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ABSTRACT

Recently there is an increasing interest in composite materials for its applications in

.the field of aerospace, marine, automobile, sports, medicine and in many others.

Fibre reinforced plastic composite is basically a combination of fibre with binder

material to form a new material, which can replace conventional material in various

applications. It is necessary to understand the mechanical characteristics of

composite under different conditions such as proportion of fibre volume, mode of

adhesion between matrix and reinforcement, environmental condition, and process

of manufacturing. The advanced composites were developed mainly for aerospace

applications because of combination of lightweight, high stiffness, and high strength

properties of these materials. The present thesis deals with the fatigue performance

of pultruded Glass Fibre Reinforced Plastic (GFRP). A number of tests were

conducted under static and cyclic loading to determine their static and dynamic

performances. In this research a set-up was designed and fabricated for determining

the fatigue life of GFRP. Various samples of different percentage of fibre content

were made and tested under static and dynamic loading. It was observed that the

optimum percentage of fibre content for resisting the static and dynamic load is

proportional to stress. The present investigations contribute to the better

understanding of the mechanical behaviours of the Glass Fibre Reinforced Plastics

of different fibre orientation and their relationship to their manufacturing parameters

and hence to better design of composite structures.
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INTRODUCTION

1.1 INTRODUCTION

The word 'composite' means consisting of two or more distinct materials. A composite

material is formed when two or more materials are combined. The properties of a

composite are different from, and usually better than, those of the individual

constituents. Composites are made up of continuous and discontinuous mediums. The

continuous medium is called' the matrix and the discontinuous medium, usually the

harder and the stronger one, is called the reinforcement.

The matrix (continuous) part of the fibrous composite is plastic. Plastics are organic

materials constructed from simpler basic units ('monomer') under suitable temperature

and chemical conditions. Plastic materials include both thermoplastic and thermosetting

plastics such as polyester, epoxy, phenolic, nylon, polyvinyl chloride (PVC) and acrylic.

A thermoset plastic, when cured, will harden irreversibly, whereas thermoplastic will

become soft when heated and harden when cooled. Until very recently, thermoset

plastics have been used extensively as the matrix for fibrous composites. Thermoset

plastics are very brittle and prone to impact damage.

Epoxy resins form the matrix component in the composite and are very commonly used'

for high load bearing applications. On the other hand, polyester resins are used

extensively in a fibrous composite where the load bearing level is not very high as in ' ,".

aerospace applications. Compared to epoxy resins, the polyesters are of low cost and

fast curing. The modulus and the ultimate tensile strength of the epoxy resin are

typically around 5 GPa and 100 MPa respectively; the corresponding modulus and

ultimate tensile strength for the polyester resin are 3 GPa and 65 MPa [10]. The

stiffness of these resins can be regarded as extremely low for engineering applications,

whereas their strengths are of some significance. Therefore, the resins make little

contribution to the load bearing capability. However, when the fibres are combined with

the resins to form a load bearing structural material, the high fibre properties and the

low resin properties interact to give improved composite properties. [10]
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The development of composite structures that we see today can be traced back to the

1940's with the construction of ply wood fuselage of Spitfire and Mosquito fighter

aircrafts. In the early 1950's, the weflay up polyester fibreglass technique were used to

build all types of recreational boats. Some of the aspects like strength to weight ratio

and durability of fibreglass constructions became apparent to designers of commercial

aircraft. Some companies started using a few fibreglass reinforced plastic composite

parts such as wing tips, radome and tail cone etc. Early Boeing 747 has over 929

square metre surface area of glass fibre composite structure [4]. The material used in

MD80 (McDonnell Douglas) airplane are 1.2% titanium, 9.8% composite, 74.5%

aluminium and 14.5% steel. The material used in A 320 (Airbus Indus/rie) airplane are

60/; titanium; 10% composite, 72% aluminium, 9% steel and 3% miscellaneous material

[3]. The radome, fuselage fillet fairing, floor panels, pylon aft fairing and vertical

stabilizer tips of DC10-30 airplane are made of Glass Fibre Reinforced Plastic (GFRP)

or NOMEX. NOMEX is a trade name for a nylon fibre, paper treated, honeycomb core

material bonded thermosetting (phenolic) resin, manufactured by T.M. Hexcel

Corporation [4].

1.2 BACKGROUND OF THE PRESENT RESEARCH

Fibre reinforcement of composites gives high ultimate tensile strength, high modulus of

elasticity, and excellent dimensional stability to many components. Fibre Reinforced

Plastics (FRPs) are composed of continuous fibre or short fibres embedded in a plastic

matrix. Matrix and fibre act together to provide strength and rigidity of the component.

So, the maximization of the mass fractions of the fibre content in the resin (matrix) is

desired to maximize tensile strength, modulus of elasticity and other mechanical

properties. However, there are limitations to the amount of fibre that can be embedded

in a resin (matrix) . Recent study [45] has shown that large fibre or mass fraction can

result in a 30 to 40% decrease in static tensile strength. The optimum mass fraction of a

fibre is also influenced by properties of the fibre and the type of matrix. Now-a-days the

FRPs are used not only in static loading but also used in different dynamic loading

conditions. Therefore, the dynamic behaviour of the FRPs are to be carried out

extensively. So, this research intends to concentrate its attention to find out the

relationship between optimum mass fractions of fibre in a resin matrix under static and

dynamic loading conditions.
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1.3 OBJECTIVES

While in service, an aircraft or a machine or any component of a structural system are

subjected to static and dynamic loading. Understanding the behaviour of these

components under dynamic loading is very important for estimating the life of the

component. Therefore, this study is carried out with the following objectives:

~ To design and fabricate a set-up for testing Fibre Reinforced Plastic (FRP)

under dynamic loading.

~ To test Fibre Reinforced Plastic (FRP) under static and dynamic loading.

~ To determine the optimum fibre content in the case of locally available fibre and

plastic under static loading.

~ To determine the optimum fibre content in the case of locally available fibre and

plastic under dynamic loading.

~ To compare and correlate the static and dynamic test results.

~ To find out the optimum fibre content and size effect under dynamic loading.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

In static analysis, it is assumed that the structure is gradually loaded over an interval of

time such that the inertial properties have no effect on the response of the struchJre.

The structure is in a state of static equilibrium and time is not a variable in the solution.

The dynamic problems, however, occur when loading conditions vary significantly over

time to produce inertial forces in the structure. The structure is in a state of dynamic

equilibrium and the response of the structure is time dependent.[14]

When external load is suddenly applied to an elastic body, its action is not transmitted

instantaneously to all the parts of the body. Waves of stress and deformation radiate

from the loaded region with finite velocities of propagation. As in the familiar case of

sound in air, there is no disturbance at a point until the wave has time to reach it. But in

an elastic solid there is more than one kind of wave and more than one characteristic
wave velocity [46].

A brief historical survey of fatigue of metals and a short account of recent developments

towards the understanding of fatigue are included here. Mechanical failures have

caused many injuries and much financial loss. Failure due to repeated loading has

accounted for a significant number of these mechanical failures. Most of these are

unexpected fractures. This challenges the engineers to improve design decisions
involving fatigue.

Because of the cyclic loading, the bodies accumulate damage at the micro structural

level, with multiplication of these damages leading to their failure, Failure in composite

materials has been documented as a combination of different degradation mechanism

including fibre breakage, matrix cracking, fibre-matrix debonding, and delamination.

Fatigue life depends on temperature, frequency and mean stress.
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2.2 FATIGUE BEHAVIOUR OF FIBRE REINFORCED PLASTICS

Many approaches to fatigue design exist. They can be simple, inexpensive approaches

or they may be extremely sophisticated and expensive. A more complete analysis may

initially be more expensive but in the long run it may be the least expensive. Fatigue of

materials is still only partly understood. To gain some general understanding, review of

fatigue is necessary. This review shows a few basic ideas and indicates very briefly

how they were developed by the efforts of many researchers. [1,17, 27,38]

The first major failure due to repeated stress was seen in the railway industry in the

1840's. It was observed that railroad axles failed regularly at shoulders [35]. The word

fatigue was introduced in the 1840's and 1850's to describe failures occurring from

repeated stress. This word has continued as the normal description of fracture due to

repeated stress.

In Germany, during the 1850's and 1860's, August Wohler performed many laboratory

fatigue tests under repeated stress. These experiments were related to the railway axle

failures and are considered to be the first systematic investigation of fatigue. Thus,

Wohler is called the father of systematic fatigue testing. From stress versus life

diagrams, he showed that how fatigue life decreases with higher stress amplitudes and

lhe test specimens do not fracture below the certain stress amplitude. Thus, Wohler

introduced the concept of the stress-life diagram and the fatigue limit. He pointed out

that the range of stresses is more important than the maximum stress. [38,52]

During the 1870's and 1890's, some other researchers explained Wohler's classical

work. Gerber along with others investigated the influence of mean stress and Goodman

proposed a simplified theory concerning mean stresses.

In the 1900's the optical microscope was used to pursue the study of fatigue

mechanisms. Localized slip lines and slip bands leading to the formation of micro

cracks were observed. In the 1920's, Goug and associates contributed much to the

understanding of fatigue mechanisms. In 1920's, Griffith [15] published the results of his

theoretical calculations and experiments on the size of microscopic cracks. If'S' is the

nominal stress at fracture, and the crack size is 'a', then the relation is S-!a = constant.
By this classical pioneering work on the importance of cracks, Griffith became the father

of fracture mechanics. In 1929-1930 Haigh [16] presented his rational explanation of the

7



difference in the response of high tensile strength steel and mild steel to fatigue if

notches are present. He used concepts of notch strain analysis and self-stresses that

were later fully developed by others.

During the 1930's, an important practical advancement was achieved by the

introduction of shot peening in the automobile industry where fatigue failures of springs

and axles had been common. Almen [1] explained correctly the spectacular

improvements by compressive stresses produced in the surface layers of peened parts

and promoted the use of peening and other processes that produce beneficial self

stress. Horger [17] showed that surface rolling could prevent the growth of cracks. In

1937, Neuber [29] introduced stress gradient effects at notches in the elementary block

concept that considers the average stress over a small volume at the root of the notch

is more important than peak stress at the notch.

During World War II, the deliberate use of compressive residual stresses became

common in the design of aircraft engines and armored vehicles. Many brittle fractures in

welded tankers and in ships motivated substantial efforts and thinking concerning pre-

existing defects in the form of cracks and the influence of stress concentrations.

In 1945, Miner [27] formulated a linear cumulative fatigue damage criterion, suggested

by Palmgren in 1924. This linear fatigue damage criterion is now recognized as the

Palmgren-Miner law, D=L:(n/N;)=1. Where D=cumulative fatigue damage; n;=number of,
cycles endured at stress level 'i' ; N;=number of cycles to failure at stress level 'i'. It has

been used extensively in fatigue design.

Irwin [24] introduced the stress intensity factor, which has been accepted as the basis

of linear elastic fracture mechanics and the fatigue crack growth rate could best be

described using the stress intensity factor range. In the late 1960's, the catastrophic

crashes of US Air Force F-111 airplane were attributed to brittle fracture of members

containing pre-existing flaws. These failures along with fatigue problems in other US Air

Force planes laid the groundwork for the requirements, of using fracture mechanics

concepts in B-1 bomber development program of the 1970's. This programme included

fatigue crack growth life considerations based on a pre-established detectable initial
crack size.
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In July, 1974, the US Air Force issued a rule which defines damage tolerance

requirements for the design of new military airplane. The use of fracture mechanics as a

tool for fatigue was thus thoroughly established through practices and regulations.

2.3 CHARACTERIZATION OF TESTING OF FIBRE REINFORCED PLASTICS
(FRP)

A. number of experimental investigations have been directed toward establishing the

mode of failure of uni-fibre and multi-fibre, unilayer and multilayer specimens subjected

to axial tension in the direction of fibres only [9,18,24,34,37,42,50,51]. In 1962, Boue [7]

established the effect of the fibre to matrix volume ratio on the failure mode of fibre

reinforced composites. He found that, for specimens with low fibre volume fraction, the

failure occurred by transverse resin cracking followed by fibre fracture and fibre pullout

from both sides of the resin crack. For the high fibre volume fraction specimens,

random fibre failures occurred below 50 percent of the ultimate load. The failure of the

composite occurred by an accumulation of random fractures.

In 1964, Tsai [50] presented some experimental data to verify the analy1ical results for

both cross-ply and angle-ply laminations. The test specimen layers were made up of

u,!idirectional glass fibres pre-impregnated with an epoxy resin. The laminated

specimens consisted of two or three layers. The test results were obtained by

measuring the surface strains of the loaded specimens.

In 1965, Rosen [39] conducted tests on E-glass unilayer specimens with approximately

50 percent fibre volume fraction. The specimen was observed and the mode of failure

was similar to that of Boue [7]. In 1965, Tyson and Davies [51] utilized a two

dimensional model to study the shear-stress distribution hear a fibre end. They filled a

slot in a sheet of photoelastic material, fitted an aluminium stiffener to the slot and glued

it.

In 1967, Friedman, Flom and Mazzio [13] had also conducted tests on continuous glass

fibre reinforced specimens. The mode of failure was of the same type as that observed

in Rosen's experiments [37,39].

Kim and Ebert [25] conducted a study to determine the fatigue failure sequence and

mechanism for E-glass reinforced vinylester polymer under cyclic tension-tension axial

loading.
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FRP is composed of high strength fibres and thermoset resin. The fibre has much

higher strength and stiffness than the resin. Maximization of the fibre content of the

product is desired to maximize tensile and compression properties; however, there are

limitations to the amount of fibre that can be placed in a composite. Recent studies [45]

have shown that large fibre volumes can result in a 30 to 40% decrease in composite

tensile strength and cause the composite to fail in tension prior to the point at which the

fibre themselves fracture. That is to say, there is a point after which increasing the fibre

percent decreases the tensile properties of the composite [45].

Composite Materials such as Glass/Epoxy, Kevlar/Epoxy and Graphite/Epoxy are

becoming popular now-a-days in commercial use. Because of the high strength to

weight ratio their use in aerospace structures are prominent. Current research efforts

investigate the applicability of composites in the next generation aerospace structures.

These structures are frequently exposed to spectrum loading in the form of shock wave

and blast wave. Wave propagation can result in failure which amounts to actual

separation of material by a variety of mechanisms (ductile or brittle fracture). This fact

led the researchers to evaluate the dynamic characteristic of composite materials under

high strain rate.

Leber and Lifshitz [26] designed a new shear specimen for the delamination of static

and high strain rate inter-laminar shear 'behaviour of plain-weave E-Glass/Epoxy

composites. They machined 20 mm long hollow cylindrical shear specimens out of a 20

mm thick commercial plain-weave E-glass/Epoxy composite plate. A torsional version

of Split Hopkinson Pressure Bar (SHPB) is used for high strain rate testing. Their

.results show that the material properties (like initial shear modulus, fracture stress and

failure strain) are highly sensitive to strain rate.

Riendeau and Nemes [40] conducted static and dynamic punch shear experiments to

characterize the behaviour of Graphite/Epoxy quasi-isotropic laminate under shear

loading up to a strain rate of 4000 S'1. They used optical microscopy to identify the

failure modes. They observed that cracking initiated in the shear zone of the specimen

side contacted by the punch bar, followed by delamitcition in the plug on the lower third

of the specimen. The final failure occured due to tensile fibre fracture after significant

penetration of the punch.

10



'"Takeda and Wan [47] studied the damage evolution under impact compression of

unidirectional GFRP composites in a SHPB with momentum trapping device. They

investigated the effect of temperatures and strain rates on the compressive strength of

the glass/polyester composite materials. The compressive strength is found to be

increasing with strain rate and decreasing with the increase in test temperature.

The Scanning Electron Micrograph (SEM) observation revealed that the compressive

failure of the directional GFRP composite is caused by the micro buckling of the fibres

in both static and dynamic loading.

Harding [21] discussed the high strain rate testing of composite materials under

compression, tension, and shear. Under the tensile Hopkinson tests, he tested uni-

directional carbon/epoxy, woven carbon/epoxy, and woven glass/epoxy composite

materials. As the strain rate is increased from quasi-static to higher strain rates, the

stress-strain curves show higher toughness of the materials.

Harding and Dong [22] made a detail study for determining the effect of strain rate on

the interlaminar shear strength of the carbon/epoxy composites. They tested three

interface fibre orientations, 0%°, 0°/90° and :t45°. In each case a small increase in

shear strength with the increase in strain rate is observed. They also used finite

element analyses to determine the effects of varying stress along the failure plane, of

resin-rich regions at each end of the failure plane and of cracks propagating from both

ends of the failure plane. They suggested, however, an improved design of specimen

for better results.

Harding. [23] studied the effect of specimen geometry and of strain rate on the quasi-

static and dynamic compressive strength of the woven glass/epoxy laminates along the

fill direction. He took a specimen diameter of 9.525 mm (0.375 in) and a LID ratio of 1.

The specimen failed under shear at an angle less than 45 degrees. The increase in LID .

ratio to 2.0 and 2.5 caused longitudinal splitting after the shear failure. The effect of LID

ratio on the compressive strength of the material was observed to be insignificant in

both quasi-static and high strain rate loading.

Newill and Vinson [30] investigated the strain rate effect on the compressive strength of

unidirectional E-glass/epoxy, random non-woven glass/polyester, unidirectional

glass/epoxy, quasi-isotropic graphite/epoxy, metton (a thermosetting plastic) aluminium,

11



carbon/aluminium and aluminium/silicon carbide. Tests were performed in compression

SHPB and the strain rate range reported was 100 to 1000 s.'. An increasing failure

strength with strain rate was reported in case of E-glass/epoxy and glass/polyester

composites. A second order polynomial curve fitling was considered to find a statistical

distribution of the stress-strain behaviour of the composite material.

Glass transition is a region of temperature in which molecuiar rearrangements occur on

a scale of minutes or hours so that the properties of the liquid change at a rate that is

easily observed. If a mechanical stress is applied to a liquid in the transition region, a

time dependent change in dimension results. Such behaviour is called visco-elasticity.

Hassan et al [20] studied the effect of various geometric parameters on the behaviour of

five types of multi-bottled connections, fabricated from glass fibre-reinforced plastic

(GFRP) plates. The fibre-reinforced composite material used in EXTREN flat sheet series

500, a pultruded glass fibre sheet was produced by the Morrison Moulded fibre glass

company. The composite material isorthotropic, consisting of symmetrically stacked,

alternating layers of identically oriented unidirectional E-glass rovings and a randomly

oriented E-glass continuous strands mat. The continuous strand rnat consists of long

glass fibres interwined and bound with a small amount of resin. Changing the type of

material could certainly change the strength and modulus and consequently, the

behaviour of the connections regarding its ultimate load capacity, efficiency, mode of

failures, load-displacement relationship, and load-distribution among the bolts. Test

results showed that there are two primary modes of failure for multi-bolted connections

using their type of material. The first is net tension characterized by sudden crack

propagation and catastrophic failure; the second is cleavage, which is more ductile.

Some of the important observations and connections derived from the experimental

programme are summarized as follows:

The ultimate load capacity of all type of connections with 0°, 45° and 90° fibre

orientation with respect to the applied load increased with increasing the edge

distance to hole diameter ratio, e/d, upto a value of five. Therefore, a limiting

value of the e/d ratio of.five is recommended.

12



The ultimate load of the connection tended to decrease as the orientation of the

unidirectional fibres was varied from 00 to 900 with respect to the applied load.
The reduction was in the range of 20%.

The material is brittle under static loading as evident by the catastrophic failure

during net tension. However, some cracking and stress redistribution were

observed around the bolts prior to complete failure during the cleavage type

failure. This suggests that the material has the ability to distribute stresses and

therefore the behaviour of the connection is not perfectly elastic.

The objectives of the tensile test study [8] were to examine the variability of results with

the gripping system that was adopted and to examine whether the free length of the test

specimen affects the results. The values of static modulus of elasticity were obtained

from the linear portions of the stress-strain curves. There is some correlation between

elastic modulus and tensile strength. The reason for correlation is obvious; as the fibre

content increases, the mixture rule predicts increases in both strength and stiffness.

From that study it was shown graphically that the relative scatter of the elastic modulus

values for each bar type is less than the relative scatter of the tensile strength. This is

also not surprising. The tensile strength is expected to be affected by imperfections in a

composite material, while the elastic modulus is expected to be less sensitive to
defects.

The fatigue life of a GFRP specimen is typically defined as the number of cycles required

to cause failure. Fatigue test data for composite materials are reported as strain-life

(E-N) diagrams, wherein strain amplitude (E) is plotted against the number of cycles (N)

to failure, unlike metals, for which fatigue test data are reported as stress-life (S-N)

diagrams, wherein stress amplitude (S) is plotted against number of cycles (N) to failure.

The reasons for using strain in plotting fatigue life diagrams for composite materials is

that the matrix and the fibres undergo the same strain, but differ in magnitude of
stress. [31]

Physical properties, mechanical properties and durability properties are the most

interesting properties for practicing engineers and manufacturers to know. Physical

properties of the FRP considered in this paper are curing, density, fibre to resin ratio,
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and void content. Mechanical properties include tension, compression, and shear

properties. Durability properties included are creep and fatigue. [45J

SEM (Scanning Electron Micrographs) of FRP X-section and Shearography are both

methods of detecting the presence of disbonds. Shearography is a method widely used'

in aerospace and automobile industries (Shang et. ai, 1991). Measurement of tensile

properties of FRP is greatly influenced by the test method selected when an FRP

contains all unidirectional fibre. It is especially sensitive to test load alignment and

gripping during testing. All of the fibres iri the composite must be equally loaded so that

they will reach their maximum stress simultaneously for the test result to be an accurate

reflection of the materials strength. The test method chosen must therefore ensure even

loading of the composite. Loading in this manner will depend on specimen alignment,

alignment of the fibre within the specimen, and gripping methodology. Alignment for

unidirectional fibre composite has been found to be so critical that a small misalignment

can result in a large decrease in tested tensile strength.[53]

Durability properties are those that effect the performance of the material over time or

relate to conditions that FRP may possibly encounter during its design life. Some of

these conditions include environmental exposure, long-term loading, load cycling, and

fire exposure. These properties are important for evaluating a material for structural

applications. Fatigue testing was employed to measure the ability of the FRP to

withstand such type of cyclic loading. There are two major categories of methods for

determining the damage done to FRPs under cyclic loads. One involves testing to

failure of FRPs on a macroscopic level to determine such things as residual mechanical

properties and fatigue life. The second attempts to use micro structural damage to

predict ultimate failure based on the presence of certain damage states.[53},',
Fatigue behaviour of composite materials is known to be dependent on many

parameter related to (a) constituent materials and their properties such as type of fibre,

resin and their interphase, (b) configuration and geometry, and (c) test parameter and

conditioning.Tests have been carried out at different load levels to construct S-N

diagrams (stress vs number of cycles) at a constant stress ratio, R (the minimum to

maximum stress' ratio).

Noritaka et al. [33J have noted that when bars are formed using multiple bundles of

fibres impregnated with resin, the tensile strength is generally lower than that of the
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theoretical strength. Presumably, not all fibres are effective in resisting the applied

stress, and defects in the fibres reduce their strengths.

f'RP bars cannot be tested in tension using the same techniques that are used for steel

bars. If a FRP bar is loaded using traditional wedge-shaped frictional grips, the

combination of high compressive stresses and mechanical damage caused by the

serrations on the edge surfaces will lead to premature failure of the grip zone [44].

There is a need to develop test methods for reliable measurement of tensile strength

and other mechanical properties.

For steel reinforced bars, the modulus of elasticity can be assumed to be the same for

bars from different producers. For FRP bars, the elastic modulus will depend on the

materials used, the volume fractions of the materials, and the details of the production

process. Since manufacturers use different materials, proportions, and processing

methods, it will be necessary to measure the elastic modulus of these products.

Traditionally, the elastic modulus has been obtained from the linear portion of the

stress-strain curve of a tensile test. [8]

Faza and Ganga Rao [12] reviewed available literature and concluded that there was

no simple, reusable gripping systems for use with FRP reinforcing bars. They

developed sand grips similar to the tab grip adapters in ASTM 0 3916. The plates are

178 mm long, 76 mm wide, and 19 mm thick. To accommodate the deformed surfaces

of the FRP bars, the semicircular grooves are 3 mm larger than the nominal bar

diameter. The grooves are coated with an epoxy-sand mixture, and fine wet sand fills

the remaining irregular gap between the bar and the grooves. A top plate is used to

hold the tabs together while they are being placed into the jaws of the testing machine.

A variety of gripping systems have been developed to provide anchorage for the ends

of FRP pre-stressing tendons [32]. Some of these can be used as end grips for tensile

strength testing of FRP reinforcing bars. Bakis et al [32] used a potted grip system for

carrying out tensile tests of FRP bars.
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CHAPTER THREE

INTRODUCTION TO ADVANCED COMPOSITE
MATERIALS

3.1 INTRODUCTION

The conventional approach to airplane design is to select a material and then optimize

its configuration. However, today we have composite materials that have added a new

dimension to the design process. So, it is possible to optimize the materials themselves

as well as,their configuration by the use of composite technology.

Composite materials range from glass fibre reinforced plastics to advanced carbon-

epoxy materials, such as the carbon-carbon types used in stealth aircraft. However,

aramid-based and carbon-epoxy composites can be found in commercial like

automobiles and sports equipment. Choosing high-performance matrix and

reinforcement materials is very important in establishing composite properties. The

manner in which the components are' arranged in a composite is even more important

in determining the final properties of a fabricated part. [4]

3.2 TYPES OF COMPOSITES

Structure of a composite material clearly shows the presence of two different materials.

Depending upon the shape and size of the reinforcing phase, composite materials can

broadly be classified into three categories: Particulate composites, Fibrous composites

and Laminated composites. The study of mechanics of fibrous composites is divided

into two broad areas: continuous fibres and short fibres. The length of the reinforcing

fibre affects the structural behaviour of the composite, Fibres of length less than 50 mm

are generally accepted to be short fibres whereas fibre lengths of greater than 50 mm

are regarded as continuous fibres. The reinforcing part of the fibrous composites is the

fibre. There are three types of Fibre Reinforced Composite materials: Glass Fibre

Reinforced Plastic (GFRP), Aramid Fibre Reinforced Plastic (AFRP)/Kevlar and Carbon

Fibre Reinforced Plastic (CFRP). There are basically two types of glass fibre:
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E (Electrical)-glass fibres and S (silica)-glass fibres. E-glass fibre is mostly used as this

has satisfactory strength and stiffness values. S-glass fibre has superior strength and

stiffness properties, but it is very costly to produce.

According to the Lay up, there are two types of composites; Balanced composite and
Symmetrical composites.

Balanced Composite

A composite laminate whose lay-up has an equal number of plies with relation to the

mid-plane of the laminate.

Example: (+45°, 0°, _45°, 90°/-45°, 0°, +45°, 90°) is a balanced lay-up.

Symmetrical Composite

A symmetrical composite panel means that there are equal numbers of plies about the

mid plane axis with the same orientation sequence.

Example: (+45°, 0°, 0°, 90°, _45°/_45°, 90°, 0°, 0°, +45°) is a symmetrical lay-up.

Laminate Configuration Types

There are infinite number of laminate configurations that can be constructed depending

on the elastic properties, ply thickness, ply angle, ply type, stacking sequence, number

of plies and others. Laminate Configuration

I

,
I, ,

I ,
"."

Symmetric
laminates

1
SinglyOriented
Ply laminate
(SOPl)

1

Antisymmetric Unsymmetric
laminates laminates

\l;
1 1Multi-Oriented ,:.~>

Ply laminates
\ 'Multi-Oriented (MOPl) laminates

Ply laminate I are neither
(MOPl) 'V Symmetricnor

-.Jj 'V antisymmetric

Cross Ply Angle Ply

1 1 1 t t
Isotropic Angle QuasiIsotropicPlies Generally Cross PlySpecially Generally Plies Orthotropic Ply Isotropic

Orthotropic Orthotropic Plies
Plies Plies

Figure 1: Types of Laminate [10J
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Symmetric Laminate

A laminate is said to be symmetric when the plies in the upper half of the laminate (for

ordinate Z > 0) are identical, in terms of ply properties, ply angle, ply thickness and ply

position relative to the mid plane, to the plies in the lower half of the laminate (for

ordinate Z<O).

Anti-Symmetric Laminate

A laminate is said to be anti-symmetric when for a given ply configuration (that is.a ply

of certain elastic properties and thickness) there is an identical ply configuration in the

lower half of a laminate and in the upper half of the laminate but with an alternating ply

angle.

3.3 MATERIAL PROPERTIES: DENSITY

Weight is one of the key considerations in the selection of materials. A comparison of

material densities reveals that composite materials have a weight advantage over many

of the metals used for airframe structure. The densities of composite material and of

different metals are shown in Table 1. These materials also have high strength-to-

weight ratios for both tension and compression loads which are approximately 30%

higher than aluminium. Thus weight reduction of 20% or better are common when

replacing aluminum structures with composite structures. Table 2 shows the relative

properties of composite and metals used in different models of Boeing aircraft.

Table 1: Densities of Metals and Composites [4]

MATERIAL TYPE MATERIAL NAME DENSITY

kg/m' (Ib/in')

COMPOSITES E-GLASS (ELECTRICAL) BOARDS/MICARTA 2.601 (0.094)

S-GLASS (STRUCTURAL PARTS) 2.49 (0.090)

CARBON 1.74 (0.063)
'.

GRAPHITE 1.96 (0.071 )

ARAMID (KEVLAR) 1.43 (0.052)

METAL ALUMINIUM 2.68 (0.097)

COPPER 8.88 (0.321 )

MAGNESIUM 1.77 (0.064)

STEEL 7.82 (0.283)
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Table 2: Relative Properties of Composite and Metals Used in Different Models of

Boeing Aircraft [4]

BOEING 737 BOEING 757 BOEING 767

kg (Ibs) kg (Ibs) kg (Ibs)

Total Amount Of Composite Materials 681.81 1431.81 1527.27

Used (1500) (3150) (3360)

Weight Savings using Composites 272.72 518.18 568.18

Instead of Metals (600) (1140) (1250)

3.4 PROPERTIES OF COMPOSITE

The properties of fibre reinforced polymer composites are highly dependent upon

the microstructure of the fibre. The most important fibre parameters to be

considered when characterizing composite materials are:

~ diameter

~ length

~ volume fraction

~ alignment

~ packing arrangement

These parameters will affect the design of the composite and its manufacture.

Composites are manufactured by stacking lamina in a predetermined arrangement

to ensure optimum properties and performance. When the elastic properties of the

composite are being determined, it is assumed that each lamina is homogeneous

and therefore has uniform elastic properties and volume fraction throughout. The

fibre arrangement in the various laminae can be continuous or discontinuous; the

latter arrangement can be either short length fibres which are unidirectionally

aligned or short length randomly orientated fibres.

When a unidirectional fibre lamina is made, the fibres are aligned parallel to each

other. From a theoretical point of view the fibres are assumed to be of uniform

circular cross-section, to have a smooth surface and to be arranged in a square or

hexagonal lattice.
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3.5 FAILURE MECHANISM OF COMPOSITES

Failure characteristics of advanced composites are basically different from those of

metals like aluminium, copper or others. The material is elastic up to a "sudden" failure,

whereas aluminium passes through a plastic types phase, which allows it to bend or

yield before breaking. In some resin systems, crazing (micro-cracking) occurs just prior

to failure; this crazing has unknown but apparently negligible effects on mechanical

properties. Limit strength is based on a strain level below which significant micro-

cracking of the resin does not occur.

Advanced composite materials have directional properties in contrast to metal, which

are normally uniform in all directions. The loads tend to follow the fibres rather than run

across the fibres. Therefore, the designer must create a fibre pattern that will tailor the,
structure to efficiently sustain the applied loads. An advanced composite design should

not be treated as another material to substitute for metal but rather a material that must

be tailored to the structural needs.

3.6 DESIGN WITH COMPOSITES

Proper selection of ply orientation in advanced composite materials is necessary to

provide a structurally efficient design. The part might require 0° plies to react the axial

loads, +45° plies to react shear loads and 90° plies to react side loads. A lay-up of

50% 0° plies and 50% 45° plies will have an equivalent strength and stiffness to that of

aluminium when loaded in the 0° direction.

Composite structure designs, based on limit loads, uSe the allowable limit strain values

called out in the design manuals. Designs must also satisfy the ultimate load

requirements, which can be checked by using the ultimate strain values, obtained also

from the design manual data. The ultimate strength is based on failure of the fibre and

resin (two piece failure). Temperature in the range of -53.aaoC (-65°F) to 71°C (160°F)

have little effect on the ultimate strength [4]. However, the presence of moisture and

elevated temperature of 71°C (160°F) does significantly reduce the strength particularly

in cold bonded assemblies. These conditions do not normally affect aluminium.
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3.7 STRENGTH OF COMPOSITES

Advanced composite materials display brittle material characteristics. They are notch

sensitive as are brittle materials. The actual strength of a composite structure depends

Graphite

Kevlar(Tension)

Kevler (Compression)

Glass Fibre

Strain

Figure 2: Stress- Strain Relationship of Graphite, Kevlar and Glass Fibre

upon many things including number of plies, ply orientation and fibre material. A single

filament of graphite can display a tensile strength as high as 2662.7 MPa (3,85,000 psi)

although much lower values are used for design. Since the slope of the stress/strain

curve defines the material stiffness, Graphite material will provide the stiffest material
between the Kevlar ,and Glass Fibre. [4]

The stiffness, strength and thickness can be varied by selected orientation of the fibres

in the fabric or tape. The number of layers controls thickness, or plies, of fabric or tape

used in the lay-up. Since the number of plies also affects weight, thickness can, be

increased with relatively small weight increase by using honeycomb core within the

component. It is because of their variable properties that advanced composites are so

versatile and may be used for both primary and secondary airplane structure.

3.8 ADVANTAGES OF COMPOSITES

It saves structural weight and provides:

:;;. High stiffness

:;;. Tailored Strength
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~ Corrosion Resistance

~ Fatigue Resistance

[11]

3.9 TYPES OF POLYMERS
There are four types of polymer: Thermoplastic Polymer, Thermosetting Polymer,

Foamed Polymer, Elastomer.

3.9.1 Thermoplastic Polymers
In a thermoplastic polymer, the long chain molecules are held together by relatively

weak Van der Waals forces but the chemical valency bond along the chain is

extremely strong, therefore they derive their strength and stiffness from the inherent

properties of the monomer units and the very high molecular weight. These

polymers will be either amorphous which implies a random structure with a high

concentration of molecular entanglement or they will be crystalline with a high

degree of molecular order or alignment. In the amorphous polymer, the random

structure will become disentangled during heating and will change the material from

a rigid solid to a viscous liquid, whereas heating the crystalline polymer will change

it to an amorphous viscous liquid.

3.9.2 Thermosetting Polymers
Thermosetting polymers are usually made from liquid or semi-solid precursors which

harden irreversibly. This chemical reaction is known as polycondensation,

polymerization or curing and, on completion, the liquid resin is converted to a hard solid

by chemical cross-linking which produces a tightly bound three-dimensional network of

polymer chains. The molecular units forming the network and the length and density of

the cross-links of the structure will influence the mechanical properties of the material;

the network and length of the units are a function of the chemicals used and.the cross-

linking is a function of the degree of cure.

The curing procedure is important to enable the optimum properties of the polymer to

be achieved. Most thermosets will polymerize at room temperature but it is usual to

expose the material to a relatively high temperature for final cure in order to minimize

any further cure and change in properties during its service life.
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Shrinkage stresses during the polymerization process, which is an exothermic reaction,

and thermal stresses due to differences between the thermal coefficient of expansion of

the matrix and fibre may have an effect on the microstresses within a composite

material; these stresses are in addition to those developed from the external load. The

stresses produced from the shrinkage of the polymer can be sufficient to produce

microcracks even in the absence of any external load.

3.9.3 Foamed Polymers

Rigid polymer foam is the name generally used to describe the two-phase system of a

gas dispersed in a solid polymer. In most cases the polymer represents only a minor

portion of the volume of the system but contributes largely to its properties and utility.

Adding a blowing agent to chemical formulations produces' foamed polymers and this

causes the material to expand and to increase its original volume many times by the

formation of small cells. The properties of foams and the optimum use of these

properties is a complicated subject which reflects not only the polymer properties but

also the method of manufacture. A complete characterization of the foam structure

would require the knowledge of the size and spatial location of the cells 'Witll respect to
,\ '

each other but this is difficult to achieve and the subject has not been fully investigated.

3.9.4 Elastomers

Another member of the polymer' family is the elastomer, the most common of which is

rubber. The material consists of long chain molecules which are coiled and twisted in a

random manner and the molecular flexibility is such that the material is able to undergo

very large deformations. If the material has not been cured by a process known as

vulcanization, the elastomer would not recover completely from the large deformations

received under load; this is because the molecules would have moved irreversibly

relative to each other. After a curing process, the r,nolecules are cross-linked and,,
like a thermosetting polymer, they do not slide relative to each other 'When under

load. As the vulcanization process does not change the form of the coiled

molecules, but merely prevents them from sliding, the elastomeric material will

completely recover the original shape after the removal of a force.
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3.10 ELASTIC PROPERTIES OF CONTINUOUS UNIDIRECTIONAL LAMINAE

The stress at a point in a body are generally represented by stress components acting

on the surface of a cube. Fig. 3(a) shows a lamina where the orthotropic layer has three

mutually perpendicular planes of property symmetry; it is characterized elastically by

four independent elastic constants. Fig. 3(b) also shows the three normal stresses and

the three shear stresses at a point in a material body.

3

1 (a)

2

(b)

Figure 3: Unidirectional Fibre Composite (orthotropic material)

The line of action of a tensile or compressive force is parallel to the fibres of a

unidirectional lamina; the strain in the matrix will be equal to the strain in the fibre,

provided the bond between the two components is perfect. As both fibres and matrix

behave elastically,

As E, > Em, the stress in the fibre must be greater than the stress in the matrix and will

therefore bear the major part of the applied load.

The compressive load of the composite,

Pc = Pm + P, (i)

or, ac Ac = amAm+ a, A, (ii)

- v + V ("')ac - am m a, t...•.....••.................•.. Ifl

Where A is the area of the phase, V is the volume fraction of the phase with Vc = 1.

25



As the bond is perfect

1':, = I':m = 1':, (iv)

From equation (ii)

E, 1':, = Em 1':, Vm + E, 1':, V, (v)

E, = EmVm + EN, (vi)

E, = Em (1- V,) + EN, (vii)

This equation is referred to as the law of mixtures equations, where E " E, and Em are

the Young's modulus of the composite, fibre, and matrix respectively. V, defines the

fibre volume fraction of the composlte.[19]

3.11 DEFINITION OF TERMS

Glass Fibre

It is a composition of lime, aluminium oxide, and borosilicate processed from molten

state into continuous filaments (and other shapes as well) by alternating through small

holes in a furnace. Fibreglass is manufactured by forcing melted glass heated to 12000F

through small holes of a texture. The fibres are then reduced to a smaller diameter by

being stretched before they solidify. Fibreglass is a major material used to reinforce

plastics, and is available as mat, roving, fabric, etc. It is incorporated into both

thermosets and thermoplastics. The glass increases mechanical strength, impact

resistance, stiffness, and dimensional stability of the matrix. Fibreglass is dominant as a

reinforcement fibre, simply because it has high strength and high stiffness at a low

price. A comparison of fibreglass with carbon fibres, the stiffest reinforcement material,

and with the other principal reinforcement fibres shows just how good fibreglass is when
cost is cons'idered.

Fibre

The desirable functional requirements of the fibres in a Fibre Reinforced Composite are:

~ The fibre should have a high modulus of elasticity for an efficient utilization
of reinforcement

~ The fibre should have a high ultimate strength

~ The variation of strength between individual fibres should be low
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» The fibres should be stable and retain their strength during handling and

fabrication

» The diameter and the surface of the fibres should be uniform

Matrix

A matrix is a resin system used to bond the fibres of the reinforcing material together. It

is a continuous medium that is required to :

» Bind the fibres together

» Transfer the applied loads to the fibres

» Stop to some extent a crack from propagating straight through a mass of

fibres

» Protect the fibre surfaces from damage during handling and in service,

including the environment

» Chemically and thermally compatible with the fibres

[10]

Resin in which the fibres of composite materials are embedded is the binding agent in a

structural component. Resins in a fluid form are used to impregnate composite fabric

and are cured together with the fibre to make a single item. Fibres are useless for

structural engineering applications unless they are bound together to form a structural

element capable of withstanding loads. Resin systems are temperature sensitive and

the correct cure temperature must be maintained for the type of part and resin system

used. Epoxy resins can be cured between room temperature and 176.67oC (350oF).

Polyester resins are cured between room temperature and 121.11°C (250oF). Polymide

resins (high temperature) are cured between 2600C (500oF) and 315.550C (600oF). [4]

Fatigue

If an increasing load is applied to a piece of material, a magnitude of load will eventually

be reached at which the material fractures. This is the failure or ultimate static load.

Now, let us suppose a fraction of this ultimate load is applied to a similar piece of

material. The material may bend or stretch but will not break. If the load is removed, the

martial will return to its original condition (assuming no permanent set). This application

of load may be repeated several times. Each time the material will return to its original
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condition. Close examination may reveal no evidence that it has been subjected to a

succession of loads. However, something has happened, because if this cycle of

loading is repeated in a sufficient number of times the material will break depending on

the fraction of ultimate load. This phenomenon of fracturing after the application of a

series of cyclic loads less than the ultimate load is called fatigue. The higher the load

applied, the smaller the number of cycles required to cause failure as may be illustrated

by a typical S-N or Wohler curve. The S-N curve is a curve giving the stress as the

ordinate and the cycles as the abscissa. This curve is also called a Wohler curve after

the scientist who developed the foundations of all fatigue work.

The fatigue strength or fatigue limit is defined as the stress amplitude which will cause

failure in a specified number of cycles, usually 10', For a few metals, notably steels and

titanium alloys, an endurance limit Ne exists, below which it is not possible to produce

fatigue failures no matter how many cycles of stresses are applied.

A fatigue crack propagates when acted upon by tensile or shearing stresses but

probably not by compression stresses.

The two basic elements involved in fatigue are:

i: the initiation of a crack and

ii. its propagation through the material.

Infinite.Life Design

The notion of unlimited safety is the oldest criterion. It requires design stresses to be

safe, below the fatigue limit. For parts subject to many millions of almost uniform cycles

like engine valve springs, this is still a good design criterion.

Safe-Life Design

Safe life structure is typically single load path structure whose safety is assured by

replacement at the end of its safe life limit. It is defined as structure which has been

shown to withstand repeated loads of variable magnitude expected during its service

life without detectable cracks.
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Fail-Safe Design

Aircraft engineers developed fail-safe fatigue design criteria. Fail-Safe design

recognizes that fatigue cracks may occur in the structure but that cracks will not lead to

failure of the structure before they are detected and repaired. This philosophy were

originally applied mainly to airframes (wings, fuselage, control surfaces). It is now also

used in other applications. A landing gear is not fail-safe but is designed for a

safe-life. [38]

Damage Tolerance

All safety-critical structural components must meet damage tolerance requirements. It is

assumed that some level of damage might exist without detection throughout the entire

aircraft life. The structure must withstand design limit loads with such damage present.

The greater is the size of damage that can be tolerated, the stringent is the inspection

requirements. An aircraft operator should not be expected to give more than a cursory

inspection to an aircraft during day-to-day service in the field. When damage is

detected, either in the field or at major inspection intervals, appropriate repair action

must be specified according to defined plan or by engineering action. Reasonable

accept/reject criteria must be set for in-service damage and for manufacturing

flaws. [11]

Cracks in metal structure are frequently monitored in-service to observe the rate of

crack growth. The necessary repair action is taken before crack length reaches critical

size. In composites, the propagation of damage is so rapid that no reasonable

inspection interval can be set. Either strain levels must be so low that propagation does

not occur, or some effective means of arresting damage growth must be incorporated

into the structure. Stronger fibres, buffer strips, and the "soft skin" stiffened panel

approach have been shown to improve working stress levels in tension. In compression

it is the propagation of de-laminations rather than cracks, which is the major concern.

Tougher resins, stitching, and bolted attachments will help to improve behavior in

compression.

This philosophy is a refinement of the fail-safe philosophy. It assumes that cracks will

exist, caused either by processing or by fatigue. Fracture mechanics analyses and tests

to check whether such cracks will grow large enough to produce failure before they are
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sure ta be detected by periadic inspectian. This Philasaphy laaks far materials with slaw

crack growth and high fracture taughness. Damage talerant design has been specified

by the US Air Force in same cantracts. In pressure vessel design "leak befare burst" is

an expressian .ofthis philasaphy.

3.12 METHODS OF FABRICATION

Laminated Plastics

Laminates cansist essentially .of reinforcing material such as paper, fabric .orglass fibre,

impregnated with a synthetic-resin binder, layers .ofwhich are fused tagether under heat

and pressure. The reinforcing material is tharoughly impregnated with the resin binder,

dried, and then cut inta sheet. A number .ofthe impregnated sheets are plied an tap .of

each ather and placed in a hydraulic press. They are then subjected ta a temperature

around 148.88oC (300°F) and a pressure .of 6.916 ta 17.29 MPa (1000 ta 2500 psi).

During this curing aperatian the resin is transfarmed inta an .infusible salid, after which

the laminate is remaved from the press.

There are variaus techniques far the manufacture .of fibre reinfarced

thermasets; these methads may be cansidered under three headings:

>- the manual process

>- the semi-autamatic pracess

••. the autamatic pracess

The manual process cavers methads such as hand lay-up, spray up,

pressure bag and autaclave maulding. The semi-autamatic process

includes cald pressing, campressian maulding and resin injectian. The

autamatic pracess are pultrusian, filament winding and injectian

maulding/resintransfer maulding.

3.12.1 Open Mould Techniques

Althaugh the .open mauld techniques are nat exclusively far palyester resins, this

palymer is probably the .one mast used and the productian methads take full

advantage .oftwa impartant characteristics .of it. It daes nat require heat or pressure

far camplete palymerizatian ta .occur althaugh same form .of pressure is an.
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advantage for greater compaction. There are many variations of the open mould

technique but, in the following sections, only the principal ones are given.

3.12.1.1 Hand lay-up technique

Hand lay-up, or wet lay-up, is an open mould process. Since no pressure is applied

other than rolling with a squeeze to remove entrapped air, very light weight and

simple moulds can be employed for the process. In this process, fabric or mat is

saturated with liquid resin and the thickness of the product is built up by applying

successive layers of wet fabric. Usually a special gel coat is sprayed against the

mould before the layers of fabric are applied. This gel coat provides a high surface

quality; curing usually occurs at room temperature.

The procedure begins by placing mat or fabric over the mould. The mats are

trimmed to suit the mould dimensions. Catalyzed resin is applied to the

reinforcement and rolled thoroughly to wet out the fibers. All air bubbles must be

removed.

In this technique, only one mould is used and this may be either male or female.

Most materials are suitable for mould making, but probably the most common is

GFRP. A suitable master pattern is prepared and from this, GFRP moulds may

readily be made. To prevent bonding of the composite materials to the mould

during manufacture, a release agent is applied to the mould and then allowed to

dry before any lay-up is undertaken. The durability of a GFRP composite unit is

dependent on the quality of the material at the surface of the unit that is exposed to

the atmosphere.

3.12.1.2 Spray-up technique

The spray-up technique is less labour intensive than the hand lay-up method.

During the spray-up operation, glass fibre roving is fed continuously through a

chopping unit, and the resulting chopped strands are projected onto the mould in

conjunction with a resin jet. The glass fibre/resin matrix is then consolidated with

rollers. After the initial polymerization of the composite, and when it has been

demoulded, the unit must be cured; the curing procedure is usually an exposure to

a temperature of 60'C for 8 hour.
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3.12.1.3 Pressure bag technique

Pressure bag techniques are practical and low cost methods for the fabrication of

closed vessels. Three different procedures are discussed in which the normal

contact moulding has been undertaken and before curing has proceeded, a rubber

membrane is placed over the component and sealed at the boundary of the mould;

one of the following techniques is then used for greater compaction of the laminate.

Polyester and epoxy resin systems are equally suitable for processing by pressure

bag techniques as are glass, carbon and synthetic fibre reinforcements.

Vacuum bag

A vacuum is created under the membrane. The pressure is equiyalent to about 1

atmosphere being applied to the surface of the moulding, which forces out air and

excess polymer. A protective sheet of cellophane is placed on the surface of the

composite to prevent any deleterious effect of the resin on the vacuum bag. A 55%

glass/resin ratio by weight is possible using this technique.

Pressure bag

In this process, a pressure of about 3 atmospheres is applied directly to the rubber

membrane. As the pressures applied in this method are much greater than in the

vacuum bag method glass resin ratios by weight tan be increased to about 65% with

a corresponding increase in mechanical properties.

Autoclave

The autoclave process is a modification of the pressure bag method; a pressure up

to 6 atmosphere is developed within the autoclave, thus producing a high quality

composite with a glass resin ratio by weight of up to 70%. However, the cost of

production also increases [19]. A very large autoclave is capable of curing major

structural parts. The part, in the vacuum bag, is heated up to the curing temperature

at a controlled rate while the autoclave is being pressurized. Autoclave systems

have been used for the manufacture of composite materials for several years.

Heating is normally done electrically and is then water-cooled. Pressurized air or

nitrogen is used to create a fluid pressure. Nitrogen is used as a fire preventive

measure. The curing temperature and pressure are maintained throughout the cure

32

I~-
,.\ :

\

.'



cycle. The cured part is removed after a controlled cool-down cycle. Autoclaves

come in two basic types. Low temperature autoclaves capable of approximately

176.67°C to 232.22°C (350°F-450°F) operating between 1.03-1.38 MPa (150-200

psi). The high temperature autoclaves are used to process thermoplastic materials.

3.12.1.4 Filament winding technique

In filament winding, continuous strands or roving of reinforcement are passed through

a bath of activated resin and then wound onto a rotating mandrel. The angle of helix is

determined by the relative speeds of the traversing bath and the mandrel. If resin pre-

impregnated reinforcement is used, it is passed over a hot roller until tacky and is then

wound onto the rotating mandrel. After completion of the initial polymerization, the

composite is removed from the mandrel and cured; the composite unit is then placed

into an enclosure at 60°C for 8 hour.

3.12.2 Closed Mould Techniques

The production of fibre matrix composites by moulding techniques using matched dies

has been. undertaken for many years. The hot press moulding technique is usually

selected as being the most economical, while the cold press technique is an

intermediate one between the slower open mould systems which are essentially for

large products, and the faster but more expensive hot press moulding system in which

long runs of small to medium composites are produced. Resin injection and pultrusion

techniques are other systems in the closed mould group.

The matched die processes utilize pressure and sometimes heat to produce

mouldings with a good finish on both surfaces of the composite. Compared with the

open mould technique, this system enables a higher glass content to be used in the

composite with improved mechanical properties. It also achieves uniform dimensional

properties with lower labour costs.

There are basically three manufacturing processes:

>- matched die process

>- pultrusion process and the pull winding process

>- resin injection process/resin transfer moulding
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3.12.2.1 Matched die process

Components that are produced in matched dies are complex in shape.

Consequently, randomly oriented fibres are generally used in one of the three

ways depending on the press system and the moulding technique employed.

The first material system is known as preform. The 2nd material system is

known as Sheet Moulded Compound (SMC) or Prepreg. The 3,d material

system is the Dough Moulding Compounds (DMC) or bulk moulding compound

and is an unsaturated polyester resin, an unsaturated cross linking monomer

such as styrene, suitable mineral fillers and fibrous reinforcement which is

usually Chopped Strand Mat (CSM). [19]

3.12.2.2 Resin injection! Resin transfer moulding

In this process, fibre reinforcement is.placed in a mould set; the mould is closed and'

clamped. The resin is injected into the mould cavity under pressure. The motive force in

Resin Transfer Moulding (RTM) is pressure. Therefore the pressure in the mould cavity

will be higher than atmospheric pressure. In contrast, vacuum infusion methods use

vacuum as the motive force, and the pressure in the mould cavity is lower than

atmospheric pressure.

3.12.2.3 Pultrusion process

The pultrusion technique is one of the few fully automated continuous process used in

the reinforced plastics industry. Constant section shapes are produced by pulling

strands, together with any additionally required layers of fabric, through a heated die;

the strands have been previously impregnated with resin. The products are

generally straight and can take most geometrical cross-section shapes, although

recently some products that are curved in the longitudinal direction have been

manufactured.

The fabric and strand reinforcement are drawn from creels and are passed through

a resin bath. After picking up an excess of matrix, the saturated fibre is passed

through a number of wiper rings into the shaper and heated die. This processing

section is an important part because the final product depends on the cure with

which the reinforcement material is fed in and impregnated.
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The shaped composite is gripped firmly between rubber blocks and is pulled

through the die at a predetermined speed to enable curing of the composite to take

place. For economic reasons, the highest possible operating speed is desired but

this is influenced by two factors. The first is the curing rate and the second is the

time required for excess solvents to be drawn off from the composite. Some

solvents have to be retained in the material to enable it to be sufficiently flexible

during the production process, but the excess solvent must be renewed to prevent

environmental exposure to it.

3.12.2.4 Pullwinding

The pullwinding process is an extension of the pultrusion technique for the

manufacture of mainly closed sections. The process combines the continuous

fibres used in the pultrusion technique with continuous wound hoop direction

fibres; these latter provide crushing and hoop resistance. There are many different

types of fibre and resin combinations as well as various fibre orientations to enable

the composite to be engineered into an efficient system. The general principle is to

combine the unidirectional fibres with those wound around them to give

combination of 00 (unidirectional) and 900 (hoop) fibre layers; fibres in the 00

direction could also be combined, during the manufacturing process, with

randomly oriented fibres or those oriented at some angle e to the 00direction.

3.13 DEFECTS IN COMPOSITE AT MANUFACTURING

3.13.1 Porosity

The term porosity is also known as resin voids or void content and usually occurs if the

cure pressure is applied too late in the cure cycle, thus causing air to be trapped

throughout the lay-up; this defect is not usually confined to a restricted area within the

composite. Voids can also be formed in the manual and semi-automated processes as

a result of inadequate roller compaction. Clearly a high volume of voids within the lay-

up causes some reduction in load transfer throughout the composite. Voids also act as

an area for moisture retention and can have a marked effect on the overall properties of

the composite.
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3.13.2 Prepreg Gaps and Fibre Alignment

Rolling and flattening several bundles of fibres, which are then impregnated, produce a

unidirectional prepreg. Inadequate monitoring at the production stage can result in gaps

in a fibre sheet or disturbance of the fibre direction. Consequently, there should be strict

quality control of the prepreg during manufacture. In addition, during the manufacture

and handling of the prepreg, it is possible for fibres to become detached and to form

whorls during manufacture or misalignment during lay-up.

3.13.3 Prepreg Joints

As the composite is laminated to the required thickness, the joints would be staggered

in the thickness direction. It is important to ensure that no entrapped air bubbles are

allowed to form during lay-up of the prepregs particularly over complex curved surfaces

as this will cause delaminations. These are particularly deleterious to a laminate as the

whole basis of strength and stiffness of the composite structure is modified, particularly

with respect to compressive loads.

3.13.4 Resin Micro-Cracks

Resin micro-cracks can be caused during the cure cycle if the correct temperature cycle

is not adhered to. Resin rich zones are sites for the initiation of cracks within the resin

but it is possible for them to be created throughout the laminate. Fibre rich areas can

also give rise to micro-cracking in the direction of the fibres.

3.13,5 Resin Shrinkage

Thermosetting polymers shrink during curing; polyester resin has a shrinkage of the

order of 5-10% by volume and the corresponding value for epoxy resins is of the order

of 2% by volume. It may be argued that, because of the shrinkage, the polymer 'grips'

the fibres more firmly than that if no shrinkage took place.

3.14 TYPE:S OF FAILURE IN COMPOSITE

The anisotropic characteristics of composite materials cause a complex failure

mechanism under static and fatigue loading and this is accompanied by extensive

damage to the composite. Unidirectional continuous fibre composites, on the other

hand, have excellent fatigue resistance and are essentially linear to failure. If, however,

the composite contains off-axes plies, various damage mechanisms can occur under
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load, causing it to be redistributed, and the stress-strain response will become non-

linear. The four basic failure mechanisms are:

~ matrix cracking

~ delamination

~ fibre breakage, and

~ interface debonding

The type and degree of these damage mechanism may vary, depending on :

~ material properly

~ stacking sequence, and

~ type of fatigue

3.14.1 Matrix Cracking

Matrix cracking in the off-axis plies is usually the first damage mechanism and as the

load increases, the density of the cracks increases. If a [0'/90'/ :1:45'] laminate is

subjected to a tensile load, the cracks would occur in the 90' plies followed by the +45'

plies. The first cracks to appear can be estimated analytically with a fair degree of

accuracy, but it is difficult to produce analytically the :1:45' plies; this might be due to the

influence of the original cracks in the 90' plies. The del)sity of the cracks increases as

the load increases until they appear to stabilize at a unique value for a given laminate.

Reifsnider and co-workers [34, 35] have called this state the .characteristic damage

state'. It is possible to obtain 0' plies splitting perpendicularly to the fibre direction, this

being a form of matrix cracking caused by the Poisson's ratio mismatch between

adjacent plies. The 0' plies are also susceptible to cracking in the fibre direction as a

result of the transverse stress in the 0' ply of a multidirectional laminate. Under static

loading, axial cracking in the 0' direction plies might not occ.ur because the transverse

stress is usually small, but under fatigue loading, cracking in cross-laminates can occur.

3.14.2 Delamination

Delamination occurs between layers of a composite laminate and is attributed to the

existence of inter-laminar stresses that exist in the neighbourhood of a free edge under

an in-plane loading. These out-of-plane stresses arise because the transverse and

shear stresses in each ply must decay to zero at the free edge; this gives rise to inter-

laminar stresses, which can be either tensile or compressive, depending on the
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stacking sequence. The magnitude and distribution of these stresses vary depending

on the laminate, the stacking sequence, the properties of the component materials and

the type of loading. Delamination will generally start on the free edge of the composite

and propagate inwards.

In addition to inter-laminar tensile stresses, there are other mechanisms such as

transverse cracking and inter-laminar shearing which could be significant during the

process of delamination. For example, a symmetric 0"/90"/:t45" laminate under a static

tensile stress would not show any delamination, but under a fatigue tensile load it would

show considerable delamination between the +45"..and _45" plies.

3.14.3 Fibre Breakage and Interface Debonding

The properties of component material in fibre reinforced polymers are highly

dependent on the fibre and interface strength. In a unidirectional composite, under a

tensile force made from carbon fibre with a polymer matrix, it is likely that defects iri the

fibre will cause it to fail before the matrix. This crack will extend into the matrix as the

load is increased and its path will be dependent on the properties of the interface bond

between fibre and matrix. If the bond is strong, cracks will extend into the matrix,

whereas if the interface bond is weak, the crack will lead to interfacial debond and fibre

pull-out.

Damage to the composite caused under cyclic loading will inevitably produce

significant changes in the mechanical response of the specimen. These changes fall

into three main groups:

i' The strength and modulus of elasticity of the material will decrease with
increase in damage.

i' The hysterisis losses will increase in cycles of load.

i' The residual strength of the composite decreases with increase in fatigue
cycling.

The effect of damage on the composite will depend upon the type of laminate and the

nature of the loading. For instance, a multidirectional composite under a fatigue load

shows a gradual reduction in strength and stiffness values, whereas, a unidirectional

composite (00 fibre direction only) will show little damage until immediately before

failure.
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CHAPTER FOUR

EXPERIMENTAL SET-UP AND TEST PROCEDURE

4.1 INTRODUCTION

FRP bars are typically of continuous fibres (glass) embedded in a plastic matrix which

serves to protect the fibres and provides for transfer of stress from the bar surface to

the interior fibres. FRP bars are typically made by a process known as pultrusion

(ASTM D 3918). In the pultrusion process, the continuous fibres are wetted with

uncured resin and pulled through a die to form the desired cross section. After the bar

has passed throughout the die, additional processes are used to impart a deformation

pattern to the bar surface to enhance bonding. The resin is then allowed to cross-link

[8J.The mechanical properties of FRP bars are influenced by the properties of the fibres

and the matrix, the volume fractions of fibres and matrix,' and the efficiency of stress

transfer from the bar surface to interior fibres. The mixture rules is often used to

estimate the mechanical properties of composites, such as in FRP bars:

where Pf,p= mechanical property of the FRP bar; Pf = mechanical properly of the fibres;

Vf = fibre volume fraction; Pm = mechanical property of the matrix; and Vm = matrix

volume fraction.

4.2 TYPES OF LOAD USED IN EXPERIMENT

To obtain a quantitative measure of resistance to fatigue it is necessary to carry out test

under controlled conditions. For this purpose, a wide variety of fatigue machines are

available.

A very common type of repeated loading is a cyclically alternating or reverse stressing

in which Om" = - Om;n'(Fig 4a). The mean stress, Omean= (om" + Om;n)/2 is then zero. An

alternating stress can be produced by tension-compression (direct stress). The stress is

calculated over the minimum cross section. In bending and torsion, it is the maximum

fibre stress.

The stress amplitude is defined as S = (om" - Om;n)/2 and the stress range as 2S =

(om" - Om;n). Superposition of a static preload upon the alternating stress results in an
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asymmetrical stress cycle with amea" * O. This is referred to as fluctuating stress (Fig.

4b).ln the particular cases when am;" ~O or ama, :0; 0, one speaks of a pulsating stress,

Figure 4 (c) and FigureA(d). This type of cycle is often described by the stress ratio, R

= amaJ am;" which becomes -1 for alternating stress, 0 or oc when either ama,= 0 or am;"

= 0 and anything in between for fluctuating stress patterns.

The number of cycles that a material will withstand at any given cyclic stress level

before fracturing is called fatigue life or endurance, Ne A specimen or part that fail after

only a few score of very high stress reversals may last for millions of cycles under

sufficiently low stresses.[36]

Figure 4: Sinusoidally variable cyclic stresses:
(a) Alternating (b) Fluctuating (c) Pulsating (d) Pulsating
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4.3 PREPARATION OF COMPOSITE SAMPLE

It is already mentioned that the tensile strength of glass fibre reinforced sample

depends not only on its resin matrix type and characteristics but also on the type of

samples, its internal defects. Therefore, special cares were taken to reduce voids. For

preparing the samples, a cylindrical hollow tube was cut through its axis into two halves.

Generally, at room temperature the resin is in a liquid form. Initially the resin is mixed

with chemical like Methyl Ethyl Ketone (MEK) peroxide and a little amount of Cobalt is

used as a catalyst and curing agent. The first layer of short chopped strand fibres was

laid up in each half of cylindrical tubes. Then the fibres were wetted with uncured resin.

The second layer of short chopped strand fibres was laid up on the previous layer and
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the fibres were wetted with uncured resin. Similar operations were made until the two

halves were completely filled up.

Then the two halves were put together with the help of 'C' clamps. Approximately the

time required for full curing of each casting is 45 minutes at room temperature. After

curing, the samples were machined to remove extra resin and fibre elements from the

surface of the sample. Finally, the cylindrical rods were made for testing. About 500

mm long samples of different diameter were fabricated for test. The steps of fabrication

of samples are shown in Figure 5.

Air Removal from Polyester

Normal mixing of Glass Fibre
and Polyester matrix

Pouring into Mould

Hardening at normal
temoerature and oressure

Post Curing for 45 minutes

Glass Fibre Composite

Figure 5: Schematic diagram of the steps of Advanced Production Process of
Glass Fibre Reinforced Plastic (GFRP)
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Calculation of Mass Fraction of Fibre Content

After complete curing, the percentage of fibre content was calculated. As described

above, only polyester leaked from the mould under high pressure. The calculation

procedure used for fibre content is described below:

Weight of the polyester: Wpg

Weight of the fibre to be mixed with the polyester: Wt9

Weight of the mixture poured into the mold = Wm"g
Weight of the composite after complete curing: Wcg

So, weight percentage of the fibre in the mixture poured:" 100W,/(Wp+W,)

Leakage of the polyester from the mold: (Wm" - Wc)g

Amount of the fibre in the mixture poured into the mold: W, xgxWm" /(Wp+W,l

Thus, amount of fibre in the composite after complete curing: W, xgxwm" /(Wp+W,l

Therefore, weight percentage of the fibre in the composite: 100(W,Xwm" )1(Wp+W,)wc

It can be converted into volume percentage by considering the density of fibre and

matrix.

4.4 EXPERIMENTAL SET-UP

In this research, the static and dynamic tests were carried out in the universal testing

machine (Capacity 20 Ton, Type FTA -20, Fujii Seiki Co. Ltd., Kawasaki, Japan) and

the newly designed fatigue-testing machine of BUET.

4.4.1 Static Test Procedure

Tensile tests were carried out using the Universal Testing Machine. All the specimens

of the cylindrical bars were made of E-glass fibres, E:)mbeddedin a polyester matrix. To

calculate the tensile strength, the diameter of the bar must be known. A better approach

is to calculate the average diameter of the samples. Initially the diameters of the

samples were measured and noted. Then the samples were fixed with gripper on the

Universal Testing Machine. Extensometer was fixed with the specimen in the free-

length between two ends of the gripper. The elongation of the test sample was

measured using an extensometer with a 50 mm gage length. The specimens were

loaded approximately at a rate of 2:t0.20 KN/minute. A test was continued until the

specimen fractured. At the time of failure of the specimen, the load and the elongation

at break were noted. It was observed thaf almost all failures occurred within the gage
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length, Only results in which failures occurred in the free-length of the specimens were

considered valid for the determination of the tensile strength,

4.4.2 Dynamic Load Testing Procedure

The dynamic loading system and the arrangement are shown in Figure 6 and 7. In this

loading arrangement the load arm is a hollow beam of rectangular section, hinged at

one end with the structure of the set-up. At the mid position of the beam, a connection

were made with the test sample gripping attachment. The position of connection with

the beam can be changed along the length of the loading beam. At the other end of this

arm there is a shaft welded to the beam. A pulley was fitted with the shaft thr,?ugh an

extended bush. A rotating mass is fitted with the extended bush in such a way that the

amount of mass and the distance from theaxis of rotation can be changed as desired.

When the pulley and the bush rotate, a rotating mass-produces a centrifug'al force. A
"

pair of roller bearing restricts the sidewise movement of this loading beam. Therefore,

the centrifugal force acts only vertically upward and downward. Near the free end of this

beam, provision was made for hanging dead weight. By changing the mass of the dead

weight the required initial static tension can be applied. During the rotation of the

centrifugal mass upward and downward force along with the static load cause

fluctuating load at the beam supports. By lever action of this arrangement the applied

load can be magnified and transmitted to the gripping attachment and thus to the

testing specimen which is fixed with the supporting structure. By shifting the position of

the gripping attachment along the load beam the lever action can be varied. An A.C.

motor is installed at the base of the set-up for rotating the centrifugal force producing

mass.

A dynamic load cell was used to measure the load on the test sample. This dynamic

load' cell, connected toa computer, was initially calibrated. All static tests were

conducted by using Universal Testing Machine. Extensions during static test were,

measured by a high precision extensometer.

The fatigue, properties are normally determined on small specimens, representative of

the materials, which are subjected to cyclic stress. Only in exceptional cases, full-scale

fatigue tests are made on airplane and on certain gears and shafting used in

automobile power transmission trains.
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Fatigue testing machines are based on a variety of principles. Tension-Compression

cycles can be produced by various means. An experimental set up for applying dynamic

load is available in the Strength of Materials Laboratories of Mechanical Engineering

Department of Bangladesh University of Engineering and Technology (BUET). The

schematic diagram of this set-up is shown in Figure 6. This experimental set-up
comprises of the components as listed in Figure 6.
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1. Pinned support of upper load arm

2. Pinned support of lower load arm

3. Upper load arm

4. Lower load arm

5. Load transfer assembly

6. Dead weight

7. Pulley

8. Centrifugal mass

9. Motor

10. RPM Counter

Figure 6: Experimental Set-up for Measuring Cycles to Failure of Specimen

This set-up is designed to magnify a dead load and the centrifugal force by using two

load arms; upper and lower, Combining the dead load and the centrifugal force,

dynamic load up to a maximum of 10 ton can be applied. For this study the high

dynamic load was not necessary. Therefore, some modifications of the dynamic load
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machine were made. The lower load arm was disconnected from the upper load arm.

At the same time, arrangement for fixing the sample was made. The connection from

the upper load arm to the testing sample was also redesigned. Two types of load

measuring set-up were also used. Initially, no dynamic load-measuring instrument was

available. Therefore, a ring type mechanical load cell was used to measure the load

applied on the test sample. During the experimental investigation, a dynamic load cell

was procured and used.

A schematic diagram of the fatigue-testing machine is shown in Figure 7.

Pulley

Uppergrip

Lowergrip

LoadCell

Connection to
loadarmto testsamIe

RotatingMass Deadload

Motor

Thisportioncanbe
adjustedasrequired

Figure 7: Modified Experimental Set-up with Ring type Mechanical Load Cell
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4.4.2.1 Upper load arm

The upper load arm is a hollow box beam of rectangular cross section, hinged at one

end. At the other end of this arm, there is a shaft, longitudinally welded to it. A pulley f' '
. with a bush is fitted on the shaft with two bearings such that the pulley and the bush can

rotate. Another shaft is fitted with the bush at one end and there is an arrangement to

fix weight (centrifugal mass) at the other end of this shaft.

When the pulley and the bush are rotated, the rotating mass-produces a centrifugal

force. When the horizontal components of the centrifugal force are stopped by providing

horizontal supports at the free end of the loading arm, it produces a cyclic load in the

vertical plane on the test sample. There is a provision to change the load on the

specimen by fixing dead weight in the upper load arm. This dead load can be varied.

Centrifugal force can be adjusted by changing the centrifugal mass or by changing the

radius of rotation of the mass. Total mean stress (am,a"), total alternating stress (aa)

and total tensile stress can be changed by changing centrifugal mass, radius of the

rotating mass and the dead weight.

4.4.2.2 Motor pulley arrangement

An AC motor of 0.746 KW (1.0 hpj is installed at the base of the machine for rotating

the centrifugal mass. Power is transmitted from the shaft of motor to the rotating mass

through V-belts and pulley. The rpm of the rotating mass was kept constant. By

changing the size of the pulley, the rpm of the rotating mass could be adjusted as

required.

4.4.2.3 Measuring instruments

To measure the load and the cycle of the loading, following instruments were used

during the experiment:

" RPM counter

" Ring type Mechanical Load Cell

" Dynamic Load Cell With Digital Indicator
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The study reported in this paper was undertaken to develop information to support the

development of standard test methods for FRP bars. The specific objectives of this

initial effort were as follows:

To develop a simple, low-cost, and effective system for gripping FRP bars in tension.

To compare the values of dynamic modulus of elasticity, obtained from stress-wave

methods, with the values from tensile tests.

4.4.2.3.1 RPM counter

A RPM counter was fixed with the pulley to transmit rotation to the bush fitted with

rotating mass. This counter counts the rotation of the pulley. The counter was designed

in such a way that, for every three rotation of the shaft, the counter reading is one. The

pulley and the bush were designed in such a way that for everyone rotation of the

pulley the bush rotates almost three times. Therefore, for each rotation of the bush the

counter reads approximately one rotation. Taking 100 rotation of the bush and the

corresponding reading of the counter, the actual conversion was calculated and this

conversion factor was 1.02.

4.4.2.3.2 Ring type mechanical load cell

The schematic view of this ring type load cell is shown in Figure 8. Initially this load cell

was calibrated by using static load applied by universal testing machine, which was also

calibrated before by using proving ring.

Figure 8: Ring Type Mechanical Load Cell

During calibration it was observed that for every 1 mm of deflection of the dial gage the

tensile load was 1000 kg (1 ton). Upto 2 tons of tensile load, this relationship was linear.
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4.4.2.3.3 Dynamic load cell with digital indicator and computer

A dynamic load cell (Model TCLM-100KNB, Capacity 100 KN, Resolution 1 kg,

Sensitivity 2.5 mvN) was also used. The load cell was calibrated with the static load

applied by the universal testing machine shown in Figure 9.
•

Pulley

Upper grip

Load cell

lower grip

Connection to
load arm to It,:::il ::id1!ljJt€

RPM Counter Pulley

Dead load
This portion can be
adjusted as required

Figure 9: Modified Experimental Set-up for Measuring Cycles to Failure with Dynamic

Load cell

4.4.2.3.4 Gripping arrangement

It is usually observed that during different experiments [15] of tensile strength of plastic

or of FRP samples of uniform cross section, failure occurs at the grip. This is because

a grip is designed in such a way that, with the increase of tensile load, more gripping

(transfer of tensile force) force is applied automatically to the test sample. Due to this

combined effect of tensile stress and compression stress the sample fails at the grip. It

is also a critical question at what level of stress the sample failed. Therefore, an

improved gripping system was designed and fabricated in such a way that the sample
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would not fail at the grip, rather it would fail anywhere between two grips. Figure 10

shows the schematic diagram of the gripper.

A set of gripping device were designed and constructed in such a way that no failure

would occur at the gripping of the sample. The idea was that when sample were fitted

and loaded with the radial load, which grips the test sample, vary with maximum

gripping force at the end. To achieve this, the internal surface of the gripper was

tapered by 2%. This approach eliminates the high lateral compressive force in the grip

region.

Support

sample

gripper

load cell

Direction of loading

i
~

Figure 10: Gripping Device

It was evident that the tensile strength of glass fibre reinforced sample depends not only

on its resin matrix type and characteristics but also on the type of samples, its internal

defects, grips. Therefore, special cares were taken to reduce the voids. Modified grips

were also designed in such a way that test sample would not fail in the grip section.

50



CHAPTER FIVE

RESULTS AND DISCUSSION
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CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 RESULTS AND DISCUSSION

Experimental study was carried out here to determine the Mechanical behaviour of

composite specimen with the help of a modified experimental fatigue-testing machine,

designed for this purpose. The results are presented in a tabular and graphical forms in

this chapter. The analyses are also given here.

Tables 3 to 12 show the tensile strength of cylindrical bars at different proportion of

fibre to resin. From the table it is observed that the tensile strength of 100% pure resin

is 16.95 MPa to 19.89 MPa under static load. With increasing percentage of fibre

conten, the strength of the cylindrical bar also increases. At 33.33% fibre content, the

tensile strength is maximum and the values are between 67.59 MPa and 79.89 MPa.

, The value of tensile strength was decreased as the fibre content increases more than

33.33% and at 50% fibre content it is between 22.56 MPa and 38.54 MPa. At 100%

pure resin, the strength we found is the strength of the pure resin itself. With the

addition of the fibre, the strength of the specimen increases due to the higher strength

of the fibre. This is observed up to 33.33% fibre content. It can be inferred that up to this

proportion of fibre to resin the bonding between fibre and resin is proper and therefore

the maximum strength was found. The strength of the test specimen is reduced beyond

33.33% fibre content, though the amount of fibre is more. This is due to the lack of

bonding or inclusion of voids. The lack of bonding may be due to the wet out of fibre by

resin is deficient. Therefore, it may be concluded that, beyond certain limit, (for this

case, 33.33% fibre content) the more is the fibre content, the lesser is the strength.

Table 13 presents the mean value of the different parameters presented in Table 3 to

12. From this table it is observed that the mean tensile strength increases as the

percentage of fibre content increases up to a certain extent (33.33%). Beyond that

percentage of fibre content, the tensile strength dropped rapidly from the maximum

value of 74.09 MPa to 24.74 MPa at 50% fibre content. This may be due to random

. orientation of fibre mixed with resin for making test samples. If the test samples could
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be made with parallel unidirectional continuous fibre, the percentage of elongation could

be more or less uniform and that value should be as of the elongation of the fibre. It

shows that the mean static tensile strength is 24.74 MPa at 50% fibre content. The

mean tensile strength is 17.97 MPa at 0% fibre content. The strength increases as the

percentage of fibre content increases. But there is an optimum limit. At 33.33 % fibre

content, the mean static tensile strength and mean breaking load is 74.09 MPa and

2820.33 kg. respectively. The lowest breaking load is of pure resin. The mean

percentage of elongation is 1.16 at 33.33 % fibre content. So, there is no direct

indication of variation of percentage of elongation with the variation of percentage of

fibre content. The percentage of elongation at maximum strength is 1.16 at 33.33%

fibre content at which the maximum strength was attained.

Tingley et al showed that large fibre volume can result in a 30-40% decrease in

composite tensile strength and this is the failure of composite in tension prior to the

point at which the fibres themselves fracture. That is to say, there is a point at which

increasing the fibre percent decreases the tensile properties of the composite. [45)

Tables 14 to 21 reveal the dynamic strength and cycles to failure of the test sample at

different percentage of fibre content. Each table presents the dynamic strength and the

life cycle of test sample of a particular percentage of fibre content at different load

ranges. Load range is defined as the difference between the maximum and the

minimum dynamic loads. It shows that under the dynamic load, the fatigue life limit is

maximum at certain percentage of fibre content. At 33.33% fibre content the fatigue life

limit is between 58,010 and 1,52,000 cycles at different load ranges. But at 50% fibre

content it is between 180 and 1,257 cycles. So, the addition of fibres in resin (matrix)

does not always necessarily mean the increase of the dynamic strength. At 15.4% fibre

content, the fatigue life is between 15 and 126 cycles. At 25% fibre content, the fatigue

life is between 58,023 and 1,21,157 cycles. Tables 14 to 21 also show that in the

different load ranges the alternating stresses, aa of 50% fibre content is between 4.28

and 4,73 MPa except in the load range of 305 kg, it is 11.53 MPa. The same happened

to the other composition of fibre content at load range of 308 kg. So, there may be

some error in the data at load range of 305 kg. All these results of cycles to failure

shown in tables 14 to 21 are presented in table 22. The experiments were performed

in six load ranges that is 280, 295, 300, 305, 308, and 316 kg. Due to the limitations of
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the experimental set-up, wide variations of the load ranges were not taken. From the

table 22, ilcan be observed that the fatigue life decreases with increasing the load

ranges except in case of load range 308 and 316 kg. for 25% and 33% fibre content

and except in case of load range of 308 kg. for 22% fibre content. From the

measurements it can be assumed that the cycles to failure is different at different

percentages of fibre content and there.is an effect on the different load ranges. But due

to the lack of data covering wide load ranges, definite conclusions could not be made.

In addition to these, the presence of defects in the sample, like voids or discontinuities,

is very important deciding factor in dynamic loading and it might effect the life of the test

samples. The cycles to failure is maximum at 33.33% fibre content in the load range of

308 kg.

Figures 11 is drawn using the data presented in table 13 to show the effect of

percentage of fibre content on the mean tensile strength. It shows that the mean tensile

strength under static load at 32% fibre content is maximum and the value is 76 MPa.

But at 50% fibre content it is 25 MPa. At 15 to 25% fibre content, the tensile strength

increases moderately but at 25 to 30% fibre content the increment of tensile strength is

very sharp. Above 32 to 33% fibre content, the strength abruptly drops to 25 MPa. So, it

does not necessarily mean the strength always increases as the percentage of fibre

content increases. Hence, there is an optimum limit for maximum strength.

Figures 12 to 20 show the stress-strain relations of Fibre Reinforced Plastics at

different percentage of fibre content. From these curves it was found that stress-strain

relationship is mostly linear in figures 12 to 15. At fibre content of 20%, although the

relation is no more linear, yet the deviation from linearity is tolerable in engineering

practice. In figure 17 the stress-strain curve is linear up tb the strain of 0.0002mm/mm.

Beyond the strain of 0.0002 mm/mm, the stress-strain relationship is not linear and

there is an appreciable amount of plastic deformation with little variation of stress. That

may be due to the imperfections of the test samples. At 33.33% fibre content, the

strength is 6.8 MPa. In case of pure resin, the stress-strain relation is linear as seen in

figure 20.

Figures 21 to 26 reveal that the cycles to failure are different at different percentage of

fibre content. As the percentage of fibre content increases, the fatigue life also

increases and it is maximum at 32 to 34% fibre content under dynamic loading. It also
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shows that between 0 and 20% fibre content the fatigue life limit is minimum. Beyond

34% fibre content the fatigue life decreases and the life cycle becomes negligible at

50% fibre content.

At the lower range of fibre content (0 to 20%) both the static and dynamic strength of

the composite are less due to the presence of less amount of fibre content. Normally,

as the fibre content increases the fatigue cycles to failure also increases. But, beyond

33.33%, the fatigue life decreases due to the lack of bonding and void formation or

discontinuity in the sample. It is well established that if any discontinuity within the

material is present, it reduces the dynamic strength tremendously. This is also evident

here for higher percentage of fibre content.

Figures 27 to 34 reveal that the deformation increases linearly as the load increases

and it breaks suddenly without any appreciable necking in static loading. But in figure

32, there is an exception of appreciable deformation at 450-500 kg load. This may be

due to imperfection in the specimen.

From the previous study it is known that the fibre surface must be fully wetted by resin

for proper bonding. The strength of Fibre Reinforced Plastic (FRP) Composite depends

upon bonding between resin and fibre. In this research it is found that the static strength

and dynamic strength varies with the percentage of fibre content in matrix. There is a

particular saturation limit of fibre content in a particular type of matrix. This limit is due to

proper wet out of fibre by resin. The strength will be maximum if the fibre to resin

proportion is optimum. The strength of the composite will be lower if the fibre content is

less or the wet out of fibre is deficient by resin. In this research, at 30 to 35% fibre

content, the static and dynamic strength of GFRP is maximum. That means, this is the

optimum combination of this particular type of fibre and resin.

The porosity or void content arises if the curing pressure (negative or positive) is

applied lately in the curing cycle. Thus, air may be trapped into the lay up of the

composite. Voids can also remain as a result of inadequate compaction of the fibre and

resin.

Resin micro-cracking may form during curing cycle if the proper temperature for

different proportion of fibre to resin, as prescribed by the manufacturer, is not

maintained.
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The fatigue cycles to failure of GFRP at different percentage of fibre content are shown

in table 22. The results are inconsistent according to the load range. Normally, the

cycles to failure should be less with respect to the increase in load range. But, with

respect to the percentage of fibre content, this is consistent in case of static results.
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Table 3: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 50% Fibre Content

Obs. Mean dia, X-Sectional Area, Gage Ll1ngth at % Elongation, Load at Tensile
No. dmm 2 2 Length, Lo Failure, Lf (Lf - Lo)100/ Lo Failure, P Strength,Ao=nd /4 mm

mm mm kgf q= P/Ao MPa

1 20.2 320.47 103.2 103.97 0.75 735 22.56

2 20.25 322.00 102.50 103.41 0.89 845 25.74

3 19.95 312.53 102.02 103.60 1.55 780 24.48

4 20.45 328.39 104.00 105.30 1.25 842 25.15

5 19 283.48 100.60 101;80 1.19 658 22.77

6 18.8 277.54 106.00 107.30 1.23 785 27.75
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Table 4: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 33.33% Fibre Content

Obs. Mean dia, d X-Sectional Area, Gage Length at % Elongation, Load at Tensile
No. mm Ao= rrd2/4 Length, Lo Failure, L, (L, - Lo)1001 Lo Failure, P Strength,

mm2 mm mm kg, u= P/Ao MPa

1 22.55 399.38 105.00 105.91 0.87 2750 67.59

2 22.60 401.07 104.00 105.71 1.64 3245 79.37

3 21.95 378.34 104.30 105.50 1.15 2900 75.20

4 22.53 398.71 105.00 105.91 0.87 2835 69.75
.

5 21.05 347.95 103.48 104.92 1.39 2580 72.74

6 20.21 320.73 105.20 106.30 1.05 2612 79.89
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Table 5: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 28.57% Fibre Content

Obs. Mean dia, d X-Sectional Gage Length at % Elongation, Load at Tensile
No. mm Area, Ao= rrd2/4 Length, Failure, Lt (Lt - Lo)1001Lo Failure, P Strength,

mm2 Lomm mm kg, q= PIAn MPa

1 22.39 393.55 105.00 105.98 0.93 2500 62.29
.

2 21.77 372.16 105.00 105.93 0.89 2600 68.54

3 22.26 389.21 101.90 102.90 0.98 2600 65.53

4 21.65 368.06 106.00 106.80 0.75 2442 65.09

5 20.28 322.85 104.00 105.91 1.84 2395 72.77

6 20.10 317.25 103.30 105.80 2.42 2280 70.50
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Table 6: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 25% Fibre Content

Obs. Mean dia, d X-Sectional Gage length at % Elongation, load at Tensile
No. mm Area, Ao = rrd2/4 length, lo Failure, l, (l, - lo)1001 lo Failure, P Strength,

mm2 mm mm kg, q= P/Ao MPa

1 20.47 329.09 103.50 104.90 1.35 1345 40.02

2 20.57 332.10 103.50 104.70 1.16 1600 47.26

3 20.15 318.83 103.00 104.20 1.17 1365 42.00

4 21.28 355.48 106.00 107.10 1.04 1350 37.26
.

5 20.69 336.04 105.58 106.20 0.59 1437 41.95

6 19.27 291.59 104.00 105.40 1.35 1378 46.36
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Table 7: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 22.22% Fibre Content

Obs. Mean dia, d X-Sectional Gage Length at % Elongation, Load at Tensile
No. mm Area, Ao = rrd2/4 Length, Lo Failure, Lf (4 - Lo)1001 Lo Failure, P Strength,

mm2 mm mm kgf u= P/Ao MPa

-

0

1 20.14 318.57 102.50 102.89 0.38 1150 35.41

2 20.36 325.51 102.00 102.98 0.96 1160 34.96

3 20.60 333.23 102.75 104.30 1.51 1172 34.50
,

4 20.74 337.77 102.00 102.89 0.87 1220 35.43

5 19.75 306.30 100.60 102.30 1.69 1191 38.15

6 20.62 333.88 102.90 103.70 0.78 1172 34.44
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Table 8: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 20% Fibre Content

Obs. Mean dia, d X-Sectional Gage length at % Elongation, load at Tensile
No. mm Area, An = rrd2/4 length, lo Failure, l, {l, - lo)1 001 lo Failure, P Strength,

mm2 mm mm kg, u= P/Ao MPa
.

~
1 19.7 304.81 104.50 104.50 0.38 1000 32.17

2 19.8 307.85 104.10 104.90 0.77 1135 36.17
.

3 20.1 317.25 104.30 105.70 1.34 1090 33.71
I

4 20.1 317.25 104.50 105.60 1.05 1155 35.72

5 20.05 315.67 103.50 104.13 0.61 1113 34.59

6 19.33 293.41 103.80 104.90 1.06 1042 34.84
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Table 9: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 18.18% Fibre Content

Obs. Mean dia, d X-Sectional Gage Length at % Elongation, Load at Tensile
No. mm Area, Aa = rrd2/4 Length, La Failure, L, (It - La)1001La Failure, P Strength,

mm2 mm mm kg, IT = P/Aa MPa

1 19.38 294.98 103.85 105.00 1.10 870 28.94

2 19.31 292.80 103.50 104.60 1.06 980 32.83

3 19.95 312.53 103.95 104.80 0.82 852 26.74
.

4 19.55 300.12 103.30 104.80 1.45 830 27.13

5 20.06 315.88 102.20 103.60 1.37 910 28.26

6 19.30 292.50 103.65 105.20 1.50 885 29.68
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Table 10: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 16.67% Fibre Content

Obs. Mean dia, d X-Sectional Gage Length at % Elongation, Load at Tensile
No. mm Area, ~ = rrd2/4 Length, Lo Failure, Lf (Lf - Lo)1 001 Lo Failure, P Strength,

mm2 mm mm kgf u= P/Ao MPa

1 21.02 347.02 102.34 102.97 0.62 950 26.88

2 21.15 351.15 105.00 106.20 1.14 950 26.54

3 20.69 336.26 102.80 103.90 1.07 943 27.51

.

4 21.24 354.14 102.90 103.20 0.29 910 25.21

5 21.05 348.06 102.90 104.20 1.26 973 27.42

6 20.15 318.83 101.95 102.79 0.82 920 28.31
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Table 11: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 15.38% Fibre Content

Obs. Mean dia, d X-Sectional Gage Length at % Elongation, Load at Tensile
No. mm Area, An = rrd2/4 Length, La Failure, Lf (Lf - La)1001La Failure, P Strength,

mm2 mm mm kgf u= PIAn MPa

1 19.52 299.10 100.10 101.12 1.02 710 23.25

2 19.49 298.29 101.00 102.20 1.19 780 25.65

3 19.81 308.26 101.90 102.80 0.88 722 22.98

4 20.19 320.20 104.60 105.90 1.24 741 22.70

5 19.27 291.59 101.70 102.70 0.98 726 24.42

6 20.20 320.41 102.80 104.20 1.36 762 23.33
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Table 12: Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at 0% Fibre Content

Obs. Mean dia, d X-Sectional Gage Length at % Elongation, Load at Tensile
No. mm Area, ~ = nd2/4 Length, Lo Failure, L, (L, - Lo)1001 Lo Failure, P Strength,

mm2 mm mm kg, u= P/Ao MPa

1 19.90 .311.02 105.00 114.15 8.71 550 17.27

2 20.05 315.67 105.00 112.05 6.71 640 19.89

3 20.37 325.83 103.00 111.18 7.94 563 16.95

4 19.90 310.97 105.10 110.00 4.62 582 18.36

5 21.30 356.26 104.10 111.09 6.71 668 18.39

6 20.39 326.47 105.30 111.26 5.66 565 16.98

co
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Table 13: Mean Static Tensile Strength of Glass Fibre Reinforced Plastic (GFRP) at Different Percentage of Fibre Content
(60 samples)

51. No. % of Mass fraction of a Mean Tensile Strength, Mean Breaking Load, kg Mean Percentage
fibre MPa Elongation

1 50 24.74 774.17 1.12

2 33.33 74.09 2820.33 1.16

3 28.57 .67.45 2469.5 1.3

4 25 42.48 1412.5 1.11

5 22.22 35.48 1177.5 1.03

6 20 34.53 1089.16 0.87

7 18.18 28.48 887.83 1.21

8 16.67 26.98 941 0.86

9 15.38 23.72 740.16 1.11

10 0 17.97 594.66 6.73
I
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Table 14: Dynamic Strength of GFRP at 50% Fibre Content

Obs. Static Load, Mean Cyclic Loading X-Sectional Minimum Maximum Stress Ratio, Alternating Cycles to
No. Kg Stress, Umean Area, mm2 stress, qmin stress, amax R = amin Jumax Stress, Failure, N

MPa MPa MPa ~CTa= (umax - umean)

MPa

Minimum Maximum
Load Kn Load Kn

1 325 10.07 175 483.33 320.47 5.37 14.8 0.36 4.73 1,100

2 375 11.72 225 541.17 320.47 6.89 16.57 0.41 4.85 180

3 400 12.93 275 570 320.47 8.42 17.45 0.48 4.52 1,020

4 425 6.84 295 600 320.47 9.03 18.367 0.49 11.53 890

5 450 14.54 325 625 320.47 9.94 19.13 0.52 4.59 893

6 475 15.31 360 640 320.47 11.02 19.59 0.56 4.28 1,257
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Table 15: Dynamic Strength of GFRP at 33% Fibre Content

Obs. Static Load, Mean Cyclic Loading X-Sectional Minimum Maximum Stress Ratio, Alternating Stress, Cycles to
No. Kg Stress, qmean Area, mm2 stress, stress, qmax R = Umin Iumax Ua = (Umax ~ umean) Failure, N

MPa Umin MPa MPa Me,

Minimum Maximum
Load Kn Load Kn -c-

1 325 8.08 175 483.33 399.376 4.3 11.87 0.36 3.79 1,52,000

2 375 9.4 225 541.17 399.376 5.53 13.29 0.42 3.89 1,43,223

3 400 10.38 275 570 399.376 6.75 14 0.48 3.62 58,010

4 425 5.496 295 600 399.376 7.25 14.74 0.49 9.24 75,000

5 450 11.66 325 625 399.376 7.98 15.35 0.52 3.69 1,12,005

6 475 12.28 360 640 399.376 8.84 15.72 0.56 3.44 1,27,089

< "t-
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Table 16: Dynamic Strength of GFRP at 25% Fibre Content

Obs. Static Load. Mean Cyclic Loading X-Sectional Minimum Maximum Stress Ratio. Alternating Stress, Cycles to
No. Kg Stress, tTmean Area, mm2 stress, Umin stress, Umax R = Urnln Jumax Ua = (umax• umean) Failure, N

MPa MPa MPa MP.

Minimum Maximum
Load Ka Load Ka

1 325 10 175 483.33 329.09 5.22 14.4 0.36 4.4 85,341

2 375 11.41 225 541.17 329.09 6.71 16.13 0.42 4.72 1,21,157

3 400 12.59 275 570 329.09 8.19 16.99 0.48 4.40 71,128

4 425 6.67 295 600 329.09 8.79 17.88 0.49 11.21 58,023

5 450 14.16 325 625 329.09 9.68 18.63 0.52 4 75,228

6 475 14.9 360 640 329.09 10.73 19.07 0.56 4.17 63,320
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Table 17: Dynamic Strength of GFRP at 22% Fibre Content

Obs. Static Load, Mean Cyclic Loading X.Sectional Minimum Maximum Stress Ratio, Alternating Stress, Cycles to

No. Kg Stress, Umean Area, mm2 stress, amin stress, Umax R = umln Iumax iTa = (Umax • O'mean) Failure, N

MPa MPa MPa MP.

Minimum Maximum
Load Kn Load Kn .

1 325 10.1 175 483.33 318.57 5.39 14.88 0.36 4.78 11,305
~

2 375 11.79 225 541.17 318.57 6.93 16.66 0.42 4.87 204

3 400 13.1 275 570 318.57 8.47 17.55 0.48 4.45 135.
4 425 6.89 295 600 318.57 9.08 18.48 0.49 11.59 122

5 450 14.63 325 625 318.57 10 19.25 0.52 4.62 426

6 475 15.39 360 640 318.57 11.08 19.7 0.56 4.31 728
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Table 18: Dynamic Strength of GFRP at 20% Fibre Content

Obs. Static Load, Mean Cyclic Loading X-Sectional Minimum Maximum Stress Ratio, Alternating Stress, Cycles to
No. Kg Stress, umean Area, mm2 stress, umin stress, Umax R = Umin Iumax Ua= (umax• umean) Failure, N

MPa MPa MPa MP.

Minimum Maximum
Load Ka Load Ka

1 325 10.59 175 483.33 304.81 5.63 15.55 0.36 4.96 1,800

2 375 12.33 225 541.17 304.81 7.24 17.41 0.42 5.08 135

3 400 13.6 275 570 304.81 8.85 . 18.34 0.48 4.74 100

4 425 7.12 295 600 304.81 9.49 19.31 0.49 12.11 90

5 450 15.29 325 625 304.81 10.46 20.11 0.52 4.82 229

6 475 16.09 360 640 304.81 11.59 20.597 0.56 4.51 417
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Table 19: Dynamic Strength of GFRP at 18% Fibre Content

Obs. Static load, Mean Cyclic loading X-Sectional Minimum Maximum Stress Ratio, Alternating Cycles to

No. Kg Stress, Umean Area, mm2 stress, Umin stress, Umax R = Umin Iumax Stress, Failure, N

MPa MPa MPa Ua = (umax• umean)
MP,

Minimum Maximum
load KQ load K"

1 325 10.88 175 483.33 294.98 5.82 16.07 0.36 5.19 689

2 375 12.74 225 541.17 294.98 7.48 18 0.42 5.26 100

3 400 14.05 275 570 294.98 9.15 18.96 0.48 4.91 18

4 425 7.44 295 600 294.98 9.81 19.95 0.49 12.51 28
. ~;, .

5 450 15.8 325 625 294.98 10.81 20.79 0.52 4.99 178
I

6 475 16.62 360 640 294.98 11.97 21.284 0.56 4.66 156
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Table 20: Dynamic Strength of GFRP at 16.7% Fibre Content

Obs. Static Load, Mean Cyclic Loading X-Sectional Minimum Maximum Stress Ratio, Alternating Stress, Cycles to
No. Kg Stress, umean Area, mm2 stress, amin stress, amax ' R = urn!n Iumax ua = (umax• umean) MPa Failure, N

MPa MPa MPa

Minimum Maximum
Load,Kg Load, Kg

1 325 9.31 175 483.33 347.07 4.95 13.66 0.36 4.35 1,734

2 375 10.88 225 541.17 347.07 6.36 15.3 0.42 4.42 '. 58

3 400 11.94 275 570 347.07 7.77 16.11 0.48 4.17 204

4 425 6.33 295 600 347.07 8.34 . 16.96 0.49 10.63 192

5 450 13.43 325 625 347.07 9.19 17.67 0.52 4.24 2,621

6 475 14.13 360 640 347.07 10.18 18.09 0.56 3.96 286
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Table 21 : Dynamic Strength of GFRPat 15.40% Fibre Content

Obs. Static Load, Mean Cyclic Loading X-Sectional Minimum Maximum Stress Ratio, Alternating Stress, Cycles to
No. Kg Stress, umean Area, mm2 stress, qmin stress, Umax R = Urnin Iumax Ua = (Umax - umean) Failure, N

MPa MPa MPa MPa

Minimum Maximum
Load Ko Load Ko

1 325 10.79 175 483.33 299.1 5.74 15.85 0.36 5.06 73

2 375 12.56 225 541.17 299.1 7.38 17.75 0.42 5.19 16

3 400 13.86 275 570 299.1 9.01 18.7 0.48 4.84 16

4 425 7.34 295 600 299.1 9.68 19.68 0.49 12.34 15

5 450 15.58 325 625 299.1 10.66 20.5 0.52 4.92 92

6 475 16.399 360 640 299.1 11.81 20.99 0.56 4.59 126
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Table 22: Fatigue Cycles to Failure due to the Effect of Mass Fraction of GFRP at
Different Percentages of Fibre Content

51. % of Mass fraction Cycles to Failure
No. of a fibre content

Load Range 1, Load Range 2, Load Range 3, Load Range 4, Load Range 5, Load Range 6,

280 kg 295 kg 300 kg 305 kg 308 kg 316kg

1 50 1,257 1,020 893 890 1,100 180

2 33.33 1,27,089 58,010 1,12,205 75,000 1,52,000 1,43,223

3 25 63,320 71,128 75,228 58,023 85,341 1;21,157

4 22 728 135 426 122 11,305 204

5 20 417 100 229 90 1,800 135

6 18.57 156 18 178 28 689 100

7 16.7 286 204 2,621 192 1,734 58

8 15.4 126 16 92 15 73 16
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
From this study the following conclusions are drawn:

" Resin rich part is more susceptible to cracking due to the lack of fibre

support.

" Resin starved parts are weaker because of void areas and the fibres are not

held together and supported very well as in a completely filled part.

" In this research. fatigue endurance limit, Ne. depends on the mass fraction of

fibre content in a glass Fibre Reinforced Plastic material.

" The tensile strength of 100% pure resin is 16.89 MPa to 19.89 MPa under

static load. As the percentage of fibre content increases in static load

condition, the tensile strength of the composite specimen increases. But

there is an optimum limit of percentage of fibre content that gives the

maximum strength.

" In most of the observation it is clear that 33.33% fibre content is the best

combination of resin-matrix for the highest strength of the GFRP. The

strength values are-between 67.59 and 79.89 MPa.

" At about 50% or more percentage of fibre content the strength sharply

drops.

" Under dynamic loading, 33.33% fibre content GFRP has fatigue life in

between 58,010 and 1,52,000 cycles.

" Stress-Strain relationship is almost linear up to the fracture limit at any

percentage of fibre content.

" Fatigue life under dynamic loading is maximum at 32 to 34% fibre content.

" From the experiment, it is seen that Load-Deflection relationship is almost

linear for 15.38 to 33.33% fibre content.
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6.2 RECOMMENDATIONS

The following studies are recommended for further development of standards for FRP

reinforcement:

~ More studies are needed to provide a better understanding of the

variability of FRP reinforcement process. Such information is critical for

fabrication with FRP. Data reported from these tests could be used for

further studies for developing structural design values. Methods or fixtures

are still needed to be found with which to increase the accuracy in

measuring mechanical properties

Studies of the effect of Ud values are needed to establish conclusively

whether this variable has a significant influence on measured tensile

strength.

A high void content may result in lower strength and may increase

susceptibility to the environmental effects such as weathering and water

absorption. Finally, voids in the form of fibre matrix disbonds can cause

discontinuous stress translation and subsequent stress raisers, leading to

premature failure. During the manufacture of test samples, identical

fabrication procedure should be used. Vacuum environment may be

created during fabrication to avoid unnecessary voids and discontinuity.

During further dynamic load test, wide variation of load ranges can be

considered in order to have a better understanding of the effect of dynamic

load.
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Table 23: Stress-Strain Relationship of Fibre Reinforced Plastic at 33.33% Fibre Content under Static Loading

Area in mm2 Stress
Obs.No. Load in kg Gage Length, mm Elongation, mm Strain Kg/mm' MPa

1 50 399.376 105.91 0.01 944198E.05 0125195 123
2 100 399.376 105.91 0.02 0.00018884 0.250391 247
3 150 399.376 105.91 0.03 0.000283259 0375586 3.68
4 200 399.376 105.91 0.04 0000377679 0500781 4.91
5 250 399.376 105.91 006 0.000566519 0.625977 6.14
6 300 399376 105.91 0.08 0.000755358 0.751172 7.37
7 350 399376 105.91 0.1 0.000944198 0876367 8.59
8 400 399.376 105.91 0.12 0.001133037 1.001562 9.81
9 450 399.376 105.91 0.14 0.001321877 1.126758 11.05
10 500 399.376 105.91 0155 0.001463507 1.251953 12.28
11 550 399.376 105.91 017 0.001605136 1.377148 13.51
12 600 399.376 105.91 0.19 0.001793976 1.502344 14.74
13 650 399.376 105.91 0.21 0.001982816 1.627539 15.96
14 700 399.376 105.91 0.23 0.002171655 1.752734 17.19
15 750 399.376 105.91 0.245 0.002313285 1.87793 1842
16 800 399.376 105.91 026 0.002454915 2.003125 19.62
17 850 399.376 105.91 0.27 0.002549334 2.12832 20.87
18 900 399.376 105.91 0.29 0.002738174 2.253515 22.11
19 950 399.376 105.91 0.3 0.002832594 2.378711 23.34
20 1000 399.376 105.91 0.31 0.002927014 2.503906 24.53
21 1050 399.376 105.91 0.33 0.003115853 2.629101 25.79
22 1100 399.376 105.91 0.35 0.003304693 2.754297 27.02
23 1150 399.376 105.91 036 0.003399112 2.879492 28.24
24 1200 399376 105.91 038 0.003587952 3.004687 2943
25 1250 399.376 105.91 0.39 0.003682372 3.129883 30.6
26 1300 399376 105.91 041 0.003871211 3.255078 31.93
27 1350 399376 105.91 042 0.003965631 3.380273 33.16
28 1400 399.376 10591 044 0.004154471 3.505469 3434
29 1450 399.376 105.91 046 0.00434331 3.630664 35.61
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Table 23: Stress-Strain Relationship of Fibre Reinforced Plastic at 33.33% Fibre Content under Static Loading
(Contd.)

Area in mm2
Stress

Obs.No. Load in kg Gage Length, mm Elongation, mm Strain Kg!mm' MPa

30 1500 399.376 105.91 0.47 0.00443773 3.755859 38.64

31 1550 399.376 105.91 0.49 0.00462657 3.881054 38.06

32 1600 399.376 105.91 0.5 0.00472099 4.00625 39.24

33 1650 399.376 105.91 052 0004909829 4.131445 40.52

34 1700 399.376 105.91 0.54 0.005098669 4.25664 41.75

35 1750 399.376 10591 056 0.005287508 4.381836 42.96

36 1800 399.376 105.91 0.57 0.005381928 4.507031 44.14

37 1850 399.376 105.91 0.59 0.005570768 4.632226 45.42

38 1900 399.376 10591 0.6 0.005665187 4.757422 4659

39 1950 399.376 105.91 0.62 0.005854027 4.882617 47.87

40 2000 399.376 105.91 0.63 0005948447 5.007812 49.05

41 2050 399376 10591 0.65 0.006137286 5.133007 50.35

42 2100 399.376 105.91 066 0.006231706 5.258203 5158

43 2150 399.376 105.91 0.68 0.006420546 5.383398 52.78

44 2200 399.376 105.91 0.7 0.006609385 5.508593 53.96

45 2250 399.376 10591 072 0.006798225 5.633789 5523

46 2300 399.376 105.91 0.73 0.006892645 5.758984 56.4

47 2350 399376 105.91 075 0.007081484 5.884179 57.68

48 2400 399.376 105.91 0.76 0.007175904 6.009375 5895

49 2450 399.376 105.91 0.79 0007459163 6.13457 60.18

50 2500 399.376 105.91 0.81 0.007648003 6259765 61.41

51 2550 399.376 105.91 0.83 0.007836843 6.384961 62.63

52 2600 399376 105.91 0.86 0.008120102 6.510156 63.86

53 2650 399376 105.91 0.88 0.008308942 6.635351 65.09

54 2700 399.376 105.91 0.9 0.008497781 6.760546 66.32

55 2750 399.376 105.91 0.91 0.008592201 6.885742 67.49
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Table 24: Stress-Strain Relationship of Fibre Reinforced Plastic at 28.57% Fibre Content under Static Loading

Obs.No. Load in kg Area in mm2 Gage Length, mm Elongation, mm Strain
Stress

kg/mm' MPa

1 100 393.55 105.98 0025 0.000235894 0254097 2.49

2 200 393.55 105.98 0.04 0.00037743 0.508195 4.99

3 300 39355 10598 0.09 0.000849217 0762292 7.47

4 400 393.55 105.98 0.125 0.001179468 1.016389 997

5 500 393.55 105.98 0.165 0001556898 1.270487 12.46

6 600 393.55 105.98 0.205 0.001934327 1.524584 14.96

7 700 393.55 105.98 0.24 0.002264578 1.778681 17.45

8 800 393.55 10598 0.28 0.002642008 2.032779 19.94

9 900 393.55 105.98 0.31 0.00292508 2.286876 22.43

10 1000 39355 105.98 0.36 0.003396867 2540973 24.93

11 1100 393.55 105.98 0.395 0003727118 2.795071 27.42

12 1200 393.55 105.98 0.44 0.004151727 3049168 29.91

13 1300 393.55 10598 0.48 0004529156 3.303265 32.41

14 1400 393.55 105.98 0.52 0.004906586 3557362 34.9

15 1500 393.55 105.98 0.55 0.005189658 381146 37.38

16 1600 393.55 105.98 0.59 0005567088 4.065557 39.88

17 1700 393.55 105.98 0.63 0.005944518 4.319654 42.38

18 1800 393.55 105.98 0.68 0006416305 4.573752 44.87

19 1900 393.55 10598 0.72 0.006793735 4.827849 47.36

20 2000 393.55 105.98 0.76 0.007171164 5.081946 49.85

21 2100 393.55 105.98 08 0.007548594 5.336044 52.35

22 2200 393.55 105.98 0.85 0.008020381 5.590141 5484

23 2300 393.55 105.98 0.9 0.008492168 5.844238 57.33

24 2400 39355 10598 0.92 0.008680883 6.098336 59.82

25 2500 393.55 105.98 0.98 0.009247028 6352433 62.32
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Table 25: Stress-Strain Relationship of Fibre Reinforced Plastic at 25% Fibre Content under Static Loading

Obs.No. Load in kg Area in mm2 Gage Length, mm Elongation, mm Strain
Stress

kg/mm' MPa

1 50 329.09 103.5 0.035 0000338164 0.151934 1.49

2 100 329.09 103.5 0.08 0.000772947 0303868 2.98

3 150 329.09 103.5 0.12 0.00115942 0.455802 4.47

4 200 329.09 103.5 0.17 0.001642512 0.607736 5.96

5 250 329.09 103.5 0.22 0.002125604 0.759671 7.45

6 300 329.09 103.5 0.28 0.002705314 0.911605 8.94

7 350 329.09 103.5 0.33 0.003188406 1.063539 10.43

8 400 329.09 103.5 0.38 0.003671498 1.215473 11.92

9 450 329.09 103.5 0.44 0004251208 1.367407 13.41

10 500 329.09 103.5 0.49 0.0047343 1519341 14.9

11 550 329.09 103.5 0.54 0.005217391 1.671275 16.39

12 600 329.09 103.5 0.59 0.005700483 1.823209 17.89

13 650 329.09 103.5 0.65 0.006280193 1975144 1938

14 700 329.09 103.5 0.695 0.006714976 2.127078 20.87

15 750 329.09 103.5 0.75 0.007246377 2.279012 22.36

16 800 329.09 103.5 08 0.007729469 2.430946 23.85

17 850 329.09 103.5 085 0.00821256 2.58288 25.34

18 900 329.09 1035 0.91 0.008792271 2.734814 26.83

19 950 329.09 103.5 0.96 0.009275362 2.886748 28.32

20 1000 329.09 1035 1.02 0.009855072 3.038682 29.81

21 1050 329.09 1035 1.06 0.010241546 3.190617 31.29

22 1100 329.09 103.5 1.11 0.010724638 3.342551 3279

23 1150 329.09 103.5 1.16 0.011207729 3.494485 34.28

24 1200 329.09 103.5 1.25 0.012077295 3.646419 35.77

25 1250 329.09 1035 1.28 001236715 3.798353 37.26

26 1300 329.09 103.5 1.4 0.01352657 3.950287 38.75

27 1345 329.09 103.5 Failure
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Table 26: Stress-Strain Relationship of Fibre Reinforced Plastic at 22.22% Fibre Content under Static Loading

Area in mm2 Stress
Obs.No. load in kg Gage length, mm Elongation, mm Strain

kg/mm' MPa

1 50 31857 102.5 0.01 9.7561E-05 0.156951 1.54

2 100 318.57 102.5 002 0.000195122 0.313903 3.08

3 150 318.57 102.5 0048 0.000468293 0470854 4623

4 200 318.57 102.5 0.07 0.000682927 0.627806 6.16

5 250 318.57 102.5 0.095 0.000926829 0.784757 7.69

6 300 318.57 102.5 0.12 0.001170732 0.941708 9.24

7 350 318.57 102.5 0.15 0.001463415 1.09866 10.78

8 400 318.57 102.5 0.18 0.001756098 1.255611 12.32

9 450 318.57 102.5 0.21 0.00204878 1412562 13.86

10 500 318.57 102.5 023 0.002243902 1.569514 15.39

11 550 31857 102.5 0.26 0.002536585 1.726465 16.94

12 600 318.57 102.5 0.31 0.00302439 1.883417 1848

13 650 318.57 102.5 0.34 0.003317073 2.040368 20.01

14 700 318.57 102.5 0.37 0.003609756 2.197319 21.56

15 750 318.57 102.5 038 0.003707317 2.354271 23.09

16 800 31857 102.5 039 0.003804878 2.511222 24.64

17 850 318.57 102.5 Failure
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Table 27: Stress-Strain Relationship of Fibre Reinforced Plastic at 20% Fibre Content under Static Loading

Obs.No. Load in kg Area in mm2 Gage Length, mm Elongation, mm Strain
Stress

kg/mm2 MPa

1 50 304.81 104.5 0.02 0000191388 0.164037 1.61

2 100 30481 104.5 0.03 0.000287081 0.328073 3.22

3 150 30481 104.5 004 0.000382775 0.49211 4.82

4 200 304.81 104.5 0.05 0000478469 0.656146 6.44

5 250 30481 104.5 007 0.000669856 0.820183 8.04

6 300 304.81 104.5 0.09 0.000861244 0.98422 9.66

7 350 30481 104.5 0.11 0.001052632 1.148256 11.26

8 400 30481 104.5 0.13 0.001244019 1.312293 1287

9 450 30481 104.5 0.14 0.001339713 1.47633 14.48

10 500 304.81 104.5 0.15 0.001435407 1.640366 16.09

11 550 304.81 104.5 0.17 0.001626794 1.804403 17.7

12 600 304.81 104.5 0.2 0.001913876 1.968439 19.31

13 650 304.81 104.5 0.22 0.002105263 2.132476 20.92

14 700 304.81 104.5 0.25 0.002392344 2.296513 22.53

15 750 304.81 104.5 0.26 0.002488038 2.460549 24.14

16 800 304.81 104.5 0.27 0.002583732 2.624586 25.75

17 850 304.81 104.5 0.31 0.002966507 2.788622 27.36

18 900 304.81 104.5 0.35 0.003349282 2.952659 28.97

19 950 304.81 104.5 0.39 0.003732057 3.116696 30.57

20 1000 304.81 104.5 0.4 0.003827751 3.280732 32.18

21 1020 304.81 104.5 Failure
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Table 28: Stress-Strain Relationship of Fibre Reinforced Plastic at 18.18% Fibre Content under Static Loading

Obs.No. Area in mm2 Strain
Stress

Load in kg Gage Length, mm Elongation, mm kg/mm' MPa

29498 103.85 0.015 0.000144439 0.169503
166

1 50

294.98 103.85 0.032 0.000308137 0.339006
3.33

2 100
0.000866635 0.508509

4.99
3 150 294.98 103.85 009

294.98 103.85 0.13 0.001251805 0.678012
6.65

4 200

29498 103.85 0.16 0.001540684 0.847515
831

5 250
0001540684 1.017018

9.98
6 300 294.98 103.85 0.16

29498 103.85 0.001444391 1.186521
11.64

7 350 0.15

0.001925855 1.356024
13.3

8 400 294.98 103.85 0.2

103.85 0.002214733 1.525527
14.97

9 450 294.98 0.23

0.011073664 1.69503
16.63

10 500 294.98 103.85 115
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Table 29: Stress-Strain Relationship of Fibre Reinforced Plastic at 16.67% Fibre Content under Static Loading

Obs.No. Load in kg Area in mm2 Gage Length, mm Elongation, mm Strain
Stress

kg/mm' MPa

1 100 347.02 102.34 0.1 0.000977135 0.288168 2.83

2 200 347.02 102.34 0.18 0.001758843 0.576336 5.65

300 0.864503 8.48 ,

3 347.02 102.34 0.24 0.002345124

4 400 347.02 102.34 0.31 0.003029119 1.152671 11.31

5 500 347.02 102.34 0.37 0.0036154 1.440839 14.13

6 600 347.02 102.34 0.44 0.004299394 1.729007 16.96

7 700 347.02 102.34 0.5 0.004885675 2.017175 19.79

8 800 347.02 102.34 0.57 0.00556967 2.305343 22.62

9 900 347.02 102.34 0.63 0.006155951 2.59351 25.44

10 950 347.02 102.34 Failure
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Table 30: Stress-Strain Relationship of Fibre Reinforced Plastic at 15.38% Fibre Content under Static Loading

Obs.No. Load in kg Area in mm2 Gage Length, mm Strain StressElongation, mm
kg/mm' MPa

1 50 299.1 100.1 0.04 0.0003996 0.167168 164

2 100 299.1 100.1 0.08 0.000799201 0.334336 3.28

3 150 299.1 100 1 0.15 0.001498501 0501505 4.92

4 200 299.1 100.1 0.22 0.002197802 0.668673 6.56

5 250 299.1 100.1 0.29 0.002897103 0.835841 82

6 300 299.1 100.1 0.36 0.003596404 1003009 9846

7 350 299.1 100 1 0.42 0.004195804 1.170177 11.48

8 400 299.1 100.1 0.49 0.004895105. 1.337345 13.12

9 450 299.1 100.1 0.59 0.005894106 1.504514 14.76

10 500 299.1 100.1 066 0.006593407 1671682 16.4

11 550 299.1 100.1 0.74 0.007392607 1.83885 18.04

12 600 299.1 100.1 0.82 0.008191808 2.006018 1968

13 650 299.1 100.1 0.95 0.009490509 2173186 21.32

14 700 299.1 100.1 1.02 0.01018981 2.340354 22.96

15 710 299.1 100.1 Failure 2.373788 23.29
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Table 31: Stress-Strain Relationship of 100% Resin under different Static Loading

Load in kg Area in mm2 Gage Length, mm Elongation, mm Strain
Stress

Obs.No. kg/mm' MPa

1 50 311.02 105 0.5 0.0047619 0.160761
1.58

2 100 31102 105 1.2 001142857 0.321523
315

150 311.02 105 2. 0.01904762 0.482284
4.73

3

200 311.02 105 2.7 0.02571429 0.643045
6.314

5 250 311.02 105 3.4 0.03238095 0.803807
7.89

6 300 311.02 105 4.2 0.04 0.964568
9.46

7 350 311.02 105 4.9 0.04666667 1.12533
11.04

8 400 311.02 105 5.8 0.0552381 1.286091
12623

9 450 311.02 105 6.6 006285714 1.446852
14.19

10 500 311.02 105 7.0 0.06666667 1.607614
15.77

11 550 311.02 105 7.5 0.07142857 1.768375
17.35
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