87
56.234 590.42

1 622.89
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Table B-26: List of the experimental S-N data extracted from Jen et al. [34] used for the
evaluation of the proposed A-T, m—T and S-N relations for the [0/+45/90/-45];s
AS-4/PEEK composite at 423 K.

f=5Hz,R=0.1,and T=423 K
Nuniber ?f Cycles Maximum Stress,
to Failure,

Nr |Cycles] Omax [MPa]
1.00E+06 296.23
7.36E+05 3155
2.61E+05 334.78
1.24E+05 355.07

89125 393.62
60720 411.27
2417.3 472.74
146.78 512.31
56.234 551.87

1 593.47
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Table B-27: List of the experimental S-N data extracted from Kawai and Taniguchi [40] used
for the evaluation of the proposed A-T7, m—T and S-N relations for the plain-woven

(15°) T300/Epoxy#2500 composite at 298 K.

f=10Hz, R =0.1,and T=298 K
Dmmber ?f Cycles Maximum Stress,
to Failure,

N, [Cycles] Omax [MPa]
1.02E+06 145
8.70E+04 161
4.68E+03 164

3919.2 167
3004.8 174
0.5 293
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Table B-28: List of the experimental S-N data extracted from Kawai and Taniguchi [40] used

for the evaluation of the proposed AT, m—T and S-N relations for the plain-woven

(15°) T300/Epoxy#2500 composite at 373 K.

f=10Hz,R=0.1,and T=373 K
Namiser ?f Coeles Maximum Stress,
to Failure,

Ny |Cycles] Omax [MPal
1.02E+06 85
3.36E+03 87
7.96E+02 112

623.91 123
467.87 134
0.5 223
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Table B-29: List of the experimental S-N data extracted from Kawai and Taniguchi [40] used
for the evaluation of the proposed A7, m—T and S-N relations for the plain-woven

(30°) T300/Epoxy#2500 composite at 298 K.

f=10Hz, R =0.1,and T=298 K
Numlice ?f Cycles Maximum Stress,
to Failure,

N; [Cycles] Omax [MPa]
1.02E+06 94
4.58E+03 100
3.00E+03 105

1239.4 118
652.16 141
0.5 236
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Table B-30: List of the experimental S-N data extracted from Kawai and Taniguchi [40] used
for the evaluation of the proposed A-T, m—T and S-N relations for the plain-woven

(30°) T300/Epoxy#2500 composite at 373 K.

f=10Hz, R =0.1,and T=373 K
S e ?f Sl Maximum Stress,
to Failure,

Ny [Cycles] Omax IMPa]
9.93E+05 43
4.19E+03 47
2.11E+03 51

1239.4 60
0.5 168
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Table B-31: List of the experimental S-N data extracted from Kawai and Taniguchi [40] used
for the evaluation of the proposed A-7, m—T and S-N relations for the plain-woven

(45°) T300/Epoxy#2500 composite at 298 K.

f=10Hz,R=0.1,and T=298 K
N“T:;;;ife};des Maximum Stress,
N, [Cycles] Omax [MPa]
1.02E+06 75
7.96E+03 81
4.10E+03 85.5
2573.4 91
1134.3 108

0.5 221
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Table B-32: List of the experimental S-N data extracted from Kawai and Taniguchi [40] used

for the evaluation of the proposed A-T, m—T and S-N relations for the plain-woven

(45°) T300/Epoxy#2500 composite at 373 K.

f=10Hz, R =0.1,and T=373 K
e ?f s Maximum Stress,
to Failure,

Nr [Cycles] Omax [MPa]
1.00E+06 36
5.23E+03 40
2.76E+03 43

12122 51
850.63 58
0.5 150
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Table B-33: List of the D-N data extracted from Hiwa er al. [41] used for the evaluation of the
proposed D-N relation for the glass cloth/polyvinyl ester composite at 298 K.

Omax = 130 MPa, f=16.7 Hz, R =0, and
T=298 K
Number of Cycles
to Failure, Damage, D
N¢ [Cycles]
0 0
10560 0.135011
20720 0.175057
30800 0.19222
40400 0.204806
50080 0.256293
60080 0.338673
65280 0.414188
66240 0.466819
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Table B-34: List of the D-N data extracted from Hiwa et al. [41] used for the evaluation of the

proposed D-N relation for the glass cloth/polyvinyl ester composite at 323 K.

Omax =130 MPa, f=16.7 Hz, R =0, and
T=323K
Number of Cycles
to Failure, Damage, D
Ny [Cycles]
0 0
10560 0.135011
20720 0.208238
30720 0.244851
40320 0.298627
45360 0.343249
49600 0.354691
50160 0.375286
51280 0.485126
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Table B-35: List of the D-N data extracted from Hiwa ef al. [41] used for the evaluation of the
proposed D-N relation for the glass cloth/polyvinyl ester composite at 343 K.

Omax = 130 MPa, f=16.7 Hz, R =0, and
T=343K
Number of Cycles
to Failure, Damage, D
Ny |Cycles]
0 0
10560 0.135011
20720 0.208238
30720 0.244851
35280 0.2746
40320 0.298627
44240 0.326087
44960 0.363844
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Table B-36: List of the D-N data extracted from Hiwa ef al. [41] used for the evaluation of the

proposed D-N relation for the glass mat/polyvinyl ester composite at 298 K.

Omax =90 MPa, f=16.7 Hz, R = 0, and
T=298K
Number of Cycles
to Failure, Damage, D
Ny [Cycles]

0 0
9828.571 0.012732
19657.14 0.021991

29600 0.060185
49942 .86 0.06713
59885.71 0.068287
69942 .86 0.078704
74514.29 0.087963
39885.71 0.092593
80114.29 0.118056
89942.86 0.138889

95200 0.178241
97028.57 0.199074
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Table B-37: List of the D-N data extracted from Hiwa et al. [41] used for the evaluation of the

proposed D-N relation for the glass mat/polyvinyl ester composite at 373 K.

Omax =90 MPa, f=16.7 Hz, R =0, and
T=373K
Number of Cycles
to Failure, Damage, D
Ny [Cycles]

0 0
4457.143 0.048611
9942.857 0.064815
19885.71 0.153935

29600 0.173611
49942 86 0.200571
60114.29 0.209491
39885.71 0.215278
74742.86 0.22338
84914.29 0.246528
89942 .86 0.266204
90857.14 0.28588
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Table B-38: List of the D-N data extracted from Hiwa et al. [41] used for the evaluation of the

proposed D-N relation for the glass mat/polyvinyl ester composite at 423 K.

Omax =90 MPa, f=16.7 Hz, R =0, and
T=423 K
Number of Cycles
to Failure, Damage, D
Ny [Cycles]

0 0
4457.143 0.083333
9942.857 0.125
13942.86 0.143519
14971.43 0.173611
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