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ABSTRACT

Composite materials are engineered materials madetivo or more constituent materials with
significantly different physical or chemical propes which remain separate and distinct on a
macroscopic level within the finished structure.

Glass fibre-reinforced polymer (GFRP) have beer @sean alternative to steel in concrete due
to high strength-to-weight ratio, high stiffnessweight ratio, and corrosion and fatigue
resistance.

GFRP’s have been found attractive in the Asianargiue to their cost competitiveness in
comparison. Wide-spread use of fibre-reinforced/pers (FRP) in construction is hampered in
this part of world due to lack of long-term durdyiland performance data, especially in a
tropical environment.

The main environmental factors for the deterioratof GFRP are temperature, sunshine,
water/moisture, alkalinity and load. Most of therlgadurability tests were carried out with
reference to application of FRP (Fibre Reinforcetiyfer) in aerospace.

With the consideration of the above points an erpemtal study was conducted to perform the
pre-fatigue of GFRP specimen and then placing timewater at different temperatures i.e. 45°C
and 55°C for one month and two month and obserhiaglegradation in tensile strength for the
specimen under investigation.

Simultaneously macroscopic and microscopic behasfothe specimen were also studied at
regular intervals and results were drawn graphicall

In the end comparison for specimen exposed tordifiteconditions of pre-fatigue load, time and
temperature was done and different macroscopicnaintbscopic behaviors were observed and
compared one on one in the graphical manner.
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CHAPTER 1 INTRODUCTION

1.1 COMPOSITEX

Composite materialsare engineered materials made from two or morestidaant materials
with significantly different physical or chemicalgperties which remain separate and distinct on
a macroscopic level within the finished structure.

Composites are made up of individual materialsrrefeto as constituent materials. There are
two categories of constituent materiatgatrix and reinforcement. At least one portion of each
type is required. The matrix material surrounds aogports the reinforcement materials by
maintaining their relative positions. The reinfaremts impart their special mechanical and
physical properties to enhance the matrix propgrtie

Usually composites have these two phases:
- MATRIX PHASE

The primary phase, having a continuous charactecalled matrix. Matrix is usually more
ductile and less hard phase. It holds the dispeshade and shares a load with it.

- DISPERSED (REINFORCING) PHASE

The second phase (or phases) is imbedded in théxrimaa discontinuous form. This secondary
phase is called dispersed phase. Dispersed phaseatly stronger than the matrix, therefore it
is sometimes called reinforcing phase.

Properties of composites depend on

« properties of phases
« geometry of dispersed phase (particle size, digioh, orientation)
- amount of phase

1.2 CLASSIFICATION OF COMPOSITE #
Composites can be broadly classified in to two ggod’hey are

1.2.1 NATURAL COMPOSITES: Several natural materials can be grouped undermralatu
composites. Eg. Bonewpod, shells, pearlite (steel which is a mixturegthase and E€) etc.

1.2.2 MAN-MADE COMPOSITES: Man-made composites are produced by combining two o
more materials in definite proportions under colferb conditions. Eg. Mud mixed straw to

1



produce stronger mud mortar and bricks, Plywoodipkards, Decorative laminates, Fibre
Reinforced Plastic (FRP),Carbon Composites, Coa@etl RCC, Reinforced Glass etc

Classification of Composites |

(Based on matrix material)
Metal Matrix Composites (MMC)

Metal Matrix Composites are composed of a metathatrix (aluminum, magnesium, iron,
cobalt, copper) and a dispersed ceramic (oxideshidss) or metallic (lead, tungsten,
molybdenum) phase.

Ceramic Matrix Composites (CMC)

Ceramic Matrix Composites are composed of a ceranatrix and embedded fibers of other
ceramic material (dispersed phase).

Polymer Matrix Composites (PMC)

Polymer Matrix Composites are composed of a mditam thermo set (Unsaturated Polyester
(UP), Epoxy (EP)) or thermoplastic (Polycarbond@€), Polyvinylchloride, Nylon, Polystyrene)
and embedded glass, carbon, steel or Kevlar filoespersed phase).

Classification of composite materials I[Fs]

(Based on reinforcing material structure)

Particulate Composites

Particulate Composites consist of a matrix reirddrby a dispersed phase in form of particles as
shown in fig. 1.1.

1. Composites with random orientation of particles.
2. Composites with preferred orientation of particles.Dispersed phase of these materials
consists of two-dimensional flat platelets (flakéa)d parallel to each other.

Fibrous Composites

1. Short-fiber reinforced composites. Short-fiber reinforced composites consist of a
matrix reinforced by a dispersed phase in form istahtinuous fibers (length < 100
diameter) (Fig. 1.1).

1. Composites with random orientation of fibers.



2. Composites with preferred orientation of fibers.
2. Long-fiber reinforced composites.Long-fiber reinforced composites consist of a matr
reinforced by a dispersed phase in form of contiisutbers.
1. Unidirectional orientation of fibers.
2. Bidirectional orientation of fibers (woven).

Laminate Composites

When a fiber reinforced composite consists of ssayers with different fiber orientations, it is
calledmultilayer (angle-ply) composite

Particles

Fig. 1.1 Types of composités)

1.3 ADVANTAGES OF USING COMPOSITES OVER METALS

« Very high specific strength. Which means very haglength and low weight

« Great freedom of shape. Double curved and conymets can be simple produced.

- High degree of integration possible. Which meangp# integration of stiffeners, inserts,
cores, and production of self supporting structimesne or two production cycles?

« Material can be tailored. Which means fit for tbads / performance the end product has
to perform during its lifetime

« Excellent fatigue endurance concerning number adl loycles (many times higher than
with metals) and residual fatigue strengénamide and carbon epoxy laminates retain
more than 60% of their residual static strengthictviis far more higher than is possible
with metals.

« Excellent chemical resistance against acids, creseic.

« Excellent weather/water resistance. Material ha®at no corrosion, takes on little water
which leads to low maintenance cost especiallyheridng run.

« Composites have excellent RAM features (Radar abspmaterials). It's also possible
to make special laminates which are radar and dceragparent.

« Excellent impact habits



- Excellent electrical habits, concerning isolationt lalso conduction, dielectric habits,
EMS shielding etc. Structures can be tailored ontf@Rsparency but can also be made
RF reflecting. Great for telecom especially UMT8&quencies.

« Great thermal isolation habits, fire retardant tgland high temperature performance.

1.4 USES OF COMPOSITE MATERIALS

1. Extensively used in space technology and praolucif Aerospace Components (tails, wings
etc.)

2. Used in the production of sport goods e.g. gcer bodies and bicycle frames etc.

3. Used for general industrial and engineeringcstimes

4. Used in high speed and fuel efficient transpeHicles

5. The shell composed of CosmolLite, a thermopldigtie-reinforced composite and the exterior
surface SpectraLite which incorporates DuPont Sy impact-resistant coating found on golf
balls

6. Carbon composite is a key material in todaylada vehicles and spacecratft. It is widely used
in solar panel substrates, antenna reflectors akdsyof spacecraft. It is also used in payload
adapters, inter-stage structures and heat shiéldsrmch vehicles.

1.5 INTRODUCTION TO FIBRE REINFORCED POLYMERS (FRP)

Fibre-reinforced polymer (FRP) (also fibre-reinforced plastic) is a compositetenal made of

a polymer matrix reinforced with fibres. The fibere usually fiberglass, carbon (Fig. 1.2), or
aramid, while the polymer is usually an epoxy, Viegter or polyester thermosetting plastic.
FRPs are commonly used in the aerospace, automotarne, and construction industries.



Fig. 1.2 Link made of carbon fibrd*"

The strength properties of FRP collectively makeoup of the primary reasons for which civil
engineers select them in the design of structiesaterial's strength is governed by its ability
to sustain a load without excessive deformatiofadure. When an FRP specimen is tested in
axial tension, the applied force per unit crossiseal area (stress) is proportional to the rafio o
change in a specimen's length to its original ler{(gtrain). When the applied load is removed,
FRP returns to its original shape or length. Ineotvords, FRP responds linear-elastically to
axial stress. The response of FRP to axial comjoress reliant on the relative proportion in
volume of fibres, the properties of the fibre aadin, and the interface bond strength.

FRP's response to transverse tensile stress iswacit dependent on the properties of the fiber
and matrix, the interaction between the fiber aratrix, and the strength of the fiber-matrix
interface. Generally, however, tensile strengtthis direction is very poor.

According to orientation of fibre (Fig.1.3) theyrche categorized as:

1. Unidirectional
2. Bidirectional
e Cross Ply

* Angle Ply



’ Unidirectional

Cross Ply

Fig. 1.3 Fibre orientation type$™

1.6 ADVANTAGES OF FRP:

High strength to weight ratio

Corrosion resistant

Can be tailored for the application (both shapetspd of FRP)
FRP has a low cost considering other materials

Cost of installation versus replacement is low

Cost of installation time (both direct and indiestalso low.

o 0hswNE

1.7 TYPES OF FIBER

A. Carbon Fibre

Carbon fibres are created when polyacrylonitrilerds (PAN), Pitch resins, or Rayon are
carbonized (through oxidation and thermal pyrolysit high temperatures. Through further
processes of graphitizing or stretching the fibseteength or elasticity can be enhance
respectively. Carbon fibers are manufactured inmdiars analogous to glass fibers with
diameters ranging from 9 to 17 um. These fibersnegldato larger threads for transportation and
further production processes. Further productioocg@sses include weaving or braiding into
carbon fabrics, cloths and mats analogous to tdeseribed for glass that can then be used in
actual reinforcement processes (Fig.1.4).



Fig. 1.4 Different types of matted carbon fibre&”
B. Glass Fibre

FRP plastics use textile glass fibers; textile isbare different from other forms of glass fibers
used for insulating applications. Textile glassef# begin as varying combinations of §iO
Al O3, B,0O3, CaO, or MgO in powder form. These mixtures aentheated through a direct melt
process to temperatures around 1300 degrees Ceddtes which dies are used to extrude
filaments of glass fiber in diameter ranging fromio917 pm. These filaments are then wound
into larger threads and spun onto bobbins for partation and further processing. Glass fiber is
by far the most popular means to reinforce plaatid thus enjoys a wealth of production
processes, some of which are applicable to aramit carbon fibers as well owing to their
shared fibrous qualities. Different types of glhbse are shown in the Fig.1.5.

Fig. 1.5 Commercially available glass fibré¥”



The types of glasses used for structural reinfoesgmare as follows:

1) E-glass(electrical) - lower alkali content and strongeart A glass (alkali). Good tensile and
compressive strength and stiffness, good electpicgierties and relatively low cost, but impact
resistance relatively poor. E-glass is the mostmmomform of reinforcing fibre used in polymer
matrix composites.

2) C-glass(chemical) - best resistance to chemical attac&ini used in the form of surface
tissue in the outer layer of laminates used in ¢balhand water pipes and tanks.

3) R, S or T-glass— manufacturers’ trade names for equivalent fidraging higher tensile
strength and modulus than E glass, with bettersirength retention. Higher ILSS and wet out
properties are achieved through smaller filameatngiter. Developed for aerospace and defence
industries, and used in some hard ballistic arnagyniications. This factor, and low production
volumes mean relatively high price.

Glass fibre is available in the following forms ashown in Fig.1.6

A. Continuous Fibre
B. Chopped strands
C. Woven Fabric.

Continuous Fibre Choppdare Woven Fibre

Fig. 1.6 Types of glass fibf8

C. Aramid (Kevlar) Fibre

Aramid fibre is a man-made organic polymer (an atenpolyamide) produced by spinning a
solid fibre from a liquid chemical blend. The brigjolden yellow filaments produced can have a
range of properties, but all have high strengthlamddensity giving very high specific strength.
All grades have good resistance to impact, and lawedulus grades are used extensively in
ballistic applications. Compressive strength, hasveis only similar to that of E glass. Although
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most commonly known under its Dupont trade namevl&e there are now a number of

suppliers of the fibre, most notably Akzo Nobel lwiTwaron’. Each supplier offers several

grades of aramid with various combinations of maduand surface finish to suit various

applications. As well as the high strength propsttithe fibres also offer good resistance to
abrasion, and chemical and thermal degradation.adevy the fibre can degrade slowly when
exposed to ultraviolet light. Aramid fibres are akyavailable in the form of rovings, with texes

ranging from about 20 to 800.

1.8 FIBRE TYPE COMPARISONS:

Materials Density (g/cr) Tensile Strengtt Young modulus
(MPa) (GPa)

E-Glass 2.55 2000 80

S-Glass 2.49 4750 89

Alumina (Saffil) 3.28 1950 297

Carbon 2.00 2900 525

Kevlar 29 1.44 2860 64

Kevlar 49 1.44 3750 136

Fig. 1.7 Comparison of typical properties for someommon fibred?

1.9 TYPES OF FIBRE REINFORCED POLYMERSH!®!:

» Carbon Fibre Reinforced Polymer (CFRP)
* Glass Fibre Reinforced Polymer (GFRP)
» Boron Fibre Reinforced Polymer (BFRP)
» Aramid Fibre Reinforced Polymer (AFRP)

Glass Fibre Reinforced Polymer (GFRP)

Glass fibre reinforced polymeris a material made of a plastic reinforced by finees made of
glass. Like carbon fibre reinforced plastic, thenposite material is commonly referred to by the
name of its reinforcing fibres (for properties afferent glass fibres refer Fig.1.7). The plas8c i
thermosetting, most often polyester or vinyl eskert, other plastics, like epoxy, are also used.
An individual structural glass fibre is both st#hd strong in tension and compression—that is,
along its axis. On the other hand, the glass fibrenstiff and unstrong in shear—that is, across
its axis. Therefore if a collection of fibres caa &érranged permanently in a preferred direction
within a material, and if the fibres can be preeentrom buckling in compression, then that
material will become preferentially strong in tliatection.



s AN

\ Interstra‘nd‘ o Intrastrand

Fig. 1.8 GFRP Microstructure®

1.10 APPLICATIONS OF GLASS FIBRE REINFORCED POLYMER S*®

- Sailplanes, sports cars, karts, body shells, b&aigks, flat roofs, lorries, wind turbine
blades.

- Pods, domes and architectural features where avigight is necessary.

« Bodies for automobiles.

- FRP tanks and vessels: FRP is used extensivelatufacture chemical equipments and
tanks and vessels.

« UHF-broadcasting antennas are often mounted iresigiass-reinforced plastic cylinder
on the pinnacle of a broadcasting tower.

- Engine intake manifolds are made from glass fiearforced PA 66.

Advantages this has over caste aluminum foldsiare:

Up to a 60% reduction in weight
Improved surface quality and aerodynamics
Reduction in components by combining parts and $ointo simpler molded
shapes.
« Automotive gas and clutch pedals made from gldms fieinforced PA 66 (DWP 12-13)

Advantages over stamped aluminum are:

o Pedals can be molded as single units combining pettals and mechanical
linkages simplifying the production and operatidnihe design.
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o Fibers can be oriented to reinforce against spedfresses, increasing the
durability and safety.

1.11 ENVIRONMENTAL EFFECTS ON FIBRE COMPOSITES 7

Fibre Strands

> L
> Lo

Fig. 1.9 Diffusion path of moisture into compositéaminate in the thickness directioff’!

Fibrous composites, especially carbon fibre rewddr epoxy are increasingly being used in
military and aerospace applications owing to sdwdeairable properties including high specific
strength, high specific stiffness and controlledsaimopy. Despite these advantages over
conventional structural materials such as metals\posites are susceptible to heat and moisture
when operating in harsh and changing environmecdalditions. When exposed to humid
environments, carbon—epoxy composites absorb meisind undergo dilatational expansion
(refer Fig. 1.9).

The presence of moisture and the stresses assbaigkemoisture induced expansion can result
in lowered damage tolerance, with an adverse effectong-term structural durability. The
amount of moisture absorbed by the epoxy matrsigsificantly greater than that by the carbon
fibres, which absorb very little or no moisture.ighmesult in a significant mismatch in the
moisture induced volumetric expansion between tagimand the fibres, and thus leads to the
evolution of localized stress and strain field$he composite. Additionally, moisture absorption
leads to changes in the thermo physical, mechaai@lchemical characteristics of the epoxy
matrix by plasticization and hydrolysis. These aemin the polymer structure lower both the
elastic modulus and the glass transition tempezatir the same time, moisture wicking along
the fibre matrix interface degrades the fibre mxabond, resulting in loss of micro structural
integrity. The net effect of moisture absorption tiee deterioration of matrix-dominated
properties such as compressive strength, interlamshear strength, fatigue resistance and
impact tolerance .These factors lead to reducedadantolerance and lack of long-term
durability.

When the humid environmental condition is combimeath UV exposure, its detrimental effect
on the composite becomes obvious. A significant armhof the epoxy matrix is eroded after
repeated exposures to humidity and UV. Such detgoeddecreases the transverse strength and
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inter-laminar toughness. Moisture absorption charétics of composites have been the subject
of considerable investigation where transient nooestdiffusion under normal environmental
conditions is approximated as a Fickian processhdmogeneous materials, the kinetics of
moisture diffusion is governed by the maximum meistcontent and the diffusivity. The
maximum moisture content is defined by the net arhaf moisture that a fully saturated
material contains under steady state equilibriumerwlexposed to a given environmental
condition. It is usually expressed as the ratithefincrease in weight per unit dry weight at the
point of saturation.

The time variation of relative weight gain can beasured as

w; = W(t) - WQ

Wo

HereW(t) is the total weight at timeandW is the reference dry weight of the specimen. The
relative weight gain approaches the maximum mastantent of composite at infinite time. It
has been shown that the maximum moisture conteamgly depends on the relative humidity of
the exposure environment. Usually the maximum moestontent is determined by exposing the
material to a humid environment for a long durataintime until steady state equilibrium is
attained. This process often takes several moathgh makes the procedure cumbersome and
time consuming. Also the rate of moisture diffusisigoverned by the diffusivity. In general, the
diffusivity is a strong function of the ambient tpenature and a weak function of the relative
humidity. In the case of composites, the diffuspncess is more complex. It depends on the
diffusivities of the individual constituents, theirelative volume fractions, constituent
arrangement and morphology. Traditionally, effestniffusivity has been used to predict the
amount of moisture content. The effective diffugivtan be estimated either using a rule-of-
mixtures approach or numerical analyses. Whileefifiective or average property is appropriate
for conditions undeequilibrium or steady-state, its applicability for transient moisture transpor
is, at best, questionable. More specifically, unttansient condition, the effective or average
property may not accurately describe the time tanaof moisture content. An additional
concern with the homogenized rule-of-mixtures applois that it ignores the micro structural
heterogeneity of a fibre-reinforced composite.
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Moisture induced cracking with possible material loss
and enhanced moisture uptake through damaged region

Enhanced diffusion and moisture
concentration in fibre-matrix
interface region due to reduced
cross-link density

Moisture absorbed into regions of
interfacial disbonding between the
fibres and matrix

Fibres

Partial or un-swollen
matrix with reduced
moisture content

Moisture bound to polar
interaction sites in the polymer
- — diffusion affected by the rate

p of binding/unbinding.

.,_0 -

Swollen matrix region
~moisture diffused in ~ pqoisture  Principal Diffusion
the expanded polymer ¢ ncentration Direction: moisture
network diffusing through
material due to
concentration
gradient

Fig. 1.10 Deteriorated fibre specimen under moistreironmental condition”

Moisture diffused
within the polymer
matrix network as

isolated molecules or

clustered groups

Moisture sorbed
into voids within
the matrix

When a fibre-reinforced composite material is exgobo$o a hygrothermal environment and
mechanical loads, changes in material propertiegespected (refer Fig. 1.10). These changes in
material properties are connected to an irrevesibhterial degradation. The moisture may
affect the laminates through chemical changes sischelaxation and oxidation of the matrix
material. A cyclic moisture environment exposedatdaminate may cause damage such as
debonding at fibre/matrix interfaces and continuous crackher damage modes that can occur
in a fibre-composite laminate are transverse mat&cks, delamination and fibre fracture. The
results of chemical changes and mechanical damaggemeral affect the overall material
properties, e.g. elastic modulus, hygrothermal egjwa coefficients, diffusion coefficients.
Usually one of the first observed damage modes lemmanated composite isatrix cracking.
These cracks are in general not critical for fiiaélre, but if they are connected to a surrounding
moisture environment more rapid moisture absorptmary be expected for the cracked laminate.
The accelerated moisture absorption in a crackadrmabexposed to humid air is a result of the
faster diffusion in air compared to the diffusiqgresd in the composite material. Faster moisture
uptake may also develop a faster material deg@dafihis makes it important to know the
moisture absorption behaviour in a cracked laminabe an undamaged material, well-accepted
moisture transportation models are available. Thetrmommon models for the transportation of
moisture in undamaged polymeric composite materasFickian diffusion and Langmuir
diffusion. If the material contains cracks that significardaffect the moisture uptake, then the
original laws of Fickian and Langmuir are no longatid for the whole laminate, but locally
they still work. The influences of matrix cracks onoisture uptake in glass-fibre/epoxy
laminates have been studied.
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CHAPTER 2 LITERATURE REVIEW

[1] A. Mukherjee, S.J. Arwikar (ACI Structural Jour nal) Partl-Title No. 102-S76 [2006]

A set of accelerated aging and natural environntests has been carried out to evaluate
performance of glass fibres reinforced polymer (BFRheets bonded on concrete in tropical
environment. Plain concrete beams were cast artrely reinforced by bonding with E-glass
GFRP sheets. The beams were immersed irf@ @@ter bath for varying durations. The novelty
of the experiment was that the environmental exgostas given while they were subjected to
service loads. This load helped in seeping sheggbsed to hot water under stressed condition.
Thus field environment very similar to tropical ohte was simulated. The loaded specimen
were also subjected to natural weathering for 6 &Bdmonths duration. The sheets were
removed from the specimen and the tensile streamgthmodulus were determined to assess the
degradation, if any. In the first part of the pather structural level studies are discussed. Ih Par
2 the micro structural investigation is reported.

[2] A. Mukherjee, S.J. Arwikar (ACI Structural Jour nal) Part2- Title No. 102-S82 [2006]

In the first part of the paper the structural sdalsts on the synergistic effects of moisture,
temperature, alkalinity and stress level on thégoerance and durability of GFRP sheet bonded
externally on concrete have been discussed. Thisdeacribes the micro structural studies to
find out the nature, quantum and mechanism of we&tion in the conditioned sheets.
Micrographic investigations were carried out usa@canning electron microscope (SEM) to
visualize the changes in the microstructure. Tinemotests are energy dispersive X-ray analysis
(EDX) and inductively coupled plasma mass specttoméCP-MS) to determine the chemical
changes in the composite.

[3] Abhijit Mukherjee and S. J. Arwikar-Part1 [2007 ]

A set of accelerated aging and natural environntests has been carried out to evaluate
performance of glass fibre-reinforced polymer (GFRdhforcing bar in a tropical environment.
Beams were cast with the GFRP reinforcing barsisrial reinforcement. They were immersed
in a 60 °C water bath for varying durations. Theveity of the experiment was that the
environmental exposure was given to the beams whag were subjected to service loads.
These loads kept the cracks open for reinforcing ba remain exposed to hot water. Thus, a
field environment very similar to a tropical clireatvas created. The loaded specimen were also
subjected to natural weathering for 18 and 30 n®rthration. The reinforcing bars were
removed from the specimen and investigated at Buotlctural and micro structural scale to
assess the degradation, if any.
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[4] Abhijit Mukherjee and S. J. Arwikar-Part 2 [200 7]

In the first part of this study, the structural Isctests on the synergistic effects of moisture,
temperature, alkalinity, and stress level on thefopmance and durability of glass fibre-
reinforced polymer (GFRP) reinforcing bars in cater have been discussed. In this part,
investigations on micro structural studies, carrmd to find out the nature, quantum, and
mechanism of deterioration in the conditioned miohg bars, are reported. Micrographic
investigations were carried out using a scannirgctedn microscope (SEM) to visualize
thechanges in the microstructure. The other thstshave been carried out are energy-dispersive
x-ray analysis (EDX) and inductively coupled plasmass spectrometry (ICPMS) to determine
the chemical changes in the composite. Observatbritbe fracture surfaces by optical and
scanning electron microscopes showed typical danmagehanisms for laminates [0/0]s and
[0/90]s.

[5] D. Olmos, R. Lo pez-Moro” n, J. Gonza’lez-Benif2006]

The effect of the nature of glass fibre surfacethe water absorption of glass fibres/epoxy
composites was studied. Three different silaneicgatwere used to change the nature of the
surface of the glass fibre. Aqueous solutions aisgh labelled silanes (5-dimethylamino-1-
naphthalene sulfonylchloride): (i) 3-aminopropythoxysilane, APTES; (i) 3-
aminopropylmethyldiethoxysilane, APDES and (iiljaBtinopropyldimethylmonoethoxysilane,
APMES were used to get respectively three differenaitings. Gravimetry and FTNIR
measurements were used to complementary study #iber \ebsorption process in the whole
composites systems. Besides, to locally studyribeess of water exactly at the interfaces of the
composites the fluorescence from dansyl label vexiuThe presence of the silanized fibres
seems to induce changes in the water absorptiocepsoof the epoxy resin decreasing the
relative gain of mass at equilibrium and suggesthag the glass fibre surface may induce a
change in the structure of the epoxy matrix in cangon with this polymer without
reinforcement. Besides, the fluorescence measutsnp@mt out that the water accessibility to
the interface is delayed respect to the water alisor of the polymer matrix and the relative
amount of water absorbed by the interface dependbeonature of the glass fibre surface, being
absorbed less water the lower the functionalitihefsilane was.

[6] Beckry Abdel-Magid , Saeed Ziaee , Katrina Gass, Marcus Schneider [2005]
The properties of an E-glass/epoxy composite weiemened before and after mechanical
loading and moisture conditioning. Preliminary fesindicate that the modulus, strength, and
strain of the E-glass/epoxy composite material affected by the presence of moisture and
mechanical loading when compared to control spatirAg shorter durations of conditioning at
room temperature, a slight increase in strengthaaslight decrease in modulus were observed;
and at longer durations, 3000 h, a noticeable temtudn strength and strain-to-failure was
observed. Specimen conditioned under stress, iarnveat65°C for 1000 h exhibited higher loss
in modulus. It is speculated that constant stresg Inave a positive effect in short-term, and that
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extended exposure to moisture at room temperatadsito brittle failure while exposure at high
temperatures may lead to ductile failure of E-dkgssxy composites.

[7] J.M. Ferreira, J.T.B. Pires , J.D. Costa , O.A.Errajhi , M. Richardson [2005]
Aluminized glass fiber composites in a polyestetrimavere used in this work in an attempt to
study their fatigue resistance undmth dry and water saturated ambient conditionsnfared

to conventional glass fiber composites). These asitgs, containing specialiyodified fibers,
exhibit increased thermal and electrical conductpyoperties whilst still being potentially
adequate for manstructural applications. The fatigue tests werdgoered in tension at ambient
temperature and a frequency of 10 Hz. The fatigamateof aluminized composites are
described and evaluated in under environmentalitond and compared to the performance of
uncoated fiber composites.

[8] Tong Yuanjian, D. H. Isaac [2007]

The low velocity impact and tension—tension fatidpedavior of glass fiber reinforced polyester
resin composites have been investigated. Two fije@metries, namely [t4B and [0/90]2s
stitch bonded glass fibers were studied. The resaitealed that even low energy impact could
seriously impair the tensile properties of [#§4b composites. For the [0/9@s glass fiber
composites, a critical impact energy was found.ofdethis energy level the tensile properties
were hardly affected by the impact but above it tdesile properties reduced with increasing
energy. Low velocity impact also reduced the fatijues of the composites and this reduction
could be related to the degradation in tensilengtie By normalizing the fatigue stress against
the post-impact residual tensile strength of thenmosite, it was found that for each fiber
geometry a single S—N curve could be drawn, whiokompassed both undamaged and
impacted specimen. This implies that fatigue Iifets of impact damaged composites can be
predicted from measurement of the residual terssitength of impacted specimen and the S—N
curve of undamaged specimen.

[9] J.F. Laliberte”, C. Poon, P.V. Straznicky , AFahr [2002]
Fiber—metal laminates (FMLs) are a family of hybnwhterials currently being considered for

use in airframe structural applications. Post-imgatigue strength tests were carried out on
several varieties of Glass Reinforced (GLARE) alwma laminates. The panels were impacted
in a drop weight impact tower located at the Ingtitfor Aerospace Research of the National
Research Council of Canada. Observations made H®r oésearchers that the internal impact
damage in FMLs is confined to the immediate impsité were confirmed. The impacted
specimen were cycled in tension—tension fatigud €eature. Cracks developed alongside the
dent and also at the edges of the gauge sectitimea$pecimen. Aluminum baseline specimen
had significantly lower fatigue lives than the FNdpecimen. The stress-state surrounding the
dent is complicated and contributed to unusuagjtegticrack initiation behavior in some GLARE
variants.
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[10] Keiji Ogi , Tetsuro Shiraishi , Hideki Murayama [2006]

This paper presents effect of temperature and-aifter on fatigue fracture behavior in a glass
fibre reinforced phenolic resin composite. Firsthgpnotonic tensile tests were conducted to
measure the stress—strain curves and acousticiem{gsE) behavior. Secondly, fatigue tests at
room temperature were performed for the virgin amal kinds of after-cured specimen. Thirdly,
S—N curves are measured for the specimen with dtitbwt a hole at various temperatures.
Fourthly, fatigue crack propagation (FCP) tests iangltu microscopic observation under tensile
loading were conducted using notched specimen vestigate crack propagation behavior.
Finally, fracture surfaces after the tests wereepled by means of scanning electron microscopy
(SEM). 1t is found that final failure abruptly takeplace for the monotonic and fatigue tests
without showing visible damage on the surface & $pecimen while permanent strain and
cumulative AE events increase just before fractlifee short-term after-cure process increases
fatigue strength as well as static strength while lbong-term after-cure process degrades the
static strength and fatigue life. Fatigue strendgicreases with increasing temperature for the
virgin specimen without a hole. Fatigue life of og®oled specimen slightly decreases with
increasing ambient temperature up to 200 _C. ThE ESts and in situ observation under
loading revealed that fracture takes place in tildmanner although stable crack propagation is
observed in a few specimen. The SEM fractograpldicates that pull-out of fibres was
observed in all the specimen and that small reaitigles were generated on the fibre surfaces of
the specimen after the fatigue tests.

[11] Ying Shan, Kin Liao [2002]

Unidirectional glass fiber reinforced and glassboarfiber reinforced epoxy matrix composite
specimen were subjected to tension—tension faiigaér and in distilled water at 25 °C. While
no significant change in fatigue life was obserf@dboth types of specimen tested in air and in
water when cyclically tested at 85% of averagemdte tensile strength (UTS), the detrimental
effect of water becomes apparent at lower stregsldeof 65 and 45% UTS. Compared to
specimen tested in air, cyclic loading in watemutssin shorter fatigue lives for both glass and
hybrid specimen. While all of the glass fiber spsan did not survive to 106 cycles when
cyclically loaded in water, hybrid specimen (witho2 carbon fiber (by volume), 75% glass fiber
(by volume), 30% total fiber volume fraction) shalbetter retention in structural integrity
under environmental fatigue, for fatigue lives opl07 cycles, a consequence of the corrosion
resistant of carbon fiber. Thus it is shown, byoiporating appropriate amount of carbon fibers
in glass fiber composite, a much better performandatigue can be achieved for glass—carbon
hybrid composite. A simple life prediction moder fithe hybrid composite is proposed. Model
predictions are compared with experiments rescts fboth laminated interply and intermingled
intraply hybrid composites. Results suggest thateryistic effect of the reinforcing fibers is
critical in governing the fatigue behavior of igha hybrid composite.
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[12] Ashcroft et al [2003]

In this paper, a method of predicting failure mnbded composite joints subjected to combined
mechanical loading and environmental degradatiodescribed. The technique is based on a
coupled mechanical-diffusion finite-element anaysiombined with an appropriate failure
criterion. The method is evaluated by predicting fétigue thresholds of epoxy-CFRP lap-strap
joints preconditioned and tested in dry and wetiremments. The coupled stress-diffusion
method was shown to be capable of predicting ctyrélee effect that different environments
would have on the fatigue resistance of the joiBtgth elastic and elastoplastic fracture criteria
were then used to quantitatively predict the fagifuresholds. The elastoplastic fracture criterion
was the most suitable when moisture was encountdrelbvated temperatures and was capable
of predicting fatigue thresholds within the expesital scatter range. It is concluded that the
technigue described is a powerful and flexible w@ayredict failure in bonded joints subjected
to a wide variety of loads and environmental caodg. The method does, however, rely on
material data not commonly available, and reas@nsaiohplifying assumptions should be made
to make the method cost effective.

[13] L.W. Davies, R.J. Day, D. Bond, A. Nesbitt, Ellis, E. Gordon [2006]

This paper assesses the use of the Quickstep migthtite processing of an epoxy/carbon fibre
aerospace material and compares this to equivalemiposites produced using an autoclave
process. Higher process ramp rates, achievablg @iickstep, have been shown to reduce resin
viscosity thus facilitating void removal. Maniputat of the Quickstep cure cycle, while the
resin is at low-viscosity, has significant effecis the mechanical properties of the product
whilst simultaneously reducing the cure cycle tirblsing Quickstep curing, specimen were
produced exhibiting comparable interlaminar prapsrbut lower flexural strength as compared
to those produced using the autoclave. Howevemalsation of the data to a common fibre
volume fraction showed that better interlaminar ashstrengths could be obtained using
Quickstep. This improvement in specific interlantisaear strength was postulated to be due to
the lowering of the resin viscosity over the dwatof the cure, resulting in better wet through of
fibres by resin and improved interfacial adhesietwigen fibre and matrix. This study identifies
key parameters associated with the Quickstep psppesviding a basis for further optimisation.

[14] Botelho et al [2006]

The environmental factors, such as humidity andpenature, can limit the applications of
composites by deteriorating the mechanical progertver a period of time. Environmental
factors play an important role during the manufeestep and during composite’s life cycle. The
degradation of composites due to environmentalceffes mainly caused by chemical and/or
physical damages in the polymer matrix, loss ofeadin at the fibre/matrix interface, and/or
reduction of fibre strength and stiffness. Compsitiegradation can be measure by shear tests
because shear failure is a matrix dominated prgpbrtthis work, the influence of moisture in
shear properties of carbon fibre/epoxy compositasifiates [0/0]s and [0/90]s) have been
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investigated. The interlaminar shear strength ()L8& measured by using the short beam shear
test, and losipescu shear strength and modulus)(Ba2e been determined by using the
losipescu test. Results for laminates [0/0]s ant®QB, after hygrothermal conditioning,
exhibited a reduction of 21% and 18% on the ing@nihar shear strength, respectively, when
compared to the unconditioned specimen. Shear medallows the same trend. A reduction of
14.1 and 17.6% was found for [0/0]s and [0/90]sspextively, when compared to the
unconditioned specimen.Micro structural observaioh the fracture surfaces by optical and
scanning electron microscopes showed typical danmagehanisms for laminates [0/0]s and
[0/90]s.

[15] V. M. Karbhari and S. Zhang [2002]
2- and 4-layered specimen of E-Glass/Vinylesteri¢abed from uniaxial, biaxial, and triaxial,

non-woven fabrics processed using the resin infuprocess are immersed in deionized water at
23°C and 60C, and a potassium based pH 10 buffer &C28r a period of 57 weeks in order to
investigate durability in aqueous environmentsisltshown that the coefficients of apparent
diffusion and levels of moisture gain are the hgjHfer the deionized water immersed specimen
at 60C, and this results in the highest levels of tensitength and modulus degradation. Tensile
tests show the presence of an aqueous medium kassteCure that competes with the
conventionally recognized mechanisms of deterionatn the resin, at the level of the fiber-
matrix interface, and in the fiber, resulting imedardation of absolute level of effects. It isoals
shown that effects of the immersion are differanthie warp and fill directions and can in fact be
affected by intricacies of the fabric architectanmed thickness. It is shown that damage takes
place through interface debonding and degradasonedl as fiber pitting, and cracking, each of
which serve as the means for renewed absorptiovatdr resulting in moisture uptake at levels
above the initial plateau. Effects of immersionstiort-beam-shear strength and glass transition
temperature are also elucidated.

[16] Amit Sharma [2009]

The environmental degradation of single layered BFRRecimen was studied for specimen at
different water temperatures and effect of alkalitenial NaOH on strength and life of the
material. Further microscopic as well as macroscppoperties of the GFRP specimen was also
studied at regular intervals.

[17] Leon L. Mishnaevsky Jr. [2004]

Three-dimensional finite element (FE) simulatiofighe deformation and damage evolution of
SIiC particle reinforced Al composites are carriaat ¢or different microstructures of the
composites. A program for the automatic generadind the design of FE meshes for different
3D microstructures of composites is developed. Nigaktesting of composites with random,
regular, clustered and gradient arrangements adrggath particles is carried out. The fraction of
failed particles and the tensile stress—strainesimwere determined numerically for each of the
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microstructures. It was found that the strain hang coefficient increases with varying the

particle arrangement in the following order: gratkeandom<clustered<regular microstructure.
The variations of the particle sizes causes stiegrease in the strain hardening rate of the
composite, and leads to the quicker and earlierag@ngrowth in the composites.

[18] Benkhedda et al. [2007]

Polymer matrix composites are relevant materialduiture supersonic aircraft due to their high
specific properties. However, in such aeronautggilications, the material is exposed to severe
environmental conditions. The present paper ainassgssing an approximate model to evaluate
hygrothermoelastic stress in composite laminategiepl during moisture desorption taking into
account the change of mechanical characteristidgced by the variation of temperature and
moisture. The developed method permits us to caielduch stresses during desorption phase
without the computation of the moisture concentragtithrough laminated plates. It observed
through this study that the variation of elastieitpdulus due to the temperature causes a stress
relaxation. These stresses have to be taken immuat for the design of composite structures
submitted to a moist environment. Through the preskstudy, it is hoped to contribute to the
understanding of hygrothermal behaviour of comgdsitninated plates.

[19] V.Alvarez & A.Vazquez [2005]

In this work, the cycling diffusion behaviour ofagk-fibre/VE matrix composites was studied. It
was shown that glass fibres act as inert in themabsorption process of VE matrix and their
main effect is the loss of the interfacial adhesi©amposites absorb less water than matrix and,
for both, the amount of water increased with thaperature increase and cycle. On the other
hand, diffusion coefficients were similar for consgies and matrix. Temperature affects the
diffusion coefficient values and the obtained valweere fitted by an exponential equation. It
was possible to observe, from SEM micrographs, ttiatadhesion at the fibre—matrix interface
decreased as temperature increased. The cycletsaffee composites exposed at a high
temperature more when loss of adhesion was obsetwbe fibre—matrix interface. The flexural
modulus did not change after water exposure, beiidbs of strength was related to the poorer
interface. The diffusion coefficients are calcutaby using the simplest Fick’s equation.

[20] E. Ahci , R. Talreja [2006]

This paper describes a thermodynamics based modeldcoelastic composites with damage
and illustrates its use in characterization of @&dastic response of polymer matrix woven fabric
composites subjected to loading at high temperaturbe characterization is conducted by an
experimental method aided by finite element (FEQelling. The experimental characterization
is based on creep data obtained under constans lofadifferent magnitudes and at different
temperatures, and on recovery data collected aftevading. A carbon fibre/polyamide resin
woven composite with glass transition temperatufe amund 380C was used in the
experimental program. A FE model was developed dterchine the non-linear viscoelastic
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response by implementing incremental constitutie&ations into an ABAQUS code. The
laminate viscoelastic properties were obtainedibiyef element micromechanics analysis using
the neat resin data as input. Comparing its reswils creep-recovery test data at different
temperature and stress levels validated the FE Imdtiere are several factors affecting the
viscoelastic behaviour of polymer matrix compossesh as temperature, moisture and stress
level. Accordingly, a large number of tests neetbeégperformed to characterize the viscoelastic
response experimentally for each fibre matrix corabon. For this purpose an efficient and
systematic experimental procedure was used to staohel the effects of temperature and stress
level on the viscoelastic response, to clarify ttemage-viscoelasticity coupling and to
determine the viscoelastic properties of the malegistem.
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CHAPTER 3 PROBLEM FORMULATION

Glass Fibre Reinforced Polymer (GFRP) is an immigngersatile material which combines
light weight with inherent strength to provide aatleer resistant finish, with a variety of surface
texture and an unlimited colour range available RBFvas developed in the UK during the
Second World War as a replacement for the mouldgsged used in aircraft radomes (GFRP
being transparent to microwaves). Its first mawiliein application was for building of boats,
where it gained acceptance in the 1950s. Its usebh@adened to the automotive and sport
equipment sector.

From the previous studies done so far on GFRPviatig gaps were highlighted:

* Lack of availability of data on dynamic behavioiGFRP materials.

» Lack of availability of literature on Environmentdegradation of pre-fatigued GFRP
material.

» Different mechanical parameters like fatigue, baegdicreep etc. need to be studied by
laboratory scale experimentation for knowing thaatxperformance parameters in real
time situations.

» Lack of simulations and analysis designing softwiarenodelling and simulation of real
time conditions in environmental degradation of posites.

So, in this thesis work, it was decided to condutexperimental study on pre-fatigue testing of
GFRP materials and then expose them to hygrothecomalitions at different temperatures i.e.
55°C and 45°C for duration of 30 and 60 days tireeqal and study the strength degradation
occurring in these conditions. Meanwhile the otheacroscopic parameters like diffusivity,
weight gain, capacitance and microscopic propeliles area fraction of fibores and epoxy,
circularity of fibres and micro-hardness were alatculated at regular time intervals.

Finally, the modeling and analysis using Abaqud$vemfe was done from the experimental data
thus collected and stress distribution for the GER&cimen were studied.
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CHAPTER 4 EXPERIMENTATION

4.1 WORK PLAN

|

Specime preparatio Specimen
ﬂ preparation
Experlrrjlental s-up INPUT
" . . : * Glass fibre
Initial testing ofspecime for strength ir E
y poxy
UT™M
The fatigue testing of the specimen carried Preparation of glass fibre she
on the setup prepared on the spring-mass approx 1mm thick by applying the
system by fixing it with appropriate clamps, epoxy which is the matrix and the
ﬂ fibre acting as the reinforcement
Testing ofspecime after cyclic loading ha U
been removed for calculating any change in Cutting of specimen with dimensio
strength in UTM (Universal Testing Maching) 150mm length and 12mm width.
Placing thespecime in water bath prepared Specimen ready for testi
45c¢ &55c for required time period which is 30
and 60 day

|

Drawing comparison between initial and fir
results of glass fibre composite structure
specimen in terms of longitudinal strength,
weight gain, capacitance & micro-hardness$

|

Results and conclusi
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Following is the detail of the experimentation workdone according to the work plan flow-
chart4.1

4.2 EXPERIMENTAL SETUP:

A set of accelerated aging tests had been caraédooevaluate performance of pre-stretched
glass fibres reinforced polymer (GFRP) sheets endxtth epoxy matrix. The field environment
very similar to that of tropical climate had beeandated.

The specimen were immersed in various baths fdereifit time durations. The novelty of the
experiment was that the accelerated environmerfasare had been given to specimen while
they were pre-stretched to different service loddwe specimen were removed from the bath
after decided time period. The tensile strengtimmasured and a SEM (Scanning Electron
Microscope) image was obtained to check the camditf composite material.

Fig. 4.1 Setup view of the water baths

4.3 SETUP FABRICATION:
The setup (Fig.4.1) basically consists of followmgin items:

ITEM NAME QTY.
1 Water Tanks - 03
2 Specimen - 68
3 Heating Elements - 02
4 RTD Sensors - 02
5 Temperature Controllers - 02
6 Solid State Relays - 02
1) Water Tanks:
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The experimental setup consists of three well miedl tanks (Fig. 4.1). The tank was of
cylindrical shape made out of plastic. The appr@tancapacity of the tank was 60 litres. All
tanks were filled totally with tap water and setaatemperature of 46 ,55C and at natural
temperature respectively (refer Test Matrix -Tadbl2, 4.3). The water which evaporated from
the tank was replenished on daily basis during ex@atation. Each tank was labelled as per
details of experimentation.

2.) Specimen

The following were the specifications of the speminfrefer Fig. 4.2):
Length of specimen : 150 mm

Breadth of specimen : 12 mm

Thickness of specimen : 1 mm (approx.)

The specimen were having “tabs” at both sides aplyto a length of 45 mm from respective
ends. This left an “effective length” of about 6@nn centre (refer Fig. 4.2, 4.3).

3

v

A

150mm

A
\4
A

60mm 5mm

Fig. 4.2 Specimen specifications

Fig. 4.3 Actual image of the specimen
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3) Heating Element:

The setup was heated with help of commerciallylalsbe heating rod elements (Fig. 4.4). Each
bath was having its own heating rod connectedenaperature controller (Fig.4.5). The wattage
of rod was 1000KW with single phase connectionthstemperature reached the required value
the power supply of rods were cut off by contrdler

Specimer
Heating Rod

RTD Senso

Fig. 4.4 Heating Element and RTD sensor in a tank

4) RTD (Resistance temperature detector) Sensors:

Each of the tank was provided with separate RTB@&@en(Fig.4.4). It senses process value of
temperature (value at given time) of the bath amgui was send to the controller which
controlled the system as per set value.

5) Temperature Controller:

The objective of this set up was to maintain théhdeamperature at specified value till the
duration of experiment for day and night on dai#gis. So a temperature controller (Fig.4.5) was
connected with each of the bath along with relaytsoff. The controller used the proportional-
integral-derivative (PID) control to maintain theperature. On the controller display the “Set
Value” was given which was the temperature inditdte green and the “Process Value” of
temperature was indicated in the red (refer Fig,4/hich was the output from the RTD sensor.
For the very first time the controller was set tgoatune mode so that it could adjust itself
according to the input variables. Once the bathdttained the set value the controller cut off its
supply and after sometime it sensed the temperdftutehad gone below set value, it again
started heating to obtain the set value. The dimasof the controller and actual panel used are
shown in Fig.4.6 and Fig. 4.7 respectively.
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Process valu

Set value
Fig. 4.5 Actual image of the temperature controlleshowing front and back side

st
|

Eix
Ee
43
3
=]

48.0mm 9.5mm 80.0mm

(1.891in) (0.37in) (3.15 in)

Fig. 4.6 Dimensions of controller Fig. 4.7Temperature display panel with

controllers

6) Solid State Relays (SSR):
The solid state relay was required to break theutiin case of overloading. It controlled the

switching of the heating element and acted as &wit helped in protecting controller for any
kind of overload or short circuiting.
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4.4 FABRICATION OF SPECIMEN:

Fig. 4.8 Uncoated GFRP sheet used for makingepmen

A) Cutting GFRP Sheet

For the experimentation unidirectional woven falmatl of GFRP was purchased (Fig.4.8) of
50cm width having Ofibre orientation woven with polymer fibres. Thieegts were initially cut
from roll in length of 550mm. The reason for ovdtirlg was that after its curing it had to be
trimmed of the edges in order to remove flaws &t en

B) Mixing of Epoxy

The sheets were epoxy coated in order to make pasite material. In this case the epoxy resin
(by M Brace) was used which basically consistsnaf parts (refer Fig. 4.9):

a) Base

b) Hardener

Base is thick blue liquid which was considered s main ingredient and golden coloured
hardener was added to it for helping it to setthevd by starting the exothermic reactions. Both
base and hardener were mixed (by weight) in a aoetén ratio of 100: 40 respectively.
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Fig. 4.9 Base (blue colour container) and Fig. 4.10 Hand mixing of both base and
Hardener (white bottle) used for coating hardener

After putting the base and hardener in requirechtitya the mixture was stirred continuously by
manual process (Fig.4.10) so that the mixing tgiase in proper manner. If mixing was not
done properly the material would not settle wels@if the ratio of the hardener was more than
the pot life of the material would have been lessbBe amount prepared was consumed in 20-30
min. otherwise the epoxy would have settled in amar itself. Approx. 300gms of epoxy was
needed to apply to both side of sheet in this case.

C) Applying resin on sheet

The epoxy was applied on sheet using a steel serafpjdg. 4.11) by carefully spreading it
evenly on all sides of sheet. It was made surethi@e is no air bubbles present entrapped inside
the epoxy applied on sheet otherwise it would ereaflaw there. After applying epoxy the sheet
took overnight to dry and now the coat could beliagpon other side if required. The full curing
of sheet (Fig.4.12) was done by leaving it undebiant temperature for at least seven days
before processing further.

Fig. 4.12 he fully cured sheét with epoxy
coating

Fig. 4.11 GFRP sheet being resin coated
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The thing to note here was that two types of sivee¢ made:
One with epoxy coating on both sides - it's usethéke actual specimen
Other with epoxy coating on one side only - itediso make Tab

D) Sizing of sheet for specimen and tabs

Once the epoxy was fully cured, the sheet was @wictual specimen size using the Treadle
shearing machine (Fig.4.13) which would shear tid irequired size of 150mm x 12mm. After
obtaining the long cured strips of the resin co&&dRP sheet, they were further tabbed on each
side of either ends. The tabs were cut in size5whm x 12mm with same Treadle shearing
machine.

Cutting edge of machine

Fig. 4.13 Treadle Shearing Machine

E) Placing tabs on specimen
The specimen had to be tabbed on either side oretwds. The mixture of epoxy was again

prepared as discussed before and carefully apphetb the either side of specimen. The tabs
were now placed on either side of epoxy pastedisgec (with epoxy coated side of tab on

upper side). The epoxy would act as binder betwalerand actual specimen. Two paper clamps
(Fig.4.14) were placed on either tabbed side tal habs in place and also to apply pressure
while epoxy between them was getting dried.

Fig. 4.14 Actual Specimen tabbed and ready for diihg
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F) Drilling holes on the tabbed surface

The tabbed specimen were dried for 5 days andhbks of 3mm approx. diameter were drilled
on both ends for appropriate clamping of the spenirffig. 4.15) and now the specimen were
ready for testing (Fig. 4.16).

Fig. 4.15 Drilling operation for clamping Fig.4.16 Specimen ready after drilling

The whole process can be summarised as mentioneddye:

Cut sheets across length as per the requirement

A 4

Prepare the epoxy resin

v

Apply resin to she

Curing of sheet for 7 da

v

Cut sheet to final specimen size

y

Cut the Tab separately to required size

Y

Apply tab to botl sides of specimen

A 4

Curing of tabbed specimen for 5 d

Specimen ready for any kind of testing
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4.5 TEXT MATRIX

Table 4.1 GFRP Specimen for Fatigue loading

Cycle Fraction for
20% loading of

No. of Specimen for Testing

Ultimate tensile

Strength test, Micro-hardness,

strength Capacitance, Weight gain &
SEM
60% cycles (A) 32
40% cycles (B) 32
0% cycles (C) 8
Total Specimen 72

Table 4.2 Distribution of above GFRP specimen for écelerated Degradation in 45C

Water Bath
Specime| Tensile For Micro- For tensile strength, Micro-hardness, | Total
n strength & | hardness, Capacitance & weight gain
SEM Capacitance
&weight
gain
30 | 60 3-day 10 | 20 30 40 | 50 | 60
days| days| alternate |days| days| days | days| days| days
A 3 3 1 1 1 1 1 1 1 13
B 3 3 1 1 1 1 1 1 1 13
C 1 1 0 0 0 0 0 0 0 2
Total Specimen 28

32



Table 4.3 Distribution of above GFRP specimen for écelerated Degradation in 55C
Water Bath

Specime| Tensile For Micro- For tensile strength, Micro-hardness, | Total
n strength & | hardness, Capacitance & weight gain
SEM Capacitance
&weight
gain
30 | 60 3-day 10 20 30 40 | 50 | 60
days| days| alternate |days| days | days | days| days | days
A 3 3 1 1 1 1 1 1 1 13
B 3 3 1 1 1 1 1 1 1 13
C 1 1 0 0 0 0 0 0 0 2
Total Specimen 28

Table 4.4 Distribution of above GFRP specimen for écelerated Degradation in Natural
Water Bath

Specimen Tensile strength & SEM| For Micro-hardness, | Total
Capacitance &weight
gain
30 days 60 days 3-day alternate

A 2 2 1

B 2 2 1 5

C 1 1 0 2

Total Specimen 12
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4.6 FATIGUE TESTING OF GFRP

1 Main Frame
2 Loading Screw
3 GFRP Sample
4 Beam

5 Exciter Unit

—_ = 6 Trunion
7 7 Damper

: 8 Recorder

|
1

P — i - g i i . e SR -

Fig. 4.17 Line diagram of the setup for fatigue teasg of GFRP

| . y .
— =
.

I
=i

Fig. 4.18 Actual picture of Fatigue Testing Setup

34



First of all fatigue testing of GFRP was carried outhe given machine setup refer Fig. 4.17.
This machine setup is basically a mass-spring-darapgtem which is used for carrying out
experiments based on forced vibration (Fig.4.18reHthe spring is replaced with the GFRP
specimen which can be fixed on both ends by ugipgagpriate clamps.

The exciter motor excited the bar giving cyclicdaa the specimen due to unbalanced mass in
the rotor of the motor which resulted in bucklifglee specimen.

The load was changed by applying more moment yendreasing the rpm of the motor or by
placing more weight on the bar. The centrifugatéoexerted by the unbalanced mass gave the
linear force exerted on the specimen.

Following formulas were used for calculating the rquired rpm of the motor for 20% cyclic
load:
Basically the setup being used for the fatigue ilogds actually a cantilever which is fixed at
one end and supported by a prop on the other agd4R9). The calculations thus related are
done below.

F

Fig. 4.19 Cantilever supported by a prop on one eh

Fbx?
12EII3

Yap= [31(b2-12)+x(312-b?) ]

Fa?
=§(31-a)

Fba?

— 212 2_.h2
Yo=— 2= [31(b%12) +a(312-b?)]
L 12EII3
°Ty, a?b[31(b2-12)+a(312-b2)]

1+ (522
T=
Ja-preey
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o 14522
_ / 2 ko o’
Fo=kx |1 + ( ) ( u )J(l_m)2+(§_:)2

Where X=mue/M

LGy

Ja-2paiey

Foe=muew?

Where

Y= Deflection at given point

R= Reaction at free end

ko= stiffness

T= Transmissivity

Fy= Transmitted force

o= Angular velocity of rotating mass

on= Angular velocity corresponding to natural freqexen

M= Mass of rotating object (motor)
= Unbalanced mass

e= eccentricity

E= Young’'s Modulus

I= Moment of Inertia

Calculations:

Parameters known:

I=95 cm.

a= 57 cm.

b= 38cm.

e=6.5cm.

E= 210 GPa

I= 3.67e-9 M

Ultimate Tensile load= 5000N

20% of Ultimate Tensile load= 1000N

After calculations from the above formulas the eafar transmitting 1000N force, the no. of
rpm came out to b898.74 rpmand at this rpm the cycle time for the failurespkecimen came
out to bel6min.

Following is the data and graph showing the diffiefeactions of 20% load and the cycles for
obtaining that load (Fig.4.20 & Fig.4.22). Also eiv below is the s-n curve for the same
(Fig.4.21).
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Ultimate Fraction of

tensile cycle time of

load(N) applied loading

(20% UTL)

5000 0
4800 20
4650 30
4100 40
3800 60
3150 70
2350 80

Ultimate tensile load(N)

5000 +

4500 +

4000 +

3500 +

3000 +

2500 4

2000

T T T T T T T T T
0 20 40 60 80

Cycle fraction of 20% load(%)

Fig. 4.20 Decrease in ultimate tensile load with e@mge in cycle time of applied fatigue load

(20% UTL)

Ultimate tensile | No. of cycles(at
load(N) 20% loading)

5000 0

4800 1915.968

4650 2873.952

4100 3831.936

3800 5747.904

3150 6705.888

2350 7663.872

0 9579.84

Ultimate tensile load(N)

5000

4000 +

3000

2000

1000

—=— Ultimate tensile load \

T T
0 2000

T T T T
4000 6000 8000 10000

No.of cycles(at 20% loading)

Fig. 4.21 UTL vs. No. of cycles
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No. of cycles

Fraction of cycle

(at 20% | time of applied

loading) loading
(20% UTL)

0 0

1915.968 20

2873.952 30

3831.936 40

5747.904 60

6705.888 70

7663.872 80

9579.84 100

No. of cycles

10000

8000

6000

4000

2000

20 40 60 80 100

Cycle fraction of 20% load(%)

Fig. 4.22 No. of cycles for given fraction of cycliéme of applied fatigue load (20% UTL)
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CHAPTER 5 FINITE ELEMENT MODELLING

5.1 FINITE ELEMENT METHOD:

Finite Element Method is a very versatile methdactan also be seen from the fact that it has
been used as an important tool for analyses andrdasalmost every industry. Finite element

method not only give the behavioural insight of thferent part of the structure but it also

analyze the structure taking the individual behawiof these parts into consideration and
because of this fact it is becoming popular with émgineering field.

Finite Element Method can be divided into severslimkctive steps. Theoretical approach to the
method and its different steps are as:

> Discretization:

Discretization is the process of dividing domainpobblem into small regions or sub domains
known as elements. Corner points of elements dledaaodes. Figure 5.1 below shows the most
used elements:

1D 2D 3D

Raams Quadiilaterals Tetrahedrons Hexahedrons Pentahedrons

Tuinngles

— /\ L

Lnoded 4-noded
Ionoded d.naded

3-noded f-noded B-noded

10-roded

Fig. 5.1 Different types of elements

» Element analysis / Element stiffness matrix:
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The element analysis has two key components, esipgethe variable within the elements, and
maintaining equilibrium of the elements.

The governing equation is converted to algebraimfahich is represented in matrix form and is
called element equation or element stiffness mafiims enables solution by computer. Element
stiffness matrix represents the response of elesresttording to its property in the system for
the parameters. Same matrix can be used for atlezits of same type.

For conversion of governing equation (differentoal integral) into algebraic form following

steps are required:
» Construction of trial solution: It is a cyclic process by hit trial. The equatwith certain
degree of freedom is taken, which is solved by ypgl boundary condition either at the
starting for manual processing or after formulatainsystem stiffness matrix for solution
through computer.
> Application of optimization criteria : Optimization criteria are used to find the valud
trial  function. Two methods for optimization are
* Method of weighted residual (differential equatiengy. Least square Method
* RITZ variation method (integral equation with solineitation).
» Estimation of accuracy - The accuracy of solution is checked for clossné& exact
solution. Also accuracy can be checked by checkimg reducing difference of the
consecutive solutions obtained by increasing degriedéreedom known as property of
convergence.
Sources of error in FEM are:

* Domain Error - Discretization of domain is approzie

« Computational Error - Integration and differentatinduce error.

e Approximation Error - Assumption of degree of freed makes the solution
approximate.

» System analysis / system stiffness matrix

The matrix equations for the individual elements esmbined to form the Matrix equations for
the entire system called system stiffness mattigives the response of the parameters on the
entire system.

» Incorporation of boundary and loading conditions
The system stiffness matrix is modified accordiogtite overall boundary conditions. This
reduces calculation work and saves time.

» Solving of the system equations

The system equations can be solved to give theamkivalues at the nodes. If the problem is of
an  equilibrium nature, then the solution is ol#d by solving a set of linear or non-linear
equations. System equations can be solved by nuoflzemilable solvers like gauss elimination
or gauss siedel etc.
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» Post processing / Display
The post processing stage deals with the reprasamtaf results. Typically, the deformed
configuration, mode shapes, temperature, and slissigution are displayed at this stage.

5.2 MODELLING PROCEDURE:

The modelling work will be done using Abaqus sofvdversion 6.8) and in Abaqus/CAE
module. The step by step procedure of modellingxigained below with all the specifications
included in that step. The procedure is explaineldv as per actual method of preparation of
model.

1) CREATING MODEL: Firstly a 3-D part was created with given dimensiaof the
specimen. Then a composite part was created hiyirsplihe cells into three parts and assigning
different properties for the fibre and epoxy laygfs). 5.2).

Fig. 5.2 Model of GFRP specimen

The dimensions of above model are 150x12mm asHeargd width and 1mm thickness.

2) CREATING MATERIAL : The composite considered here was a glass fibgrmsl matrix
composite made up of E-glass fiber and epoxy mafiocthree materials were defined, one for
fiber, other for matrix and for whole section assignt properties of GFRP were used. The
various properties used are mentioned in the tdbleand 5.2 below:
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Table 5.1 Mechanical and Thermal properties of mateal

Material pensiy Poisson’s -(r::i:jmuilivity voung's Modulus
(gmicr?) Ratio (W/m-per K) of Elasticity (MPa)
E-glass 2.54 0.2 3.23 74000
Epoxy 1.38 0.3 0.346 3440
GFRP 2.36 0.4 3.842 125000

Table 5.2 Properties of mass diffusion of material

: Temperature D|ffu§|\{|ty Concentration
Material °C) Coefficient %)
(mm?/sec)
37 41x10° 100
Epoxy
50 102x10° 100

3) CREATING & ASSIGNING SECTION : In Abaqus, section was defined in order to assign
properties to particular part. Firstly two secti@ah for fibre and matrix were created. Then for
the whole section the properties of GFRP were mssdigo create a third section. Then a
“Generalised Plane Strain” section was createderAfections were created, they were assigned
along with material properties to the parts memtrabove i.e. fibre, matrix and GFRP
respectively.

4) ASSEMBLY OF MODELS: Once section was created, the instance option senasly
section was selected and the section was madedandept.

5) APPLYING LOAD: Then tensile load was applied on one end equivdtenhe ultimate

tensile load from the experimental results andhendther end boundary condition was applied
by constraining the end in each direction (Fig).5.3
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Fig. 5.3 Load applied on the specimen

5) MESHING: Once theload was applied it was needed to mesh the modwider to analyze

it. Here seeding was required before meshing ierai@ decide the size of meshing. Once model
was seeded the part got meshed automatically amsind=ig.5.4.

The hexagonalelement was selected asttuctured technique was used for meshing. In the
element type optiorstandard element library was selected witlB-D stress family The
approximate global size of elements was taken @.be

Fig. 5.4 Meshed part

6) RESULTS: After meshing, the job was submitted and the redultthe form of Von-Mises
stress distribution was displayed, which is disedss detail for different specimen used:
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5.3 MODELING RESULTS AND DISCUSSION:

* Results are shown in terms of Von-Mises stresglifiberent loading conditions taken at
different temperatures for a time period of one &l months.

» The stress distribution chart is shown on the &lfp dide of the screen of abaqus as
shown in the following figures and different strésegels are indicated by different colors.

5.3.1 At initial level (Fig. 5.5):

ODB1 Job-abhiodh Abaqus/st g: iz Standard Time 2010

Fig. 5.5 Von-Mises stress distribution using Abaqugor initial specimen
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5.3.2 For 40% pre-fatigue loading cycles (Fig. 5.6)

£.8:1  Tuelul

Fig. 5.6 Von-Mises stress distribution for 40% prefatigue loading cycle specimen

5.3.3 For 60% pre-fatigue loading cycles (Fig. 5.7)

681 Tus lul 13 2351102 In

Fig. 5.7 Von-Mises stress distribution for 60% prefatigue loading cycle specimen
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5.3.4 For 40% loading cycle in 45°C bath for one nmah (Fig. 5.8):

dia Standard Time 2040

Fig. 5.8 Von-Mises stress distributibn for 40% loathg cycle specimen kept in 4% bath for
1 month

5.3.5 For 60% loading cycle in 45°C bath for one nmah (Fig. 5.9):

Wiad Jul 14 0011129 Indis Standsid Tims 2010

I ap i 000

Fig. 5.9 Von-Mises stress distribution for 60% loathg cycle specimen kept in 4% bath for
1 month
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5.3.6 For 40% loading cycles in 55°C bath for one amth (Fig. 5.10):

wed Jul 14 00017116 India Standard Time 2010

Fig. 5.10 Von-Mises stress distribution for 40% loding cycle specimen kept in 5% bath
for 1 month

5.3.7 For 60% loading cycles in 55°C bath for one amth (Fig. 5.11):

wad Jul 1400 s Standard Tire 2010

Fig 5.11 Von-Mises stress distribution for 60% loding cycle specimen kept in 5% bath
for 1 month
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5.3.8 For 40% loading cycles in 45°C bath for two onth (Fig. 5.12):

ted Jul 14 0012148 India Standard Time 2010

Stsp Time=  1.000

Fig. 5.2 Von-Mises stress distribution for 40% loding cycle specimen kept in 4% bath
for 2 month

5.3.9 For 60% loading cycles in 45°C bath for two wnth (Fig. 5.13):

Wed Jul 14 0024 g ard Time 2010

Fig. 5.13 Von-Mises stress distribution for 60% loding cycle specimen kept in 4% bath
for 2 month
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5.3.10 For 40% loading cycles in 55°C bath for twaonth (Fig. 5.14):

srd Time 2010

Fig. 5.14 Von-Mises stress distribution for 40% loding cycles specimen kept in 3& bath
for 2 month

5.3.11 For 60% loading cycles in 55°C bath for twaonth (Fig. 5.15):

1B Job-zbhiodbh  Abs are a1 W 3 India Standard Tim

S

A

Fig. 5.15 Von-Mises stress distribution for 60% loding cycles specimen kept in 3& bath

for 2 month
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Table 5.3 Maximum and Minimum Stress values for diferent specimen:

Stress | Initial Fatigue 45°C bath(1 55°C bath(1 45°C bath(2 55°C bath(2
Values | specimen| loading(fraction month) month) month) month)
()] of cycles of 20%
loading)
40% 60% 40% 60% 40% 60% 40% 60% 40% 60%
(2) (3) (4) ©) (6) (7) (8) 9) (10) 11)
MAX. 8.419e3 | 6.148e3 5.564e3 4.494e3 4.094e3 4.305eF4eBY 4.158e3 3.317e3 3.571e3 2.836e3
(MPa)
MIN. 2.578e3 | 2.558e3 2.450e3 2.324e3 2.148e3 2.250eD5680 2.057e3 2.057e3 2.132e3 1.848e3
(Mpa)
9000 —
2600
.\

T 8000 =

%—/ % 2500 \

3 7000 3

g S 2400 \

% 8000 \ % 2300 | !
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Fig. 5.16 Graphs showing max. & min. stress valuednds for different specimen

3000

Discussion:

* The values obtained from finite element analysikdate the trend of decrement of stress
values at different nodal points as shown in tdbB and it is shown clearly that with
decreasing strength, the maximum stress it can isealso decreasing but there is not

much decline in the minimum stress value for thecspen (refer Fig. 5.16).

5 6

7

8

Sample No.

9

10

11

12

2000

Sample no.

* Also it is clearly visible that the stress disttilbn for the GFRP material is almost
uniform as there is not much difference in the mmaxn and minimum stress values.
* So, it indicates the uniform load bearing propeft¢sFRP materials.
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CHAPTER 6 RESULTS AND DISSCUSSION

6.1 MACROSCOPIC BEHAVIOR

6.1.1 Mode of Failure (Macroscopic Visual Observatins)

As per the visual observation the initial specirhad fine shiny epoxy coating and the failure of
such specimen under uniaxial tensile load showembampt type and shear type failure.

After 1 month of exposure in water baths there Wweaavy visible scale formation on all the
specimen (refer Fig. 6.1 and Fig. 6.2). Surfaceeplaion showed that epoxy had lost its shine
and outer edges on either side showed little fajout. But still after bending (by hands) the
specimen showed considerable strength and fleyibiibrupt type failure was visible for the
initial as well as for one month duration specinféig. 6.3 and 6.5).

After 2 months of environmental exposure in waiahb observations of degradation and heavy
scaling were noted with more scale formation onewahmersed specimen as compared to first
month observations for water immersed specimen@HRicgand Fig.6.2). Shear type failure after
two months in water for 60% loading cycles was sSeahe specimen as shown in Fig. 6.3 and
Fig. 6.6.

Scale formatio

(@) (b)

Fig. 6.1 Shows condition of specimen taken out aftéa) one month (b) two month for 40%
loading cycles at 5%C.
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(@) (b) Scale formation

Fig. 6.2 Shows condition of specimen taken out aftéa) one month (b) two month for 60%

loading cycles at 5%C. Abrupt type failure

(@) (b)

Fig. 6.3 Shows abrupt type failure in tensile testig after (c) one month (d) two month for
40% loading cycles at 45C

Shear type failure

(a) (b)
Fig. 6.4 Shows abrupt type failure in tensile testig after (c) one month (d) two month for
60% loading cycles at 45C



Abrupt type failur

() (b)

Fig. 6.5 Shows abrupt type failure in tensile testig after (a) one month (b) two month for
40% loading cycles at 55C

Shear type failui

() (b)

Fig. 6.6 Shows abrupt type failure in tensile testig after (a) one month (b) two month for
60% loading cycles at 55C
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6.1.2 Ultimate Tensile Strength

Fig. 6.7 Tensile testing machine used for testing-ig. 6.8 Gripped specimen on the machine

A Universal Tensile testing machine (Fig.6.7) wasdifor the testing of the GFRP specimen for
its tensile strength. All the pre-fatigued specin{€ig. 6.8) as well as specimen at different

conditions were tested until they break.

—— 40%loading cydes
5000 —— 60%loading cydes
—— without loading cycles

Ultimate tensile load(N)

2600 T T T T T T T T T

Time(days)

Fig. 6.9 For 45°C Bath

Ultimate tensile load(N)

—— 40%loading cydes
—— 60%loading cydes
—— without loading odes

o -

Time(ceys)

Fig. 6.10 For 55°C Bath
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Decrease in tensile strength(%)

Ultimate tensile strength(N)

—+— 40%loeding cydes

—e— 60%Ioeding cydes
5000 ——without lcading cydes
48004
4600

3000+ \\\\\ -
2800 T T T T T
10 20 0 40 0
Time(deys)
Fig. 6.Edr Natural Bath

—— 40%loading cydes 5
“- —— 60%loading cydes

—+— without loading cydes 14

134

124

104

6

Fig. 6.12 For 45°C Bath

Decrease in tensile strength(%)

54

—— 4dcedig
—— 60%0lcedg
—— without Iceding

Fig. 6.13 For 55°C Bath
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—&— 40%loading
—o— 60%loading
144 —A— without loading

Decrease in tensile strength(%)

Fig. 6.14MNatural Bath

Table 6.1 Discussion on the Ultimate Tensile Stretigof the specimen (refer Fig. 6.9 to
6.14):

Loading (%) | Slope (Rate of decrease in tensile Drop (N)

strength)

55°C 45°C Natural 55°C 45°C Natural

bath bath bath bath bath bath
60 29.3 23.4 17.6 1465 1170 880
40 25.8 22.2 16.8 1290 1110 840
0 22.6 21.4 16.4 1130 1070 820

From the above table 6.1 it is clear that the vath which the tensile strength is decreasing is
more for 55°C bath as compared to 45°C bath andwaim in case of natural degradation for
each type of loading.

For different loadings it is seen that for a giviemperature maximum decrease in tensile
strength has occurred in case of 60% loading cyatesompared to 40% loading cycles and
minimum for the specimen which are without fatido@ding cycles.

6.1.3 Percentage Weight gain

The time variation of percentage weight gaif Can be measured as:
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HereW(t) is the total weight after time
Wois the reference dry weight of the specimen befaraersion in medium
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Fig. 6.17 For Natural Bath (3-day alt.)
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Table 6.2 Discussion on the percentage weight gashspecimen of the specimen (refer Fig.

6.15 to 6.20):
Loading (%) | Slope (Rate of change of Drop (%)
weight gain percentage)
55°C bath 45°C bath 55°C bath | 45°C bath
60 0.134 0.132 7.927 7.9213
40 0.116 0.1197 6.977 7.182
0 0.097 0.076 5.81 4.541

The percentage weight gain for different loadedcspen at different time period were
compared at two different temperatures i.e. at 5&i@ 45°C as shown in table 6.2. It could be
easily noticed that at higher temperatures the kteggin is more effective in comparison to the
lower temperatures.

Similarly for different water tanks the percentageight gain is increasing with respect to time
indicating that more moisture is absorbed after manths compared to first month in all the
specimen with different loads.

Also specimen which are in the same bath show gremrcentage of weight gain in case of
specimen with increasing cyclic loading.

6.1.4 Diffusivity

Diffusivity for the specimen is calculated by usihg formula:

2 2
h M,—M, h = hyo
Where Le, W, and lare the length, width and thickness of the testispen, respectively, and
M1 and M2 are moisture contents at times t1 andethectively.
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Diffusivity(mm?/sec)

—— 40Wbloedng odes
—+— 60%lcedng odes

S8k

Fig.

o 9o

Diffusivity(mm?/sec)
o

6.21 For 45°C Bath (3-day alt.)

—— 40%loading cydes
—— 60%loading coydes

Fig. 6.23 Fdatural Bath (3-day alt.)

—— 400loeding oydes
—— 60%loadngodes

Fig. 6.22 For 55°C Bath (3-dattal
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—— 40loedingcydes
—— 60loedngoydes

Diffusivity(mm?/sec)

:

Fig. 6.24 For 45°C Bath

—— AWblcedngodes
—— 6lcedngodes

RN

Diffusivity(mm?/'sec)
o

AR

Fig. 6.25 For 55°C Bath

Table 6.3 Discussion on diffusivity rate of the spemen (refer Fig. 6.21 to 6.25):

Loading (%) Slope (Rate of change of | Drop (mm?sec)
diffusivity)
55°C bath | 45°C bath 55°C bath| 45°C bath
60 -1.97E-06 | -2.58E-06 -1.18E-04 | -1.55E-04
40 -2.77E-06 | -2.73E-06 -1.66E-04 | -1.64E-04

The above data from table 6.3 for the diffusivibpws that there is a decrease in the diffusivity

for all specimen at different temperatures

with etime. the diffusivity at initial stage is

maximum which keeps on decreasing with time i.eoreg month record and minimum for two

month.

Also it is clear from the data that for 55°C bdtle rate of diffusivity as well as the diffusivity
value is much larger as compared to specimen & #ath.

The loading parameters also show that for givere tand temperature the specimen with 60%
loading cycles have higher diffusivity comparesgpecimen with 40% loading cycles.
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6.1.5 Capacitance

The capacitance of the specimen is calculated atlifiwing parameters (refer Fig. 6.26):

Circuit; Series e
Lock: C
Parameter: Impedance
Reference: none
Speed: Normal
Mode: Cont.
Delay: 1s
Frequency: 50 Hz
Level: 1.00V
DC-Bias: Off
Fixture-Set: 0
Contact
Check: Off
Scan: Freq. log . .
From- 50 Hz Fig. 6.26 RCL Meter used for capacitance test
To: 1 MHz
Step: 1
—— AP%lcedrgcydes —+— A0loedingoydes
—+— 60lcedrgodes QOUI006- —+— 6loadingoydes
200007
00000006
150E007 000000044
E i
8 8 oooooo0e-
S L0007 S
S 3
% %0(11111]2-
© 500008 ©
00000001
OB 00000000
2 0 2 4 6 8 D 2 U B 2 0 2 4 6 8 D R U B
Time(cays) Time(ceys)
Fig. 6.27 For 45°C Bath (3-day alt.) Fig. 6.28 For 55°C Bath (3-day alt.)

62



Capacitance(F)

Capacitance(F)

—— 40%loeding cydes

0.0000006- —— 60%loading cydes

Fig. 6.29 For Natur8ath (3-day alt.)

—— A%lcedrgodes
—— 60%lcedngodes

Fig. 6.30 For 45°C Bath

Capacitance(F)

:

—— A0%lcedng cydes
—— 60%lcadng odes

Fig. 6.31 For 55°C Bath
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Table 6.4 Discussion on capacitance change of th@esimen (refer Fig. 6.27 to 6.31):

Loading (%) Slope (Rate of change of | Drop (F)

capacitance)

55°C bath | 45°C bath 55°C bath| 45°C bath
60 7.57E-09 | 2.4365E-09 | 4.55E-07 | 1.46E-07
40 7.09E-09 | 2.83811E-09 |4.24E-07 | 1.70E-07

From above data shown in table 6.4, it is cleat tiva rate of increase of capacitance is larger in
case of water bath with temperature 55°C as cordgarthe 45°C bath.

Also with the data collected at one month and tvamtih time period it is evident that the rate of
increase for first month is high as compared tartkkeease in second month.

The increase for higher loading cycle specimen6i08s is slightly higher than the less loading
cycle specimen i.e. 40%.

The above graph pattern is comparable to the isergaweight gain.

So it clearly shows that the weight gain nature baneasily predicted with the capacitance
increase data in GFRP specimen.
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6.2 MICROSCOPIC BEHAVIOR

6.2.1 Micro-hardness

The micro-hardness data was collected at follovpiagameters (refer Fig.6.32):

Load applied: 200 gm.
Magnification used: 10X
Dwell time 20 sec.

Fig 6.32 Micro-hardness testing machine

The micro-hardness for specimen in each bath weassuned at regular intervals. The setup

consists of a computer attached to the micro-hasltesting machine as shown in the Fig.6.32.
Firstly an indent is made on the surface (Fig.6(#3he specimen and then the micro-hardness
estimation is made by the software employed forstirae purpose (Fig.6.34).

The study is helpful for developing a relationshgiween micro-hardness change and change in
tensile strength.
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Indent

Fig.6.33 Indent shown in the image for micro-hardnss estimation

Fig 6.34 Image showing the micro-hardness value tie specimen
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Fig. 6.37 For Natural Bath (3-day alt.)
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Table 6.5 Discussion on micro-hardness change ofetlspecimen (refer Fig. 6.35 to 6.39):

Loading (%) Slope (Rate of change of | Drop (VHN)
micro-hardness)

55°C bath | 45°C bath 55°C bath| 45°C bath
60 -0.06874 | -0.069744 -4.12453 | -4.04648

40 -0.0612 -0.0555 -3.66524 | -3.33287

The above table 6.5 shows that the rate of decri@ade micro-hardness is more dominant in

case of specimen dipped in bath with higher tentpera(55°C) as compared to bath at lower
temperature (45°C).

Also it is clear that at given time and temperathie specimen with higher loading cycles (60%)

have higher drop in hardness as thus having higiterof change as compared to specimen with
lesser loading cycles (40%).

The time variation can also be discussed as lealy shown in the graph that the rate of micro-
hardness decrease is higher in first month as caxdpa second month which is due to lesser
diffusivity rate in second month as discussed earli
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6.2.2Scanning Electron Microscope (SEM) Reading

SEM micrographs are helpful in viewing the m-structure of material, hence showing ¢
changes in physical structure of material and shgveinydefects like cracks, voids genera
after loading and hygrothermal degradation of tlaema. The setup is shown in Fig. 6.

These are also helpful in calculating the areatifsacof fibre and epoxy in the givespecimen
and the changes occurring i for also calculating the circularity of the fibme ¢ase of GFRI

Fig 6.40 SEM Machine

()Initial specimen (refer Fig. 6.41 & 6.47)

24 May 2010

Fig 6.41 SEM micrographs of initial specimen at 201X
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Fig. 6.42 Longitudinal fibres

(if) After Fatigue loading (refer Fig. 6.43

- * '.‘ - =

SEl  15kV. 7 géea_ . ORIAC0 10 . -
L Samplase P /‘ & LR '*f’?‘-i‘llgélll‘ gt
(a)

Sl - 15kvV:© WD1omm  §S3ft 2,000 oum
Sample e ) 00005

(

Fig 6.43SEM micrographs for (a) 40% loading cycles (b) 60%oading cycle:
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(ii)Pre-fatigued specimen after on month in water bath (refer Fig. 6.44 & 6.45

(a)For 45°C temperature ~ Lump formatio

SEI; 15kV WD9mm $5268
2plel

Fig 6.44SEM micrographs for (a) 40% loading cycles (b) 60%dading cycle:

(b) For 55°C temperature

N 4 =
» v - e 3.3
Sl 15kV SgfWBdomm  s§39 Bl (2000 1Olmp = - SRl 15KVEFWD

Sample 0000 08 Jul 2010 ~8ample . ke {

@) Change in circularity of fibi (t
Fig 6.45SEM micrographs for (a) 40% loading cycles (b) 60%oading cycle:
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(iv) Pre-fatigued specimen after two month in water bath (réer Fig. 6.46 & 6.47

(a)For 45°C temperature Flakes formed Void generate

TIRN

A’

= SEl “fekv ) wD1ofmm, §833 4 Xq500 w10
: ) L

SEl 15kv  WD10mm (8838 x1,600  10jim il
Sample A s 06 Jul 2010

Sample 0000 06 Jul'2010

(@)

Fig 6.46 SEMmicrographs for (a) 40% loading cycles (b) 60% loaithg cycles

(b)For 55°C temperature

214500 | 10um, SEl  _1Bkv WD8mm  'SS39 X OUCUME 10um == ——
0000 b 06, Juls2040. "9 Sample 0000 08:Jul 2010

(a) . (

Fig 6.47SEM micrographs for (a) 40% loading cycles (b) 60%oading cycles
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6.2.3 Area fraction and Circularity
Image Analysis by “IMAGE-J” Software for Calculati ng Area Fraction and Circularity:

The analysis of all the SEM images was done inraimeompare the area fraction of both epoxy
as well as of the fibre. The commercially availabtdtware Image-J was used for analysis of
images. Image-J is open source software developedNdiional Institute of Health and
considered as powerful for image analysis. Fewasgntative images after analysis by software
are shown from Fig.6.148 to Fig.6.154.

Procedure followed for analysis of the SEM images iexplained below

1) The image to be analyzed was opened using thease.

2) A line was drawn parallel to the 20um line (shoen SEM images) using the Set Scale
option. That distance was set equivalent to nurobpixel (automatically counted by software).

3) As the scale was set, a line was drawn acrbss édges to measure the length of fibre.

4) To calculate the area fraction, firstly the irmagas converted to RGB color (a number of
color options can be chosen, here Red/Green cplitorowas chosen to fill the areas of SEM
image)

5) After applying the above option the color of geachanged (from the grey scale to chosen
Red/Green), in which red color indicated the fiarea, green indicated epoxy and black was for
voids. These areas were selected automaticallptiwware according to the image contrast.

6) Using the Binary option and then selecting MBkeary, in the Procedure menu, the software
converted the image to binary image.

7) To calculate the area fraction, firstly the optiof measure area fraction in Set Measurement
menu was activated. To measure the area fractiemytion Analyze~Measure was used. Area
to be measured was selected by making a windowndr@uand above mentioned Analyze
option showed the results in a tabular form.
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(i) Initial stage (refer Fig. 6.48’

i

(i) After Fatigue loading (refer Fig. 6.49
), ey

-

ll :

.G/ .

V1 5 . "

SEI  15kv. WD10mg &lss D0 0 - —
L. Samples - j* % 00 el i

Fig.6.49(Left) SEM image at 40% loading cycle specimen(Right) same SEM image by
Image Analyzer



(iif) After one month in water (refer Fig. 6.50 & 6.51)

WD9mMm - $S384

Fig.6.50(Left) SEM image for specimenin 45°C bath, (Right) same SEM image by Imag
Analyzer

% i f
SEl  15kV Womm §839 5 000" 10ume - ——
Sample i - S B 0000 06 Jul 2010

Fig.6.51(Left) SEM image for specimenin 55°C bath, (Right) same SEM image by Imag
Analyzer



(iv) After two month in water (refer Fig. 6.52 & 6.53)

SEl  15kV WD10mm 5839 x1,500 10pm, ==~ 3
Sample 0000 06 Jul 2010

Fig.6.52(Left) SEM image for specimenin 45°C bath, (Right) same SEM image by Imag
Analyzer

21500 | “1oum.,
o S |
e L 0000

Fig.6.53(Left) SEM image for specimenin 55°C bath, (Right) same SEM image by Imag
Analyzer

(a) Area fraction

After calculating the area fraction using IMA+-J softwarefollowing results werecobtained for
specimerat different loadings and temperatu
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Fig. 6.54 For 45°C Bath (1500X)
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Fig. 6.56 For 55°C Bath (1500X)
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Fig. 6.55 For 45°C Bath (2000X)
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Fig. 6.57 For 55°C Bath (2000X)
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Table 6.6 Discussion on area fraction change in fibs for the specimen (refer Fig. 6.54 to
6.57):

Loading (%) Slope (Rate of change of | Drop (%)
area fraction)
55°C bath | 45°C bath 55°C bath| 45°C bath

60 -0.37833 | -0.085 -22.7 -5.1

40 -0.15833 | -0.16 -9.5 -9.6

The above data in the table 6.6 shows a huge dexmedhe fibre area fraction for 60% loading
cycles specimen at 55°C bath after two month domati

Thus, it can be clearly stated that at higher teatpee and higher loading the decrease in area
fraction of the fibre is also higher and the rateéhis decrease is also higher compared to lower
temperature and loading conditions.

The reason for this can be stated as more seedagater in the more loaded specimen
compared to less loaded ones and the higher tetoperalso plays a supporter for the same
phenomenon.

(b) Circularity

The circularity of the fibre in the specimen casoabe calculated by using IMAJE-J software.
The procedure for that is given below:

() Either directly get the result by using the ioptAnalyze-Measure and tick the option Shape
Descriptors in Set Measurement.

(i) The second method is to manually draw a ci@ler the fibre and aspect ratio would be
shown on the above which is the x to y ratio areddincularity of the fibre, as shown in the Fig.
6.58.
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Fig.6.58 The circle drawn on the fibre gives the wularity by calculating x to y ratio
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Fig. 6.64 Circularity vs. loading
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Table 6.7 Discussion for circularity changes in fikes for the specimen (refer Fig. 6.59 to

6.64):
Loading (%) Slope (Rate of change of | Drop
circularity)
55°C bath | 45°C bath 55°C bath| 45°C bath
60 8.33E-05 | 0.00005 0.005 0.003
40 0.000233 | 0.0003 0.014 0.018

From the above data shown in table 6.7, it is gledlrown that not many changes are occurring
in the circularity of the glass fibre for the giveamperature, time and load conditions. The slight
changes in the values are not monotonic in natutleage firstly decreasing and then increasing.

So, longer time periods and load and temperatunatians are to be incorporated for getting

satisfying results as no predictions could be nfemta the present results.
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6.3 RELATIONSHIP BETWEEN MACROSCOPIC AND MICROSCOPI C
BEHAVIOR

6.3.1 Relation between Ultimate tensile load and Mio-hardness (refer Fig. 6.65 to 6.68)

Ultimate tensile load(N)
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Fig. 6.67 For 40% loading cycles-55°C Bath
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6.3.2 Relation between Weight gain and Micro-hardres (refer Fig. 6.69 to 6.72)
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6.3.3 Relation between Capacitance and Micro-hardiss (refer Fig. 6.73 to 6.76)
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6.3.4 Relation between Ultimate tensile load and A&a fraction (fibre) (refer Fig. 6.77 to
6.81)
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6.3.5 Relation between Diffusivity and Area fractia (fibre) (refer Fig. 6.82 to 6.85)
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6.3.6 Relation between Capacitance and Area fracto(fibre) (refer Fig. 6.86 to 6.89)
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6.3.7 Relation between Weight gain and Area fractio (epoxy) (refer Fig. 6.90 to 6.93)
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6.3.8 Discussion of results for relationship betwe@emacroscopic and microscopic
properties:

1.) Discussion on the relation between Ultimatesiterload and Micro-hardness (refer Fig. 6.65
to 6.68):

The ultimate tensile load and micro-hardness atb becreasing with time and the nature of
decrement is almost same up to the first monthihmre is a sharper decrease for ultimate tensile
load for the second month but the weight gain peegge nature is almost similar.

2.) Discussion on the relation between Weight gaich Micro-hardness (refer Fig. 6.69 to 6.72):

The weight gain and micro-hardness show oppositgacheristics to each other. While the
weight gain is increasing with time, the micro-haeds is decreasing and the nature of change is
found to be almost the same. For the first monthdhange for the entire specimen is less as
compared to higher slope in the second month fur thee specimen.

3.) Discussion on the relation between CapacitandeMicro-hardness (refer Fig. 6.73 to 6.76):

The capacitance is also following almost the sarath @s the weight gain and thus the

capacitance is showing a continuous increase Wwith tompared to the micro-hardness nature
as discussed earlier.
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4.) Discussion on the relation between Ultimatesileoad and Area fraction (fibre) (refer Fig.
6.77 to 6.81):

The ultimate tensile load and area fraction aréh lm#creasing with time and the curves are
almost of the same slope up to the first monthaftet that up to second month the area fraction
is showing a lesser slope compared to the ultinesisile load graph with increasing slope.

5.) Discussion on the relation between Diffusivétiyd Area fraction (fibre) (refer Fig. 6.82 to
6.85):

The diffusivity and area fraction are both showagecrease in nature and the curves for both
the properties are intersecting at many points &hgpwa relation of similarity in their
characteristics except for the specimen at 40%inhgaclcles at 45°C which is showing a lesser
area fraction decrease for the first month.

6.) Discussion on the relation between CapacitamckeArea fraction (fibre) (refer Fig. 6.86 to
6.89):

The capacitance and area fraction are both oppwsiteeir behavior with respect to time. The
capacitance as discussed in earlier discussiafiseigtly related to the weight gain pattern which
is clearly visible here. As the capacitance iseasing with time the area fraction of fibre for all
the month and loading is decreasing with time.

7.) Discussion on the relation between Weight geid Area fraction (epoxy) (refer Fig. 6.90 to
6.93):

The weight gain and area fraction of epoxy bothshr@wing an increase with time but the area
fraction of epoxy increment is much more pronounaed¢ompared to the weight gain increase.
This shows that with epoxy area fraction increaghgyweight gain is also increasing which is
due to more water seepage in the specimen andrpraydehe epoxy to absorb more water and
swell down easily as compared to fibre.

90



CHAPTER 7 CONCLUSION AND FUTUHRE SCOPE

7.1 CONCLUSION:

From the experiments conducted following conclusibave been drawn:

1) The trend of tensile strength for pre-fatigu@BRP specimen is seen to be continuously
decreasing with time and this reduction is morenpumced in the second month as compared to
the first month.

Also it is seen that with more fatigue cycles cé@men the rate of decrease of tensile strength is
more as compared to the specimen with lesser fatigales.

The temperature increment also indicates the aatebtt degradation of GFRP specimen i.e.
higher the temperature more is the rate of degiauat

2) Further investigation for properties of GFRPd@ne by measuring micro-hardness of the
specimen which shows a slight decrease for thefgtigue load being applied but a much
noticeable decrement for hygrothermally treatectispen and the minimum hardness is found to
be of the specimen dipped in°&5bath after two month time period.

3) The area fraction of the fibre and epoxy ardyamea using image analysis. The results show
an increase in area fraction of the epoxy with easing time showing a marked increase in
second month for the entire specimen at differeadlings and temperatures.

4) The change in circularity for the fibres is motich pronounced which is easily noticeable in
SEM image of specimen. But some specimen immersadier tank at higher temperature have
shown chipping of edges completely with rest ofgdegry in quite a circular shape.

5) The percentage weight gain showed an increasemgl with time as expected in both the
specimen immersed in water at°@5and 558C tank. The weight gain is slightly more in
specimen at 5% compared to specimen at’@9ts also seen that with time the diffusivity rate
for each specimen is decreasing which is also éggethus the rate of weight gain is decreasing
with time.

6) The capacitance values for specimen is als@a&sing and following the same pattern as the
weight gain trend which is the required criteria @&xpected result.

7) The study done on the relationship between nsaofmc and microscopic behavior shows that
the ultimate tensile load is decreasing with alnthetsame nature as the micro-hardness and the
area fraction of fibre.

91



8) The weight gain and micro-hardness are relatelshow an opposite nature but its relation
with area fraction of the epoxy shows similar natwith both curves intersecting at many
points.

9) The diffusivity when compared with area fractioh the fibre show huge similarities in
behavior to each other as they both are decreasthgime which are the expected results as the
water seepage is decreasing due to saturation.

10) The capacitance is compared with both the miemaness and area fraction of the fibre
which shows the same behavior with the both athiweight gain.
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7.2 SCOPE FOR FUTURE WORK:

1) The dynamic analysis for GFRP can be furtheem@d with increasing loads applied for
cyclic loading.

2) The duration of current experiment can be ineedao see the effect in long term.

3) There is lot of scope of improvement in finileraent modeling to simulate the results with
more accuracy and study effect of various pararmetéh respect to time.

4) By changing the fibre orientation the changeesults with respect to current experimentation
can be compared.
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