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Abstract

Fiber reinforced polymer (FRR)omposites are nadays potentially used all around the
globe as these are capable of substituting the conventional materials for applications
starting from mini toys to large aerospace components. It is thus necesghoyucial to
examine the durability, reliability and sustainability of these materials. The present
exploration is based on the environmental durability of glass fiber/epoxy (GE) and
nanofiller (naneAl,Os;, nancTiO;) enhanced GE composites. The envnental
durability of the compositewas studied for their mechanical and thermal performance

after exposure to high temperature, liquid nitrogen conditioning and thermal shock.

The tensile properties were studied at 50% and 70% volume fractions of cemmfemt at
different crosshead speeds viz. 1, 10, 100, 500, and 1000 mm/min at 25°C, 70°C, 90°C and
110°C temperatures. The effects of néiler (nano-Al,O3, nanaTiO,) incorporation on

the mechanical and thermal behavior of GE composites at varioustpeates were also
carried out. The flexural tests of the nafilter enhanced composites were studied at
different elevated temperatures. The properties enhancement/alteration offillego
embedded polymeric composites appears to beselvice tempetare-sensitive
phenomenon. The thermal properties of the composites were evaluated using dynamic
mechanical thermal analyser (DMTA) and temperature modulated differential scanning
calorimetry (TMDSC), chemical analyses by Fourier transformation infraretlR)
spectroscopy, fractography analyses were carried out using field emission scanning
electron microscopy (FESEM) and morphology of the Hdless were studied by
transmission electron microscopy (TEM).

The tensile strengths of the investigated GE awitgs increase with the increase in
crosshead speed at all test temperatures. At higher crosshead speed the response of the
composite is primarily governed from the fiber phase and increase inckraging
capacity can be attributed to fiber dominatedchmnical response.iquid nitrogen (LN)
conditioning for 0.25 h and 1 h caused an improvement of tensile strength up to 3.33% and
7.3% respectively as compared to unconditioned GE composites. The percentage strength
improvement was high (up to ~12%) whibe specimens were tested at 1000 mm/min

loading rate.

The thermakhocked specimens also exhibited higdkimate Tensile ®ength UTS as

compared to the unconditioned specimens. It can be stated that matrix hardening and

iX



residual stress generation during the conditionings would generally govern to praduce

higher loadcarrying capacity of the composites.

Addition of 0.1 wt.% nandél,O; particles exhibited an improvement ihe strength of
nancAl,Os/GE composites at alcrosshead speeds. Similarly, 0.3 wt.% ndmno,
enhanced composites showed maximum strength improveBgmasure to elevated
temperatures deteriorated the flexural properties of GE as well as-Akg modified
composites, as expected. However, the exiedegradation remained higher in case of
nanc-Al,O; modified compositeg€xposure to elevated temperatures improves the flexural
properties in case of 0.3 wt.% nafi@O,/GE modified composites as compared to the RT
specimensThe increase in strength tiie nanéfiller enhanced compositesawattributed

to effective stress transfer from the matrix to fiber through-disflersed and welbonded
fibre-matrix interfacial regions. The FESEM results on fracture surface morphology
indicated crack bridging andjood filre-matrix interfacial bonding. On the other hand,
agglomeration of nandillers took place at higher concentration of nanoparticles which
showed poor strength. Exposure to high temperature would cause damage and
degradation in the polymer phase of the compssievealed as matrix cracking, riverline
markings, cuspghe flow of matrix, delamination of fiber frotte matrix, fiber imprints

etc. The DMTA results were correlated with the mechanical and theracbanical
behavior of the FRP composites. Additidnnancfillers causeda reduction in the glass
transition temperature. Finally, the Weibull design parameters were analyzed as a function
of nanceAl,O3; content and different test temperatures. Weibull analyses responded a

reasonable agreement with the esipental results.

Keywords: Fiber reinforced polymer ERP) composite; glass/epoxy(GE) composite;
nano-Al,O3;; nano-TiO,; environmental ageing; tensile properties; flexural behavior;
elevated temperature; thermal shock; cryogenic conditioning; fractographyeibull

analyses, scanning electron microscopy
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Chapterl Introduction

1 Introduction

Preface

In this chapterthe basic understandimaj the field of FRP composite has been introduced.
This chapter is having three sections i.e. 1.1 to 1.3. The first part describes motivations for
the present investigations. Secondly, the research objectivd®e @urrent work are
presented. The last part comprisesorganization of the thesis. Furthéne sections are
divided into subsections and we have tried to dis@ibss reinforced polymer composite,

the role of different environments (Rate of loadingmteerature variation) on the
mechanical behavior of FRPPolymer matrix modification and optimization with nano

fillers and Problems and prospects of nanofiller/polymer interface.

1.1 Motivations for the current research

1.1.1 Fiber reinforced polymer composite

Fiber reinforced poymer (FRP) composites are nadays gaining vast attention to the
researchers due to their low density with high specific strength and stiffRB$3.
composites find a wide range dfritical and supercritical applications including
automobiles, aerospacédodies sportingequipment marinestructure bridges, structural
fields, storage tanks, pressure vessels, cryogenic tanks andsp Daringthein-service

period thesenovel materialsnovelare subjected to different environmental conditions and
loading alternating from quastatic to dynamic loadin§Ri 4]. Composites made up of

FRP are usually anisotropic materials, so the damagelegradatiorare occurred due to

these stressesvhich are complex correlating to numerodailures with nano or
micromechanismslt should be the prior importande havea clear understanding of
different nature of loadings that creates failure behavioFRP composites which are
subjected to be used in harsh and reluctant environmental conditionings. Due to the
profound properties, frorthelast two decadeshe research and development in the area of
FRP compositeare extensively increasing. It is not mew field of research, but yet
researchers all around the globe havendét «co
durable is FRPInclining to the abovéacts that these materials are unprotected to some
environmental parameters at the time ofri@tion, storage and 4service period. The
researchers throughout the globe are investigating the effects of various environmental

parameters such as temperature (low, high, thermal shock, thermal spike, thermal cycling),

2
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humidity, seawater, UV light andften a cyclic variation of above parameters such as
hygrothermal and low orbit space environmental conditionif3j8]. But one of the
hindrances is that extensive use of these composites for long term exposure degrades the
performance and durability. Thereforeis important to review the implications of harsh
and hostile environment al parameters rel at e
of loadings and stresse&lndoubtedly the emerging fiber reinforced polymer (FRP)
composites hold the structunabrld of the present century with a promise. Even though
extensive applications of FRP doeindfrom casual to supercritical fields, the findings and
fundamentals in the science of this class of matar@inconclusive and contradictory.

The composite @terials made up of FRPs gives numerous advantageous properties such
as high specific strength and stiffness, lightweight, nonmagnetic properties, corrosion
resistance, fatigue resistance, and ease of han@ingrhese FRP composites find an
extensive sort of application in various sectors such as aerospace, automotive, sporting
goods, marine, oil and water pipelines due to their ease of handling and usage, better
mechanical properties, and lower manufactugogt[1,10,11] The overall properties of
polymeric matrix composites (PMCs) are governed by fiber/polymer interface/interphase.
The identity of an interface is determined by a thrdenensional area between the bulk
matrix and bulk fiber[12]. Further the morphological properties of the fiber and the
diffusivity of elements in each component also have prominent eff@8ts therefore
between individual fiber/matrix compositesan exclusive interface regiorfound
Laminated composites again attract attention towards its excellgtarie mechanical
properties, which are directly subjective to the properties of the reinforcing fiber. In
contrast to ifplane behavior, the out of plane properties are limited byefgonse of the
polymer phas§l4,15]and the corresponding interface/interphase generated.

The interface is a thresimensional region in between the bulk matrix and the fiber in the
FRP composite. Interface study is important since it signifies vieealh strength and
stiffness of the composite. It is one of the most vital and essentia gfathe FRP
composite in stabilizing the reliability, sustainability and durability of this material. Its
reliability and durability in several environmental daions can be modified by the
reaction of its components i.e. fiber, matrix and the fiber/matrix interface. The nature of
interface can be characterized at the time of polymerization reactions which creates a three
dimensional network at the epoxy prepuBr regions which control the eventual
thermomechanical properties [16]. The mechanical behaviors of the FRP composites



Chapterl Introduction

depend upon the performance of the interface to transmit stress from the polymer matrix to
the fiber phase. In the case of laminated &RPsidual stresses develop at interface region

at the time of curing due to the inherent fimmogeneous nature of the different
constituent phases. These stresses unfavourably affect the dimensional strength and
stability of FRP laminated composite amdthe consequence premature failure, matrix
cracking, delamination, warpage occurs [423]. The addition of second phase nano
sized particles into composites has been comprehensively important to significantly
enhance the mechanical properties of polymeatrix composites by operative load
transmission at nanfiller/matrix interface. The strength of the nafilier/matrix interface

is mainly affected by the properties and structure of any interphase area initiated in
between the bulk polymer matrix attte reinforcement surface [24,25]. Different failures

like the static and dynamic modes of failure of the composites are said to occur due to
property mismatch of the constituent8ut, the omrgoing research in this area is
emphasizing the critical and @ial roles of interfaces and its changing nature because of

its temperature and environmalgusceptibility{5,16].

1.1.2 Role of different environments (Rate of loading temperature

variation) on the mechanical behavior of FRPs

During the fabrication, storage and-darvice period thesenaterials are exposed to
numerous environmental conditions and loading ranging from -gtestst to dynamicate

of loading[2]. The environmental conditions can be temperatiirés(low, high, thermal

spike, thermal shock, freezleaw, and cyclic variation of temperatures), humidit],
seawater exposure, UV light exposure, alkaline environment and maybe more uncertain
and unprecedented ifi¢re isa cyclic variation of temperatures, hygrothermal environment

and low earth orbit space environment. These environments lead to vulnerable damage and
degradation of polymer matrix composites (PMAd)e mechanical performance of FRP
composites igransformed by the interaction of its constituent materials, such as matrix,
fiber and fiber/matrix interface with the-sevice environmental conditiongn most of the
structural applicationdsRPs are impinging tthe high-energy and higivelocity dynamic

rate of loadings that may outcome with multiaxial dynamic states of stress. Thus, the
response of the FRP composite is dependent on the state of stress applied and associated
other variable$l19i 21].
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In broadspectrum, the deformation ttie polymeric phase is governed by the motion of
polymeric chains and their ability to slip over eaxther. Usually, thermoplastic polymers
reveal a higher degree of deformatioarttthe themosetting croséinked polymers. The
crosslinks existing in between polymeric chains limit their relative movement. Therefore,

a higher stress need is required for deformation as compared to the thermoplastic. At low
temperature, due to relatively lesstion of the polymeric chains intethain slippage is
limited. This is attributed to the enhancement in the strength of the polymers at lower
temperatures. During cryogenic temperature due to freezing of polymeric chains, the
hardening othe polymer phaséegins that ledo minor scale damages. On the contrary, at
elevated temperatures mobility of polymeric chains increabés makes it capable of
deforming at lower stress legelTherefore, the overall strength of the composite is
decreased and strain failure is increased at elevated temperatures. These materials
possess poor resistance to fire, when susceptible to high temperatures. The damage and
degradation at the interface can arise due to differential thermal expansion of fiber and
matrix at hightemperature and therelayeduction in the overall strength of the composite.

At higher temperatuse formations of microcracks were observed due to the differential
coefficient of thermal expansion of fiber and matrix at the fiber/matrix inteff2je The
fiber/matrix interface also becomes sensitive to destructive reactiortheahigh-
temperature environment, which may lead to damage and degradation of both the fibers
phase as well as the matrix phase in the compj@sie

1.1.3 Polymer matrix modification and optimization with nano-fillers
(Nano-Al, Oz and nano-TiO )

In recent timeg, a variation of the polymeric phase of the composite by appropriate
nanofillers is a trend to improve their mechanical and thermal propg4iea7]. Usually,
polymer matrix nanocompositesve fabricated by mechanical or chemical processes. The
main aim of various processing techniqgues is to get homogeneous and uniform distribution
of nanoparticles in the polymer matrix. But the proper dispersion of nanoparticles in the
polymer matrix is oa of the challenging problems in these nanocomposites. The
nanoparticles have an affinity to agglomerate among themselves and form clusters of
micron size. This results in improper distribution of nanoparticles in the polymer matrix
resulting in decreasingroperties of the nanocomposites. The main perception after
altering a polymer by incorporating nanofillers is to produce enormous high interfacial

region. However,in context to laminated composites, these nanofiller modified polymer

5
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matrices may be usedalong with the fibers to acquire higher electrical, thermal and
mechanical (especially owf-plane loading) performanceAlso, optimization of the
content of nanofillers is vital to a particular material system. There is always an optimum
content atwhich one can get to achieve better stability in mechanical (i.e. strength,
modulus and strain at peak load), thermal and electrical propéntesasing nanofillers
content beyond certain content may lead to agglomeration resulting reduction in the

properties and performance of the composite material.

Nanofillers addition to the polymer matrix certainly alters the strength of the resulting
composite by effective stress transfer frtime softer polymer matrix to the stiffer fiber

through nanofiller/plymer interface. Segmental adsorption of polymer matrix on the filler
surface due tahe very high surface energy of the nanofiller alters the chemistry of
polymer matrix in the close vicinity of the nanofill¢28i 30]. This affectedthree
dimensional polymer regionis callédi nt er p h as e 0 andnhast shibstantab mp o s i

effect on the strength and overall behavior of the resulting com(pd%i&2]

Alumina (Al,Os3) is one of the highly rigid and stiff ceramic materials. It possesses very

high thermal conductivity with good insulation propertiEsh e di mensi onal st a
phase of nand\,0O;s fillers are quite excellent and higher hardness of these fillers provides

an opportunity to be used in refractory products, ceramics, and rubber as reinforcement
materials. It certainly improves the theal fatigue resistance, fracture toughness, wear and

creep resistance of the composites. Titania £li® a mineral composed primarily of

rutile. Rutile is the most common natural form of TiB3]. Thermodynamically, rutile is

the most stable polymorptf TiO, at all temperatures, exhibiting lower total free energy

than metastable phases of anatase or brodddfe These nanofillers stand apart towards
expansive excitement of materials specialists as nanomaterials for PMC to design

material withsuperior mechanical, thermal and electrical properties.

To enhance the brittle behavior of thermosetting PMC, matrix modification is carried out
by the dispersion of the second phase has drawn important attention over the years. The
second segment geneyalhcludes of microssized soft organic (thermoplastic or rubber)

or inorganic rigid particlesThe aldition of these second phase particles (can béso
termed as fillers) may result in several toughening mechanisms like matrix microcracking,
crack pinnig, matrix shear yielding, rubber cavitation, crack deflection and particle
tearing (soft particles) or bridging (rigid particl¢8B,34]. On the contrarythe addition of

soft particles tends to decrease in glass transition temperatyrand@ even in overall

6
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strength and stiffness of the composif8S]. By the addition of nanoparticles certainly
decreases the growth and initiation of microcracking and might improve the damage limit
of laminated FRP composites. The existence of nanoparticle in the FRP laminated
composite significantly contributeto avoidng some more distinct lower scale damage
mechanimis such as fiber pullout,iber breakage, diffused intralaminar damage and

diffused interlaminar damaga6].

1.1.4Problems and prospects of nanofiller/polymer interface

The interface region of the FRP composite materials creates an important character to
sustain the structural durability of the composites. Thus, it is the function of critical stress
transfer under loading. The strength of interphase/interface govermiridlgility of the
composite materials in the service life. Several years of exploration have been fatused
characterizing the molecular structure of the interface region and its relation to chemical
and mechanical stability371 40]. The inteface damage and degradation hbeen treated

as the greatest damagibghavios of PMCs. It is reasonably expected that the molecular
structure is dynamic at the interfacial zone, which is quite different from the bulk polymer
matrix. The changes taking plage the interface region are dhly vulnerable to
degradations in several environmental conditionings. Since the interphaseaisaaof
chemical inhomogeneity, therefore it delivers an easy route of the composite system for
becoming more susceptible to chemical, thermal, tharinemi@l and mecharchemical

degradations.

1.15 Research Gap

The incorporation of different nanofillers into the epoxy matrix enhances the thermal,
physical and mechanical properties of the PMCs resuitingroadenthe usage of the
materials[40i 44]. The enhancement of mechanical propsris owed to the high specific
surface area of nanoparticles which permite almost full transfer of stress at
matrix/interface to the strong fiber. The novelty of the present investigation lies in the fact
t h avhethér does the environmental durakilitf glass fiber/epoxy composites retained at
high temperature, liquid nitrogen conditioning and thermal shemkironment?and how
these glass/epoxy composites subjected to different environmethtgading ratesensitive

or fAThé wesent investigatn determines that the effect of ndiiter addition on the
mechani cal behavior of gl ass f i bWhetheeheo xy c

addition of naneAl,O3; and naneTiO fillers into modified GE composites enhances the

v
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mechanical and bel@r or not? and the modified composites are loading-ssesitive

or non?

In asimilar context combination of elevated temperature durability and effect offil@ano

addition on the mechanical performance of glass/epoxy composites is investigated.
Generally, induced thermal stresses du¢htodifference in temperature and subseut
susceptibility of debondingt nanéfiller/polymer interfaces have been attributed to this
behavior In this perspective, the surfanedified with naneAl,O; and naneriO fillers

exhibited improved resistance against the elevated temperature diegrasacompared to

that of control GE composites, signifying advantageous effects of tailored interfaces.
AWhet her the strength enhancement mechani sn
whether the optimized na#d,O3; and naneTiO; fillers contentdetermined from room
temperature testing remai ns the optimized

guestions have been tried to answer in the curmrdstigation.

1.2 Research Objectives

Numerous environmental isssi are encountered during tlservice period of these
composite§7,16,45 47]. Several matrix optimizations methods with nanofillers have been
edablished. Furthermore, to remove agglomeration related problem a new method is being
optimized. The main objective of the present exploration is to fabricate the FRP
composites with and withodhe addition of nandfillers (Al,O; and TiQ) and assess the
mechanical, thermal and morphological behavior at different harsh and hostile
environments.
The following stepwise investigations have been explored tlier abovementioned
objectives;
1. High-temperature tensile behavior at different crosshead speeds theilogding
of glass/epoxy composites.
2. Loading rate sensitivity of liquid nitrogen conditioned glass/fiber epoxy polymeric
composites: An emphasis on tensile and thermal responses.
3. Effect of loading rates of severely therrshilocked glass fiber/epoxy congiies.
4. Mechanical and thermal behavior of naligOz; enhanced glass fiber/epoxy
composites at various crosshead speeds.
5. Mechanical and thermal behavior of nahi®, enhanced glass fiber/epoxy

composites at various crosshead speeds.



Chapterl Introduction

6. Assessment omechanical, thermal and morphological behavior of PanR@;
embedded glass fiber/epoxy composites &itin elevated temperatures.

7. Evaluation of mechanical, thermal and morphological behavior of -m&gdp
enhanced glass fiber/epoxy composites &itinelevated temperatures.

1.3 Thesis Organization

This thesishas complied with 5 chapters. The first chapter of the thesis represents the
introduction to the current title including the motivation and objective of the research

work.

Chapter 2 presents theotpntial literature survey in the related field and provide

discussions on the dearth of literature related to the field.

Chapter 3 represents the experimental procedure implemented in the present investigation.
Where detail othe material used during ¢hexperiment is well explained. In addition to
that fabrication of FRP composites, conditioning of composites at different environments

and various macro and micro characterization details has been provided.

Chapter 4 presents results and discussion ofxperiments carried out. It is composed of
three sectionsThe frst section is again divideéhto three subsections. Section 4.1
describes the results and discussion on the environmental durability of glass fiber/epoxy
composites. The subsections 4.1014t1.3 present results and discussion on the- high
temperature behavior, loading rate sensitivity at liquid nitrogen conditioning and effect of
loading rates at severely thermal shocked environment respectively. Section 4.2 highlights
the effect of nandiller addition on the mechanical behavior of glass fiber/epoxy
composite at various loading rates. The section is divided into two subsections as 4.2.1
and 4.2.2;the tensile and thermal response of naleO; enhanced glass fiber/epoxy
composites and mbanical and thermal behavior of nafi®, enhanced glass fiber/epoxy
composites are discussed in these subsections. Section 4.3 represents the elevated
temperature durability and the effect of nditier addition on the mechanical performance

of glass/epoxy composites. The subsection 4.3.1 ibescthe assessment of mechanical,
thermal and morphological behavior of nafileO; embedded glass fiber/epoxy
composites at Hsitu elevated temperatures and the subsection 4.3.2 represents the
evaluation of mechanical, thermal and morphological behafiaraneTiO, embedded

glass fiber/epoxy composites atsitu elevated temperatures. In section 4.4 a comparative
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assessment of the control GE and nfiher enhanced GE compositeserereported with

different environments and loading rates.

Chapter 5 ppvides the summary and conclusions obtained from the current investigation

and also specify future research work to be focased
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2 Literature Review

Preface

The relevant technical understandioigthe current research and development of various
types of FRP composites is summarized in this chapterchagpter iscompriged of five
segments. The first part describes the important properties and imminent applio&tions
FRP compositesThe applications of FRP composites, thigirservice behaviorabout
numerousand structural modifications by addition of different ndifieers are discussed in

the subsequent segments. Finally, a summary of the literature review is presented at the

end of the chapter.

2.1 FRP composites: prospects and problems

Since the exceptional innovation of macromales called as polymers by the@belprize
winner German chemist Hermann Staudinger in the year M3 in recent daysthe
human civilizationhas become greatly dependent upon the usage of pehased
materials.The excellentrange ofmechanical properties wittmeir light weights as well as
many other noteworthy benefits made the polylresed materiala supreme choice.
Further enhancement of their properties was possible by introducing theepbigsed
composites where different reinforcing materials were added in the polymer ri#igk.
reinforced polymeric (FRP) composite materials are nowadays globally one of the main
counterparts of the metallic materials ugedvarious structural andoastruction field.

FRP omposits possess excellent properties such as high strength to weight ratio, low
density, high specific stiffness, high endurance Ilimit, high fatigue resistance, high
corrosion resistance over conventional metallic matef#$ These materials have an
extensive field of applications in various sectors sushsporting goods, automotive,
aerospace, marinetc.; low-temperature applications include cryogenic fuel distribution
lines, cryogenic fuel tanks, cryogenic wind tunnels and different portions of the cryogenic
turbo-pumps due to their ease of handling, lower fabrication cost and superior mechanical
properties[50]. The lamimted FRP composites possess exceliefilane mechanical
behavior. This property is mainly governed by the fiber pfa&ke In contrary to implane
behavior, the out of plane performanseestrided to the reaction of the polymeric matrix
phase[52i 54] and the corresponding interface/interpha@ae of the main concerns in
laminated FRP composite is the delamination of fiber and matrix phase due to the
interfacial debonding.Superior interfacial properties can be imposggltoper alteration

12



Chapter2 Literature Review

of the polymer matrix and/or interface/interphase witle incorporation of different
nanofillers. Inclusion of metal oxides (TiQAl,Os, ZnO, etc.), inorganic fillers (SKSIC,

etc.), carbonaceous based fillers (CNT, SWCNT, MWCNT, and graphene), metals (Fe, Al,
etc.) and other materials (Mg@3SNS;, nano clay, etc.) certainly improves the mechanical
properties of the polymer matrix composit¢®6,40,42,43,56569]. Among various
inorganic or metabased nanofillers, namdl ;O3 is one of the most established nanofiller
owing to its superior mechanical and thermal properties as well as low fabrication cost as

thosecompared to the carbonaceous based nanofiéér61]

Modification of matrix hrough the interface is the most suitable method to obtain
toughness of the resultant material. PMC can be altered by different micro arsizexho
fillers to improve its strength and toughness. The mechabet@viorstrongly depends
upon the different features of the typé reinforcement, distribution of reinforcement,
shape and size of reinforcement and so on. Howaetier stability of laminated FRP
compositesis subjected to the residual stresses at the interfacial region and the proper
transfer of stress frorthe matrix to fiber throughthe interface. The overall improved
fracture toughness hyatrix shear yielding and crack pinning mechanism is attributed to
the reinforcement of polymer with micresized particles like rigid glass sphef62]. Size

of reinforcement particle and volume fractionskavital role in changing the degree of
toughening mechanisfp3]. Several micranechanisms like microcracking, cragikning,
shear banding or matrix shear vyielding, crack deflection, are stimulated owitig to
incorporation of second phase particles in the polymer m@Bx64 66]. However
incorporation of soft rubbdike phase improves the fracture toughness of the material but
in the meantimethe material loses its thermal strength (reductianglass transition

temperature) and stiffness.

Due to the profound properties, frahrelast two decadeshe research and development in

the area of FRP composiiee extensively increasing. It is not a new field of research, but

yet researchers all around the globe haventé
and durable is FRP. This is mainly because these materials are unprotected to some
environmental paraeters at the time of fabrication, storage anddrvice period. The
researchers throughout the globe are investigating the effects of various environmental
parameters such as temperature (low, high, thermal shock, thermal spike, thermal cycling),
humidity, seawater, UV light and oftea cyclic variation of above parameters such as

hygrothermal and low orbit space environmental conditionii@y$6]. But one of the

13
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hindrances is that extensive use of these composites for long term exposure degrades the
performance and durabilit}7]. Therefore it is important to review the implications of
harsh and hostil e envir on mermanees ungeastadcramdt er s
dynamic loadings[2,68 72]. Undoubtedly the emerging-RP composites hold the
structural world of the present century with a promise. Evengtih@an extensive
application of FRRompositess found from casual to supercritical fields, the findings and
fundamentals in the science of this class of matar@inconclusive and contradictory.

The ultimate failures of laminated composites are resulige to the fiber failure but
previous investigation|g’3,74] reported that this fiber fracture is dependent on the polymer
matrix. This suggests that the modification of polymer matrix can alter their response in
mechanical behavior. It is widely acknowledged around the globe that the addition of
certain nandillers can enhance the polymer matrix dominated properties of conventional
FRP composites. Also, in recent times extensive reseagiirig on for further progress

on the environmental durability of different nafiker embedded FRP composites.

2.2 Applications of FRP composites

The wdespread application spectrum of FRPs covers almost every type of advanced
engineering structures. Their usage includes various components in aircraft, helicopters,
spacecraft, boats, ships, offshore platforms and also in automobiles, chemical processing
equipment, sports goods, and civil infrastructure such as buildings and Qi8HesRPs

have wide application prospects in ustiural and civil engineering ranging from
reinforcing rods, rebar and tendons, FRP manholes, storage tanks, sewage and drip
irrigation pipelines, wraps for seismic retrofit of columns and externally bonded
reinforcement fothe strengthening of walls, turel segments, beams, slabs, bridge decks,
portable FRP security cabins, internal reinforcement for confréi&7]. FRP materials

are widely used in railway infrastructure namely in interior and exterior of railways
coaches, FRP sleepers, railway girder bridges, doors, moduédy ERP blind plate. FRP

utility poles etc. The future potential applications of FRPs are in the construction of
transmission lines due to its outstanding corrosion resistance gindidight properties

[78]. In the energy sectoFRP wind turbine blades and poles are being widely used.
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2.3 Effects of different environmental parameters on the

interfacial durability of FRP composites

In most of the structural applicatigns R P 6 simpasedewithhigh energy an@r high-
velocity dynamic loadings that magad to multi-axial dynamic states of stress. The
response of these composite materials is very short at these kinds of loadings, which is
generally highly transient. The mi@age and degradation at the interface can arise due to
differential thermal expansion of fiber and matrix at high temper§f@jeandthis results

in a reduction in the overall strength of the composite. At higher temperatee
formation of microcrackgould beobserved due to the differential coefficient of thermal
expansion of fiber and matr[80] at the fiber/matrix interface. The fiber /matrix interface
also becomes sensitive to destructive reactiorshaih-temperature environment, which

may lead to damage and degriéala of both the fiberas well as the matrix phasefthe
composite [81]. Quick developments of these FRP composites have overtaken the
comprehensive understanding of suitable failure investigation methods. Researchers
around the globe dve explored the tensileehaviorof FRP compositeshowever,the

dearth in literature and experimental investigation on the effect of crosshead speed with
changing volume fractions at-situ hightemperature conditioning leads to a complex
phenomenon tounderstand the basic damage and degradation mechanisms of FRP

composite.

Reis et al[82] investigatedthe tensile responseof Glass Fiber Reinforced Polymer

(GFRP compositesat variousstrainratesandtemperaturesThey observedhat the strain

rate significantly affectedthe UTS and the elastic moduluSigure 2.31 shows the stress

vs strain curves for GFRP at 20 °C, 40 °C, 60 °C and 80he the numbers 1,2,3
mentioned with the curvespresent the strain ratesiof x 10° 1.6 x 16% 1.6 x 16°s'*
respectivelyYunfu et al.[83] studiedthetensile behavior of GFRP composite at different
strain rates. The experimental results showed that the tensile strength, maximum strain and

toughness increased with increasing strain rates at t@oyperature.
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Figure 2.31: Stressvs strain curves at 20 °C, 40 °C, 60 °C and 80 °different strain
rates[90].
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Cao et al. [84] evaluatedthe tensile performanceof CarbonFiber ReinforcedPolymer
(CFRB, hybrid Carbon/GFRPand hybrid CarboriBoron Fiber Reinforced Polymer
(BFRP compositesn the rangeof 16 °C to 200°C. Thereductionin tensilestrengthwas
observedasthe temperaturavas elevatedto the glasstransitiontemperatureFigure 2.33
representsn evaluation of average tensile strength ratios with changing fiber systems i.e.
1C1 ©Enly carbon layels 1IEG1C1 (One glass fiber and cardagers), 2EG1C1 (Two

glass fiber and one carbon layers) and 2B1C1 (Two boron and one carbon layers).

@ FRP at 16 °C B FRP at 200 °C O Dry fiber at 16 °C

100 100 100 100
100 -

%}
80t

o e 6351 64.94 i
60}
50}
a0}
30}
20}
10}

48.13 47.22 46.91 45.36

Ratios of average tensile
strength (%)

1C1 1EG1CH 2EG1CH 2B1C1

Figure 2.33: Evaluation of average tensile strength ratios with changing fiber sy8gm

Khoathaneet al. [85] reportedthatthe tensilestrengthandYoung'smodulusof composites
reinforcedwith bleachechempfibersincreasedvith increasingiber loading.Nowadaysn
aerospaceelated applicationghe fuel tanks made up of conventional materials are being
substituted by advanced polymer matrix composite (PMC) materials. The composite
material becomes brittle when exposed to, tdmperature$86]. Shindo et al. studied the
compressivebehaviorof glass/epoxy laminates at RT, Lkemperature-(196 °C)[87].
Shindo et al[88] investigated the tensileehaviorof plain weave glasspoxy composites

at LN, conditions. Ma et al[89] evaluatedthe impact performance of glass/epoxy
conmposites at LN environment. Kim et al.[90] studied the tensile response of
graphite/epoxy composites at low temperatyRE 1 150 °C) They reported that tensile
stiffness significantly increased as the temperateereasedThey further notedvarious

modes of failure due to impact damage like fiber breakage and matrix cracking.

The effects of thermahock conditioning with loading rate, which are encountered in real

service conditions, are more vulneratiehe overall properties of composites than reacted
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separately. Glass/Epoxy composites are widely used materials in the aerospace
applicationsIn aircraft, the body parts are exposedat@nge of temperaturdsetweeni

60 °C to + 70 °C, while flying in troposfhere region to the mesosphere regiaiso,

during vertical takeoff and landing (VTOL) aircraft are highly subjectedatemperature
gradient Therefore, a comprehensive understanding is highly required ssess
mechanicabehaviorand various modes dilure in suchhigh safetycritical applications.
During fabrication, storage and-gervice condition®f these composites are subjected to
different nature of stresses. The stresses acting on the FRP composite materials may be
constant load or dynamic loading. Dynamic loadings can generateaxialtistressef91].

Under these multiaxial stresses, the failure circumstances and design aspects based on
uniaxial strength criterion are not favourable and entirely reliable for woven fabric
reinforced polymer composgg92]. The thermal mismatch between fiber and matrix
phase leads tdhe development of residual thermal stresses around the fiber/matrix
interface or interphase regions when theiemperature goes below the fabrioat
temperaturg93]. Numewous studiesverecarried out on the loading rate sensitivity of the
glass/epoxy composites in room temperature as well as at different elevated and low
temperature environment8. few researchers also studittk effects of thermal shock on

the mechanical properties of glass/epoxy compo$@d®94] But, there isa dearth of
literature on the loading rate sensitivity of thermal shock comaitio glass/epoxy
composite. The situation becomes relatively more complex when the composite contains
woven fabric reinforcement, which under wiial loading experiences stresses in different
directions.The thermal stresses develogadhe FRP compositdepends on the volume
fraction of reinforcement, the amount of voids present and lack of adhesion between the
polymer matrix and the reinforcement phase. The repetition of theseewersible
phenomena like thermal cycling causes permanent deformathus, The reinforcement

geometry stimulates the degree of thermal stresses in the matrix [[@¢jion

Melissa et a]95] studiedon the composites industry and the fire engineering industry with
baseline data for pyrolysis modelling of common FRP systems. The minimum heat flux for
proper ignition is used to compare these FRP systems according to resin type and glass
content. Additonal instrumentation was added to the specimens for surface -aegtin
temperature measurements, which is needed for calculating thermal properties of the
composites. The resin type was found to affect the resultant fire performance; halagver
effect of glass content was a little more subtgefu et al.[96] investigated on fiber
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reinforced polymer (FRP) tube encased concrete cylinders exposed to fires. The test results
show that fire exposure has a significant effect on reducing the residual strength of the
confined concreteylinders. The resin has been fully burrmd and carbonized after 8

min of fire exposure. After 12 min of burning, the FRP tube basically loses its capacity to
provide any meaningful confinement. The fireproof additive used is effective in
minimizing the effect of the fire hazard. Asaro et[al7] studied on FRP composite panels,

with single skin Eglass/vinylester and cored architectures, were subjected to combined
compressive and thermal loading. The results indicate that the time dependence as well as
the temperatre dependence of material degradation mediates the failure, and thus the
performance, of FRP panels durirgfire. Ahmed et al.[98] explored experimental
research on fire resistance experiments on five rectanfjdarforced ©ncrete RC)

beams. The test results indicate that the anchorage configuration plays a critical role in
limiting the deflections of the strengthened beam after debonding of the FRP occyrs at T
+10 °C, where Tg is the glass transition temperature. Also;dtiRRghened RC beams
supplemented with 25 mm thick spragplied insulation can survive failure under ASTM
E119 standard fire or a design fire. Gefu e @] investigated on firgesistant FRP for
externally bonded concrete repair. This study is to understand and develop nrew fire
resistant technology with nanclay reinforced intumescent coating. RC beams were
prepared, damaged, and repaired by FRP wit#éwve coating. The repaired RC beams
were subjected to fire hazard again anévaluated for its residual structural capacity. The
effectiveness of the developed new coating for fire resistance was evaluated based on the
test results. It is believed thaigtcoating system would enhance fire resistance of the FRP,

and safety and reliability of FRP repaired concrete structures.

2.4 Loading rate sensitivity of FRP composites

The effect of loading rate in polymeric composite materials has shown improvement in the
mechanical behavior subjected to low temperat[k86,101] Shokrieh et al92] studied

the effect of quasistatic and intermediate strain rates at 0iQ0Ds * of unidirectional

glass fiber reinforced polymeric composites and finds a substantial improvement of the
tensile strength by increasing the strain rate. Thessstrain plot of the GE composites
with various strain rategs shown in figure 2.41. As revealed, the composite shows a
dependency on the load rate. Da\jH32] andMagee[103] studiedthe tensilebehavior
glass/polyester composites over thmist rates from 1Gto 1S ! and foundthat the
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tensile propertiesvere strainrate sensitiveUTS increased by 55%t the highest strain
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Peterson et aJ104] performedthe tensile behavior of chopped glass fibereinforced
styrene/maleic anhydride (S/MA) materials between tr&rsrates of 167 10s*and

found 50 70% increase in the elastic modulus and strength with increasing strain rate.
Medina et al. [105] studied the laminated composites made of woven glass fabric
composites and unidirectional carbon layers along the thickness direction. poegde

that the tensile strength and strain to failure of woven glass fiber composites increased at
higher strain rate, but in case of carbon fiber composite it was mirfetli et al[106]

studied the failure of GE composites in thermal and cryogenic atmospheres at various
loading speeds. They investigated thia¢ ILSS value tends to decrease with above
ambient temperatures ieach loading rate. It can be owed to the effect of thermal
conditioning that led to spread of process area in the polymeric resin which contributes to
high fiber/matrix debonding as revealed in figure2[406].

2.5 Mechanical and thermomechanical response of fibrous

polymeric composites with nanofillers addition

2.5.1 Nanc-Al,O; enhanced FRP composites

Alumina (Al,Os3) is a ceramic material having high rigidity and stiffness. It is an insulator,
but it possessekigher thermal conductivity as compared to other ceramic mafe@d].

U phase of alumina has good dimensional stability and high hardinéss allows itto be
usedin refractory products as reinforcemeiht.certainly enhances the thermal fatigue
resistance, fracture toughness, wear and creep resistatheeaaimpositelt has also been
used inmaterials folinfrared emission, higpressure sodium lamp and therrmulation.
Addi t i ephaad nhnp alumitha has high resistivity and good insulation progeties
therefore it isused in YAG laser crystal and integrated circuit substrates, transparent
ceramics, cutting tools, furnace tubes, high purity cruciblebsipng material, grinding

belt, paint, advanced waterproof material and reinforcement in FRP composites.

Several investigations were reported in the past decade about the etfectddition of
nanofillers on the mechanicbEhaviorof the naneenhanced fiber reinforced composites.
Hu et al. studied the ADs/epoxy nanocompositegt3] and found improved flexural
strength and thermal conductivias compared to composite withoub®@¢ particles Li et

al. studied the incorporation of CNAI,O3; nanopatrticles in the epoxy matfik08]. They

studied the effect of these nanoparticles on the damage sensing and leévios of
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the nanocomposites. The nanocomposites filled with 0.5 wAl %3 indicated an increase

of 4-5 orders of electrical conductance. Jiang et al. examined the mechanical and thermal
properties of epoxy nanocomposites filled with na@hgO; particles. The d/namic
mechanical analysis revealed that epoxy nanocomposites possess 11 °C Jiigaertiiat

of neat epoxy109]. Also, the coefficient of thermal expansion of the composites found to
decreasewith increase in nano alumina contehtussain et al. studied the mechanical
behavior of incorporation ofl,03 particles in the carbon fiber reinforcegoxy composites

[110]. They observed thdtybridization of micro and naral,O; particles significantly
improved the strength. Wetzel et al. investigated the effectthad addition of several
amounts of micro and nanoscale particles into the epoxy poljiiét. They reported
different mechanical and tribological behavior of these efimsed nanocomposites. Shi

et al. studied the sliding wear behavior of n#&igO; enhanced epoxy nanocomposites
with several prdreatments[112]. Incorpordion of nancAl,O3 into the epoxy matrix
increased the impact toughness of the nanocompaasitgsalsoresulted in higher wear
resistance and lower friction. Wetzel et al. studied the influence of nanoparticles
(TiO2/Al,03) into epoxy resin on the mechanical behavior of nanocomposites, especially
the fracture and toughening mechanisfid3]. Zhao et al. studied modification
mechanisms to enhance the mechanical behavior of nano alumina filled epoxy composites
[24]. They founda significant increase in the modulus value. Asi investigatedahe
bearing properties of alumina particle incorporated glass/epoxy comp{kliés He

found that addig up to 10 wt. %of Al,O3 particles improved the bearing strength of the
composites. Lim et al. studied the morphological, mechanical and fracture behavior of
nancAl,Oz/epoxy compsites[115]. They reported that tensile strength, modulus and
fracture toughness of nanocomposites increased with increased percentage of

nangarticles.
2.5.2 Nano-TiO, enhanced FRP composites

Titania (TiQ,) particles are mineral mainly poised of TiIn terms of thermodynamics,

it is one of the most stable polymogphThe unit cell is recognised as becgnted
tetragonal[116]. Mostly the usage of these particisan UV-resistant materialprinting

ink, coating, selcleaning ceramics, antibacterial material, biomaterials, aerospace
components, sunscreen cream, morning and night cream, food packaging, coating for paper

making and soon. In addition to thatit is used as reinforcement in polymer matrix
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composites (PMC) to increase the mechanical, thermalaaticcorrosion behavior at

various environmental conditions.

As compared to the various nanoparticles, the usage of inorganic nanaéllergst
reliade, durable and favorable because of their easy availability, low fabrication cost and
fast optimization of thermal and mechanical behavior at the design Etagel18]
Among the most exploreédorganic nanoparticles, nafioO;, is the most reliable fillers for

its exceptional behaviors like enhancement of mechanical properties, corrosion stability,
norttoxicity, thermal stability, and better comiimtity with different material systems
[27,119 121]. This progress in mechanical and thermal behavior thrthagincorporation

of nano inorganic or metal oxide particles may be attributed ttorom and better
distribution of nanoparticle leads to physicochemical/adhesive/van der Walls bond
improvement and probable electrostatic interactioth ywolymer epoxy. However, nano
TiO, particles are nontoxic, good ropatibility with other materiaincreases the corrosive
resistivity and stability at high temperatyie?2]. Salehian andahromi[123] reported that

on the accumulation of nafiiO, particles into the PMdncreasedhe modulus value,
whereaghetensile strengtlof the composites increased gl wt% of nanaTiO, content

as illustrated in figure 2.5.1(a) and 2.5.1(b ) respectively.

(a) (b) ss

394 L)

w
»
—

€5
) §

e B S
i \
; I

T [

Young's modulus GPa
v
o ~
Tensile strength MPa
3

w
»
._\

“
e

k
l
3

0 1 25 s [ 1 2s s
TiO, Content wt% TiO, Content wt%

Figure 2.51: ( a) Y o u n g @ssmanddcortentsad (b) tensile strengths nane
TiO, content of nancomposite$123].

Similarly, the flexural strength and flexural modulus incesasa certain percentage of

nanaTiO, particles as depicted figure 2.52.
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Tijana et al.[124] studied the enhancement of epoxyingsroperties by fusion of nano
TiO, particles surface altered with galacid esters.
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Figure 2.53: Stress/s strain curves oUltrasonic Dual Mixing(lUDM) processed different

weight percentage TiEZepoxy nanocomposi{é31].
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Kumar et al. [119] investigated the mechanical and thermal properties op-&pOxy
nanocomposite. The stress strain curves of Ti©reinforced epoxy nanocomposites
shown in figure 2.8. Effect of TiQ nanoparticle at various concentrations (5, 10 and 15
wt.%) and its uniform distribution on the tensile strength and area under \&regain

curve (depicting toughness of the mateyiate shown in figures 23 ard 2.54. The 10

wt.% TiO, nanoparticle reinforced epoxy matrix processed by ultrasonic dual mixing
(UDM) contributes maximum improvement diie tensile strength of about 22% and
toughness about 69% as compared to that of the neat epoxy polyraesombintion of
naneTiO; in polymer epoxy positively enhances the mechanical behaviors as compared to
control epoxy composites. When nafi®, particles are silane treated,ificreases the
impact strength as well as fracture toughness of the comp¢sgs26] Rubab et al.

[127] observed sumicron titania (TiQ) partcles enhancethermaloxidative stability,

glass transition temperature, tensile strength and modulus of epoxy polymer composites.
Siddharthg128] established that nanbiO, particles developed the mechanical and wear
resistance of ey filled nan@omposites as compared to control epoxy composites. The
tensile stregth and flexural strength of homogeneous and gradeg gxy composites

are shown in figure 2:5, figure 2.56 respectively. Irthe case of graded compositéke
tensile strength decreases considerably as the weight percentage Ofil[€i® is
increased. However, for homogeneous composites, tvaeno decrease in tensile

strength.The tensile strength of composite having 20 wt.%,MWasobserved to be 12%
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higher than that of epoxy. This may bé&iatted to the better interfaciabnding between
the epoxy matrix and titania. However, the interaction between the particle size distribution

and the epey resin ratio to nand@iO; is one important factor.
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Figure2.5-5: Variation of tensile strength with Tg&onten135].

54 - —#— Homogeneous composites

---m-- CGraded composites

Flexural strength (MPa)

4% :
0 It 20
Filler content { %)

Figure 2.56: Variation of flexural strength with Tirontent135].

It wasreported in some literature that incorporatiomnahaeTiO, particlesimprovedthe
thermal behavior of the composites. This causes the usdagesepotential nanofilles at
high-temperature environments. Kumar et[al9] indicated that the accumulation of nano
TiO, fillers improved the storage modulus and glass traosittemperature of the
composites.Figure2.57 shows viscoelastic behavior of the composites i.e. 2Ha)

storageemperature an@.5-7(b) 6Tan deltavs temperatu@of neat epoxy and Tiepoxy
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nanocomposites. Tiepoxy nanocomposites with 10 wt. %howed the optimum

improvement.
700 ™ Neat Epoxy
N 61 - - - Epoxy+TiO,(5 wt.%) 3
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E 500
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3 3
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f 300 8
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L | PR Epoxy+TiO,(10 wt.%)
1004 ---- Epoxy+Ti0,(15 wt.%)
0L : : — : e 0.0 ; 2 ; . ,
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Temperature(’C) Temperature (°C)

Figure2.5-7: (a) Storage Moduluss temperature and (b) Tan deltatemperature of neat

epoxy and Ti@-epoxy nanocomposit¢$26].

Rajabi et al. [129] studied the thermal stability and dynamic mediariaperties of nano
and micreTiO; particles reinforced epoxy composites. Figureibustrates the variation
of storage modulus on varying the amount of JTigarticles for both micron and
nanosystems. They notedsignificant increase of glwith the addtion of micro or nane
TiO, fillers into the polymer epoxyThe storage modulus of the nah®, enhanced
composite indicatingin improvement in § with a certain extent of nan@iO, addition in

theepoxy polymer

3000
o 2800 0 wt. %
% n B . o
= ‘ M micro
@ 2400 4
=
..g 2200 4
=]
E 2000 4
@
en 1800
=
1
e 1600
b
% [1

1400 v v v v v

0 wt's 1 we%e 25wt% Swi'e 7.5 wt%e 10 wt%s

TiO, (wt %)

27



Chapter2 Literature Review

Figure2.5-8: Comparative variation of storage modulus (&) wt% of TiO2 for epoxy

micron and epoxynano particleeinforced composite§129].

Wetzel et al.[21] bserved that both nano &; and TiQ enhanced thélexural strength,
glass transition temperature afadigue strength of epoxyase&l composites. Ghosh et al.
[130] found that incorporation ofamoTiO; fillers increasedhe T, Chatterjee et a[120]
reported tht the accumulation of nano TiOnto the SC 79 (one type of neat epoxy
polymei) improves the storage modulus above room temperature and shown in figure 2.5
9.

25001 [—scm |
— 0.5% TiO,
2000 —1.5%TiO,
& —1% TIO,
E‘ 1500 2%Ti0, |
:
«5 1000
7]
500 4
0 - - - . - -
30 50 70 90 110 130 150 170

Temperature, °C
Figure 2.59: Behavior of storage modulus wittemperature of the neat epoxy resin and

the TiO,l epoxy nanocompositg$03].
2.6 Summary and outlook

Incorporation of nandillers such as nanél,0O; and nanerliO, in the polymeric materials
reported improving the mechanical properties of these materials, even at very small
loadings[36,131 134]. Fibrous polymeric composites possess poor out of plane properties
which are primarily governed by the matrix and/or fiber/matrix interface/interghh35¢

FRP composites composed of naklgO; and naneliO, modified epoxies with different
continuous fibers have shown significantly higher matrix and interface dominated
properties such as interlaminar shetergth and flexuralstrengthover conventional FRP
compositeg55,136] It was observed that all these improvements in mechanical properties
were evaluated at ambient temperature. It s@nin the literature eéview that elevated

temperatures have significantly detrimental effects on the mechanical properties of FRP
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composites. Still, investigations on elevated temperature mechanical performance of these

nanephased FRP composites are in sparse.

Inter-ply fiber hybrid composites are also custom made FRP composites, which offer
potential advantageous properties as compared to their control composites. These materials
have great opportunities as advanced materials for various civil applications.cbtmse
applications requir¢he durability of these hybrids at elevated temperatures. There are few
studies which have addressed this issue; $tifther studies are required to explore the
properties of these hybrids in complex loading conditiorh ag flexural, which are very

sensitiveto the ply-stacking sequence in the laminates.
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3. Experimental Methodology

Preface

In this chapterthe various experimesthat werecarried out vere presentedThe chapter
wassubdivided intdour sections numbered as 3.13@l. This sections discussed types of
materials used, fabrication process, environmental conditioning of glass/epoxy composites
and finally about the different characterization in terms of mechanical testings, microscopic

analyses and thermbé&haviorof the composites.

3.1 Materials used

3.1.1 Glass fiber

The investigated FRP composites contained epoxy resin and woven fajjassHibers.

The glass fibers (3K plain weave having 15 um fiber diameter) were obtained from Owens
corning, India.The number of yarns/inch along warp and weft directiod 8 and 14
yarns/inch respectively. The f abTadlec3.2lwei ght

shows the important properties of glass fiber and epoxy resin.

Table 3.11 (As per manufacturer stdard)

Properties Epoxy Glass fiber TiOy(Rutile)  Al20s(Alpha)
Density g/cni 1.15 2.58 4.00 3.90
(T,\j gj;e strength 7 3800 51.6 260
(ngsa')'e modulus 5 g 78 228 370
Poi ssondc:0.30 0.20 0.27 0.21

3.1.2 Epoxy and hardener

Epoxy of diglycidyl ether of Bisphenol A (DGEBA) was used as matrix and Triethylene

tetra amine (TETA) aa hardener, and these were supplied by Atul Industries Ltd, Gujarat,
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India under the operating name lap L-12 and K-6 respectively.ofhe of the important
feaures ofthe epoxy matrixare provided in &ble 3.11. All the materials properties

represented in table 311hold true at 25°C.

3.1.3 Nano alumina (A}O3) and Nano Titania (TiO,)

The naneAl,0; (alpha) particles, which were used as modifiers, have aetearaf 50 nm

and were procured from Sigma Aldrich. The various important properties are illustrated in
table 3.1.1.The naneTiO; (rutile) fillers are alsgrocured from Sigma Aldrichaving a
diameterof about50 nm. The various important propertretated to nandiO, are showm

in table 3.1.1.

3.2 Fabrication process

3.2.1 Fabrication of glass fiber/epoxy composite

For hightemperature environmental durability studye GE composites were fabricated

with fiber weightfractions of 50 and 70 in weigpercentage along with hardener of 10 wt.

% of the epoxy resin useth the compositethe overall weight of the fiber in one GE
composite system was maintained approximately around 50 weight percentage while in
another set of GE composites weight peragetof fiber was around 70 percenthe

woven fabric cloths of approximately size 25 x 25 fwmere cut and the laminates were
prepared by hand layp method applying nine layers of woven fibers and epoxy rékan.

weight fraction of fiber: matrix was maained about 50:50 and 70:30 by regulating the
applied pressure at 490 kPa and 1961 kPa respectively at the hot press. The laminated
composite was then cured @anservehydraulic hot pressing machine at 60°C temperature

for 20 minutesTo complete theuring process, the laminated FRP composites were kept

at room temperature for 24 hours after removal of these from the-lsgivaulic pressing
machine. The test samples were then cut from these cured laminates following the design
mentioned in the ASTM B039 standard usingdiamond cutter. The samples were post
cured in an oven at 140°C for 6 ho{t87] to remove moisturevolatile substances and to

dry the samples. This curing step further helps in generating proper adhesion between the
fiber/matrix interfaces. The Schematic representatiah@preparation of GE composites

is illustrated in figure 3.4.

In the case ofLN, fabrication of GE composite; the weight fraction of epoxy and glass

fibers weretaken 50:50 respectively. The fabrication of the laminates was done using hand
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lay-up method in which 9 layers of woven fabric glass fibers were used. The hardener
(10% ofthe total amount of resin) was properly mixed with the epoxy resin before doing
the laying up process, to provide hardness to the matrix. Curing of the laminates was done
in ahot press molding machine at 60 °C temperature9&@dkPapressure for 20 minfo
provide proper curing, the laminates were kepthmopen airat room temperature for 24

h. Tensile specimens (as per ASTM D3039) were prepared using a diamond cutter.
Continuous water was supplied to avoid heat generation during the cutting prdoess. T
specimens with dimensions (LxWxT) 250x25x2.5 fnmere used with 150 mm gauge
length having flat rectangular geometry. The tensile specimens were then furtlitemcure

an oven at 140 °C for 6 to remove the moisture that was absorbed during the cutting
process. This temperature and time of curingrevchosen to provide optimum
strengthening to the specimas per the aboveentioned curing paramete&imilarly, for

the fabrication of thermal shock conditioned specimtressame procedure is followed as
that of LN, fabrication.

Rolling of Glass Fiber over

epoxy layer =

O WMEC)
Hydraulic pressing of

\ composite laminate -/
/

il of laminate™ g X /

Figure 3.21: Schematic representationtbé preparation of GE composites
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3.2.2 Processing of nanél,0Ozand nanoTiO,glass fiber/epoxycomposie

Because of the fine size, the nalipO; particles have very high surface energy; thus,
these are susceptible to agglomeratibmdeagglomerate, the particles were suspended in
120 ml of acetone and subjected magnetic stirring for 1 h at 1000 rpm and room
temperature followed by 30 min of basionication. The solution of acetone and rano
Al,O3; was added to a pmeeighed amount of epoxy and subjected to magnetic stirring at a
temperature of 120 °C, and 1000 rpm till the complete acetone got evaporated. The
completion of acetone removal was detered by weighing the suspension at regular
intervals. After magnetic stirringhe suspension was subjected to bath sonication for 1 h to
ensure proper dispersion of the nanoparticles in the epoxy. Finally, the suspension was
subjected to 18 h of vacuuneghssing to remove the entrapped air, which might lead to
thevoid formation during laminate fabrication. The suspension after degassing was mixed
with the required amount of hardener and then laminates were prepared. The whole process
is shown schematidglin figure 3.22. The processing of narbO,/epoxy composite is
similar as discussed in Section 3.2.2.

‘ Magnetic stirrer

Epoxy

p—— '
3

Magnetic stirring of
nano-Al,O,, epoxy and
acetone till complete

evaporation of acetone

Magnetic stirring of

Sonication of nano-Al,0; Mixing of nano-
nano-Al,O; and acetone

and acetone Al, O, and acetone

Acetone

=

Glass/epoxy/ nano-Al, 05 Hot pressing of Fabrication of Laminate by Vacuum degassing Sonication of nano-

laminate Glass/epoxy/ nano-Al, O, hand layup method Al 05 and epoxy
laminate

Figure 3.22: A schematic representation of the order of processing stages involved in the

fabrication ofnancAl,O3 in epoxyGE composite
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Acetone is a good solvent due to its ability to dissolve both polar and nonpolar substances,
while other solvents can only dissolve one
versatility, it is a solvent that can be used in a multitude ofrdifteindustries. Acetone is

very potent and can dissolve both organic and inorganic subst@ije&xperimental

results showed good dispersion of nanoparticles inpoder solvents such as acetone after

surface modificatiorj138]. Due to its ability to quickly dissolvend evaporate it is also

used as a solvent.

Figure 3.23: Equipment's used for dmglomeration of nanoparticles (a) Magnetic Stirrer

and (b) Sonicator

3.2.3 Fabrication of naneAl,O; and nanoTiO, embedded glass

fiber/epoxy composite

The lamnates were prepared by hand layup technique followed by hot press compression
molding at 60 °C and at a pressured8D kPafor a curing time of 20 min. The weight
fraction of epoxy and fiber was maintained at 50:50 and the quantity of hardener used was
10 wt.% of epoxy resin. Three different types of naklgO; modified GE laminates were
prepared by dding naneAl O3 particles in the resin having different weight fractions. The
details are provided in Tab&2-1. Similarly, the fabrication of nan®iO,GE composite is

the same that of discussed in Section 3.2.3.
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Table 3.21
Different types of GE and nanl ,O; modified GE laminates

Type of Laminate Weight fraction of fiber/epoxy  NanoAl,O3;weight percentac
Control GE composite 50:50 0

NancAl,O; enhanced 50:50 0.1,0.3,0.5
composites

After the processing of laminates was completed, flexural samples were cut from the
laminates using a diamond cutter. All the flexural samples were then subjected-to post
curing at a temperature of 140 °C for 6 h to remove the residual stresses that are developed
during cutting and also to remove any moisture content in the safhplgs The samples

thus obtained were subjected to polishing using standard metallographic emery papers to
match the ASTM standard dimensida89].

3.3 Conditioning of glass fiber/epoxy and nandiller

enhanced composites

3.3.1 High temperature, liquid nitrogen temperature and thermal shock

temperature conditioning

The GE composite specimens are exposdtdam-situ hightemperature environmene.

at 25 °C, 70 °C, 90 °C and 110°C temperatures and the specimens are tested at
1,120,100, 500, 1000 nBeforendoing ther tensils testsa the GEp e e d .
composite specimens were dipped in liquid nitrogen jLNath €196 <C) for different

durations like 0.25 h, 1 h, 4 h, and 8 h to provide different extentwjwd nitrogen
conditioning to the specimens. Conditioned specimens were then taken out friggquithe
nitrogenbath and tensile testing was immediately carried out at room temperatdr@) (25

using the tensile fixture of universal testing machine (Instron 8888).pecimens were
conditioned in the ultlow chamber ai 60°C for 36 h and then further conditioned to

+70°C for 36 h in an oven as shown in figure 3.3.1(a) and (b).
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Figure 3.31: Thermal shock chambers (a) UHmv chamber (b) Oven

3.4 Characterization

3.4.1 Structural and morphological characterization of asreceived nane
fillers by TEM and FESEM

The highresolution transmission electron microscopy (HRTEM) images of the as
established nanél,O; and nanaTiO, particles were analged undera transmission
electron microscope (TEM) as illustrated in figure-B(d) and field emission scanning
electron microscope (FESEM) for their structural and morphological insights as showed in
figure 3.41(b). TEM analysis was carried out wilteM T FEI Technai G20 F30 under
brightfield imaging mode. During TEM, Energlispersive Xray spectroscopy (EDS)
mapping has also been carried out to verify the possible pesta functional group on
nancAl,O3; and nancTiO, surface. FESEM analysis wasrgad out with SEMi FEI

Nova NanoSEM 450 under low vacuum mode.

The fractography analyses of the fractured surfaces of the tested specimens were also
carried out using a scanning electron microscope (SEM) (Model: -IIS®L6480 VSEM

at 20KV) for the detemination of various modes failure mechanisms of the composites.
Before SEM, to make the fracture surfaces conductive and for better visualization during
scanning, the fractured portions of the specimens were coated aipiaginum sputter

coater.
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n electron microscopy (HRTEM), (b) FESEM

£

Figure 3.41: (a) High resolution transmissio
and (c) SEM

3.4.2 Assessment of tensile properties usinge tensile fixture

The tests were done in Instron 8862 angiin hightemperature tensile tesonducted in

5967 universal testing machin®llowing the ASTM D3039 to anake the tensile
properties. The specimens were tested at room temperature with various crosshead speeds
viz. 1, 10, 100, 500 and 1000 mm/min. The conditioned specimens wetestksd in the

tension mode with the aforesaid crosshead spdddare 3.42: showed theuniversal

testing machine (Instron 8862) equipped veitensile fixture.

Figure 3.42: Universal testing machine (Instron 8862) equipped aitmsile fixture
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3.4.3 Evaluation of flexural properties through a 3-point bend test

Flexural tests were carried out on both control GE and nanofillers modified GE composites
as per ASTM D7264vith a span to depth ratio 16ukingthe universal testing machine
(Instron 59@) in a threepoint bending fixture. All the samples were of 40 mm length, 12.7
mm width and 2.1 mm thickness while the span length was 32 mm. The samples were
tested at various temperatures like room temperature, 70 °C, 90 °C, 110 tGearfiical

holding time of 10 min at the corresponding temperaturés. lbading rate was set at 1
mm/min for all the tests. At each test conditiaminimumof six numbers of samplesas

tested.

Figure 3.43: Universal testing machine (Instron 5967) wigmvironmental chamber
equipped with 3 point bending fixture
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The load P) ~ displacementh] curve obtained from flexural testing was converted into

stress {j) ~ strain plots\{) by the following relationships.

a0 &

" C_(ZE od
®Q
- : o8

Where;l, bandd represent the span length, width and thickness of the sample respectively.
Intuitively, the strength of the material is the stress which corresponds to the maximum
load. Modulus has been determined from the slope of the initial linear regioa stféss ~

strain curve.

For a better comprehensive understandihg results of different tests conducted were
represented in crosshead speed rather than strain rate. However, to understand the different
strain rate values used as crosshead speed throughout the resegrah is represented

by a test matrix in tabld.4-1.

Table 3.41 (Correlations betweerrosshead speed and strain yate

Sl. Crosshead Strain Rate (9 Formula
No | Velocity(mm/s)

1 1 0.0067

2 10 0.067

3 100 0.667 Strain Rate=

4 500 3.33

5 1000 6.67

3.4.4 Evaluation of dynamic mechanical properties under dynamic
mechanical thermal analyger (DMTA)

DMTA is a tool to evaluate the viscoelastic response of the material for a wide range of

temperature The instrument applies a dynamic load to the sample and the response of the
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material is recorded in the form of dynamic displacement. For a perfectly elastic solid, the
applied stress and resulted strain remain in phase, whereas there is a phaseediffdren

case of polymeric (viscoelastic) material.

The storage modulus (Ea) obtained from DMT,.
of the material, whereas the | oss modul us

tendency of the materigdi det er mi ned from the parameter |

Ed and tan U are determined using the follo
0 =AIl0 oD
O =—OEIl o8
OAT — od

where,, and- represent the peak stress and peak

difference between éhstress and strain.

Figure 3.44: Experimental set up of DMTA equipment
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DMTA was done usin@letzsch DMA 242E as per ASTM D70PB40] in the temperature
range of 40C to 200 °C at a heating rate of 5 °C/min with a frequency of 1 ld8ipoint

bending mode. Measurements have been performed andesgen atmosphere (99.99%
purity). Figure 3.44 illustrates the DMTAequipment witha 3-point bending fixture set up.

3.4.5 Assessment of glass transitionbehavior using temperature

modulated differential scanning calorimeter (TMDSC)

To identify the inservice glass transition temperaturg)(®f the polymer phase of the
composite, temperature modulated differential soan calorimetry (TMDSC)
measurements were carried out using a DSC 821 (Meftitdedo, STAR software) with
intra cooler(figure 3.45). The DSC tests were done amitrogen atmosphere with a
heating rate of 5 °C/min. The specimens were heated to rhare their bulkglass
transition temperatures I for at least 5min and cooled to well belowlyg. The

reportedTl 3 was taken as the maximum of the derivative of the heat capacity curves.

SampRef er ¢

Figure 3.45: TMDSC setup usefbr thermal analysis

3.4.6 Chemical analyses by Fourier transformation infrared (FTIR)
spectroscopy
TheFourier Transformatiomfrared (FTIR) spectroscopy analysis identifies that there is a

variation in the chemical structure of the matrix from the fioethe bulk polymef141].

Figure3.4-6 shows the experimental sgp of FTIR used for chemical analysiBhe region
of the infared spectrum from 4000 é%rto 5OOCrr'|1 exhibit absorption bands falls under

the functional group regions. The FTIR supports in identifying chemical bonds, and thus

the chemical composition of materials. FTIR imaging suggests that there is a chemical
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gradient near the interface of the composite materials [68].

Figure 3.46: FTIR setup used for chemical analysis
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4 Results and Discussion

Preface

This chapteiis composed of three main sections. First Section (section 4.1) represents the
results and discussion on the environmental durability of glass fiber/epoxy composites. The
subsections 4.1.1 to 4.1.3 present results and discussion on the high tempehaivice,be
loading rate sensitivity at liquid nitrogen conditioning and effect of loading rates at
severely thermal shocked environment respectively. The Section 4.2 highlights the effect
of nandfiller addition on the mechanical behavior of glass fiber/gposmposite at
various loading rates. The section is divided into two subsections as 4.2.1and 4.2.2; tensile
and thermal response of naAb,O3; enhanced glass fiber reinforced polymeric composites
and mechanical and thermal behavior of r&i®, enhancedglass fiber reinforced
polymeric composites are discussed in these subsections. The Section 4.3 represents the
elevated temperature durability and the effect of Adles addition on the mechanical
performance of glass/epoxy composites. The subsect®h describes the assessment of
mechanical, thermal and morphological behavior of PaR®; embedded glass
fiber/epoxy composites at-situ elevated temperatures and the subsection 4.3.2 represents
the evaluation of mechanical, thermal and morphologdiehbvior of nand’iO, embedded

glass fiber/epoxy composites atsitu elevated temperatures.
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4.1 Environmental durability of glass fiber/epoxy composite

4.1.1 High-temperature behavior

The present study evaluates on the static tensile behavior of glass fiber/ epoxy (GE)
composites at 50% and 70#eight Fractions(Wg)of r ei nf or cement, test e
70 C, 90 C, and 110 C temperatures with
speeds to investigate the impact of high temperature on the mechanical properties and
different dominating failures modes. The experimental results reveal thaamiiticrease

in crosshead speeds the tensile strength of the composite is increasing. The effect of
crosshead speeds and temperature with changing ieght fractions affects the GE
composite. Although both the composite systems are found to be crosslessH sp
sensitive. Crosshead speed sensitivity seems to be more unpredictable at high temperature
and high crosshead speed. Furthermore, it appears to be more unprecedented nature of
fluctuation with high fiberweight fraction. The crucial parameters requirédring the

materials designing in various structural components were evaluated and modelled with the
help of Weibull constitutive model. The fractography analyses were done to identify the
various dominating failure modes in the GE composite. There wasgnidicant change

found in theGlass Transition Temperatures ( of both the composite system when

exposed to different temperature environments.

N.B: The content of this sectias publishedn the followingarticle;

K K Mahato, K Dutta, B C Ray. Hightemperature tensile behavior at different
crosshead spesdiuring loading of glass fibeeinforced polymer composite3.Appl
Polym Sci2017;134 https://doi.org/10.1002/app.44715
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4.1.1.1 Effect of Crosshead Speed on tensile behavior of Glass Fiber Reinforced
Polymer (GE) Composite
Figure 4.11(a)(d) show the variations of tensile behavior of the investigated GE
composites with i bveightf r a cWg o r apdiffésent conditioning temperature i.e.
at 25°C, 70°C, 90°C and 110°C temperatures with1 0, 100, 500, 1000 mm/

speeds. It i's evident from all these figur
i ncrease with incredsisamigl arhei nccrroesasshee aidn s P te
present in the investigated PMCs which may
the pol ymer phase. The induced ther mal str
pol ymer matr i x -owmagwilgtehnoeurta tbel umitcirnog at a st a
Few microcracks transfer to potenti al cCra
substanti al decrease in tensile strength o
increases the responsmi areqauri acekds tios plreospsa.g

crosshead speed the stress transfer from
interface occurred slowly and steadily. But
may not that muchoerfddclcs ennh theopghymecr ma
can be attributed to higher strength at hi
and fiber breakage can nucleate the other
pull out hence diaomagen ande dmgchdaical pr ope

system occurred.
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Figur2e(-64l.)1 i stlhuesst-states s plots of the invest
f i lweightf racWid onr (7di% faer ent conditioning temp

speeds, as was in theal po,evti bast ermasiel. e | it 1t én
with increasing tbheb500osmsmmhead. spaéed up was
strengt hcedl alemostdui n al l temperature condi
decrease in the strendtOlOatnmmdyngmeér acrosbbhee
| ower content of polymer matrix in the comg
110AE€Emperatures, as the crosshead spaeed in

alder eased.

4.1.1.2 Effect of temperature on glass fiber reinforced polymer (GE) composite
Figure 4.13 and 4.34 represent the variation of temperature on GE composite at crosshead

speeds of 1 mm/min and 1000 mm/min with 50% and We@dghtfractions of fibers.
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It was evident [Figure 4:3(a)] that with an increase in temperature the strength of the
composite decreased except in the case of 90°C treated GE composites. The reason of
higher strength for 90°C treated GE composites may be the fact that this tengperatu

very near to J of the GE composites; it provides better bonding of the matrix and fiber
phase.This may be due to the differential coefficient of thermal expansion between the
fiber and the matrixThe composite containing fibeveight fraction of 0% showedan
increment in the tensilestrength compared to 50% weight fraction of fiber in GE
compositesThe hgheststrengthis obtainedin the case of 70°Greated GE composites
followed by90°C and 110°C treated GE composl[teégure 4.23(b)]. This is attributed to
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thelow content of matrix in the composite and it is known that during longitudinal loading
the strength mainly depends upon the fiber content and orientatiencombination of

high loading speed and temperatareatecanadvese effect in the GE composite.
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Figure 4.13: Stress/s Strain curves at RT, 70°C, 90°C, 110°C temperatures (at 1 mm/min
loading rate) for (a) Reinforcement conteWtH = 50%, (b) Reinforcement conteM/f) =
70%

Figure4.1-4(a) represents the stressain response of the material at a crosshead speed of
1000 mm/minOne can note from the plot that weihincrease in the test temperature, the
overall strength is decreased for the GE composites fabricated with 50% fiber weight
fraction. The dfferential expansion between polymer matrix and reinforcement fiber
leading to the development of highander of misnatch strain at the interface and thereby
leading to the interfacial debonding and thus, load transmissibility get reduced and strength
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decreased. This is valid for both the weight fractions of the composites. The higher
percentage of the reinforcementditin the matrix generates more interfacial area and thus
higher strength is obtained in the composifee stress transmissibility from fiber to
polymer matrix remained less affected. Hence, failure might be nucleated by the matrix
cracking instead of fiér breakage (Figure 4110). The failure of the composite is mainly
attributed to the loatdearing fibers and combination of other constituents such as fiber,
matrix and interfaces. In contrast to these, the results obtained fowignt fraction of

70% indicated [Figurd.1-4(b)] that withanincrease irtesttemperatur€70°C and 90°C)

the strengthof the GE composites iscreased. This potential increase in tensile strength
may be attributedo the fact that to the higher percentage of fiber constituent in the matrix
would generate more interfacial area. The interface has pmnopensitieso damage and

degradation ah higher temperature.
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Figure 4.14: Stressvs Strain curves at RT, 70°C, 90°C, 110°C temperatures at (1000
mm/min loading rate) for (a) Reinforcement contews = 50%, (b) Reinforcement
content Wg) = 70%

The degree of deohesion between fiber and polymer is most likely to occur here at high
temperature because ofthe differential coefficient of thermal expansion between
reinforcement fiber and the matrix polymer. This decohesion pherwryeids less stress
transmissibility to the polymer matrix and hence fiber breakage (Figw®l4.i5 alikely
event of failure of the composite systehs. the tensile strength and modulus value of fiber
phaseare very higher than epoxy polymer. Most of the loads at this weight fraction of
compositesaretaken by the fiber phas&hat is why strength incread for highemweight
fraction atahigher temperature.

4.1.1.3 Variation of UTS with a crosshead speed

To understand the variations in UTS with crosshead speeds, the obtained UTS values at
different test conditions for the investigated GE composites are compared and the
relationships of UTS with crosshead speed are plotted in Hgils® Figure4.1-5(a) ard

4.1-5(b) shovs the variation of UTS with crosshead speeddatf f er ent t est t e
for the composites containing fiber weight
evident f4d-5(ma )Fitghuate at al |l t e s tn ctreemapseerda tuupr et
crosshead speed of 100 mm/ min. Beyond this
for the test temperatures of 70AC and 90AC
speed may be attributed t o ftrhermngautircikx ttroa nts

fiber; d e fi oar mighsi ismocraes epr onounced to fiber br
Figure 4.113, which is discussed in a | ater sectd.i
with further 1 ncr easoe vienr yc rfoasssthnmeaabdmbskpnededdm &igs

occurring during the deformation at very hi

The phenomenon of strength response is f ol
fraction in the composite is i md&s(edgseadcatto i
all the investigated test temperatumndg aiinlkee
at room temperatur e, except the speci mens |
1000 mm/ min crosshead speed. Larger conten
UTS values above room temperat wer e.owlvweveavte r
temperature of 110AC with 500 and 1000 mm/
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effect of hi gher crosshead speed and tempe

integrity and durability of otfhe hceo npoorspiotse tl
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4.1.1.4 Constitutive tensile deformation model for glass fiber reinforced polymer

(GE) composite
Normally, the failure or deformation in case of laminated composites is the overall
outcome of a numerous failure or deformation micromechanisms like local tensile stress,
micro buckling and shear cusps which finally results in various failure modes like matrix

cracking, fiber damage, fiber/ matsrirxai nnt(al
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relationship for FRP composites can be modelled wWighWeibull distribution functn
[142,143]as:

., RAQR — (4.1)

wher e, E is the tensijdasmmdmdd walres tdfe tWee bad g
and shape paramandr braspethieveeybull desi gr
i s known as scal e pashapeadmeter. Taenndminal stresgth lbfn o wn
the composite,wihsermeass br ed hyhel measure of r

Gbandb can be calcul ated by t aktheequatiochqld.bl e | og

| 11— ri1To- 7111, (4.2)
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Equati on

(2)
fromFi g ur6andB i @ u r7e

denotes a straight l i ne
The of b

the straight line while the intercept can be used to estithat&@he parameters of the

magni tude can be
Weibull function of the investigated GE composisee reported in Table 41 and 4.12

respectively.The general trend for both the composite systems (containing fiber weight

fractions of 50% and 70 %)increased witharicrease it h at
crosshead speeds except in some cases (i.e. at 90°C and 110°C for both weight fractions of
fibers). But wi t h ,igoegs onedacseasimg for tbethmtgpes e Gl r e
composites.
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The value of shape parameter (b) for both Kk

crosshead speeds and temperat

Table 4.1-1
WeibullSc al e p a.r(MPa)efdr &berweighit fraction WWg) = 50% and 70% with

different conditioning temperature and crosshead speeds of GE composites.

Scale Fiberweightfraction QNF): 50% Fiberweightfraction (VVF): 70%
par amegt

Temper a

;’;gzzhead RT 70°C 90°C 110°C RT 70°C 90°C 110°C
z
1 1056.3+58.3 902.2+69.3 839.6+32.3 928.2451.3 1022+32.4 974.21+25.3 926.5+41 742.6+£32.8
10 11455+32 930.6%29.3 1173.7+#25.1 1062.1+28.4 1054.8+28.6 1030+18.9 978.3t24.6 819.2+45.3
100 1152.6+45.3 951.8+45 801.3+65.8 1024.9+38.5 1264.4+45.2 1153.9+32.8 935.73+68.2 1239.1+25.7
500 1209+36.2 915.2+25.1 802.1+42.1 1009.7+41.3 1042.7£17.6 1407.9+18.9 1224.3+56.9 850.8+38.2
1000 1414.3+65.4 985.6+37.5 883.4+23.5 916.5+27.4 1235.9+27.9 1328.4+35.7 822.6+32.6 876+28.9
Table 4.1:2
Wei bul | s hape p awveighbiradtion Wg) E BOPo andor0% with dfferent

conditioning temperature and crosshead speeds of GE composites.

Shape Fiberweightfraction\Wg)= 50% Fiberweightfraction\Wg)= 70%
Par amet e
Temper at
Crosshead speed RT 70°C 90°C 110°C RT 70°C 90°C 110°C

z
1 0.61+0.08  0.70+0.06 1.04+0.11 1.25+0.16 0.46+0.08 0.59+0.10 0.66+0.08 1.29+0.14
10 2.35+0.12  2.3240.12 1.72#0.09 1.24+0.11 1.05+0.11 1.26+0.12 1.41+0.12 1.11+0.10
100 1.99+0.05  2.70+0.12 1.70+0.15 2.21+0.08 2.27+0.09 1.36+0.08 2.05+0.16 1.1+0.06
500 1.3£0.14 1.44+0.08 1.64+0.12 2.12+0.06 1.55+0.12 1.91#0.17 2.28+0.14 1.67+0.08
1000 2.55+0.09  2.81+0.11 1.45+0.08 1.38t0.09 1.57+0.14 1.18+0.05 2.95+0.09 2.8+0.06
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The coefficient of determination of the fittings{f figure4 .-6land figure4 .-7ifor 50%
and 70% fibemwveight fractions respectively at 25°C, 70°C, 90°C and 110°C temperature
has beenin the range of 0.94 to 0.99; these are representatblie 4.13.

Table 4.1-3

Coefficient of determinatio(Rz) plotted in figure4 .-6land figured .-7Ifor 50% and 70%

fiber weight fractions respectively at temperature (a) 25°C, (b) 70°C, (c) 90°C(cind
110°C

Coefficient of determinatio(R?)

Temperature (°C) Fiberweightfraction () =50% Fiberweightfraction (Vg) = 70%

25 0.94533 0.99406
70 0.98049 0.95342
90 0.98721 0.96275
110 0.99333 0.97305

The simulated stresstrain plots were drawn for the GE composite systems for all the
investigated test conditions by taking the valuéigdnddb f r om -Tand 4.2 andl. 1
superimposed with the experimental curves. Typical plots for crosshead shekds0

and 100 mm/min are illustrated in Figute.-8land4 .-911t is quite clear from the figures

that the Weibull statistical analyses very well estimate the experimental results.
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(d) 100 mm/min, 110°C
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4.1.1.5Fractography analysis

The fractography analyses were done to identify the various dominating modes of failures
occurred in the GE composite system. Figire1l1Ghows typical fracture surfaces of the
investigated GE composites tested at 1 mm/min crosshead speegimty i ng t emper &
a nweightfractions of fibers. The various failures modes obtained in the composite are
matrix fracture, brittle failure of fibers, delaminations of fibers, debonding and matrix
cracking. Initially, at lower crosshead speeds the diracin the composites initiates from

the outermost part of the FRP composites i.e. the matrix region. At room tempetfegure,

matrix gets fractured [Figuré .-11(a)], which constitutes the dominating mode of failure

followed by brittle failure of fiber§Figure4 .-11(b)] due b the constant tensile loading.
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crobdolble

]

Fi gdr-BOSEM i mages fractured GE composites
temperaturesweagdtadii base mtf Wf=i5b0e% s( b(yg )2 52A5CA C

=70% (cW.=308C( dW_=70AC ( e W_=151009% Q(, f W_=17100%A C,

The specimens tested at 70°C, shows softening of the polymer matrix that can lead to the
release of residual stresses which generates the fiber/matrix delaminations fFiguke

1 (r)] and debonding [Figurd .-11(d)] occurs in the longitudinal direction euo the
separation of the polymer phase from the composite. Furthermore, at 110°C, i.e. near to the
glass transition temperaturefTof the polymer phase may cause ruthless damage and
degradation as shown in [Figure.-11(2) and4 .-11(f)] reflecting a reduction in the
tensile strength and stiffness of the FRP composite (Figure 4.1.5). At this temperature
flowability of matrix caused large matrix cracking [Figute-11(e)] due to the softening

of the polymer phase of the composite.
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Figure 4 .-11(a) i (f) show SEM images of investigated GE composites tested at a
crosshead speed of 1000 mm/miithe different modes of failures observed are mirror,
mist and hackle, fiber pullout, complete composite failure i.e. fiber breakage and matrix
cracking. Usally, at higher crosshead speed the damages and degradation in the FRP
composite occur by complex phenomenon relating various failure mechanisms at the
macro scale. In such a case, the impact of loading is highly transient and the response of
the materialsoccuss in a shorter time (microseconds). At room temperature with fiber

weight fraction W_= 5 0 %) exhibits three dissimilar ZC

namely mirr or [l44hFigute4 alhid)], havhrklcdh usually occ
crosshead speed. [FBwedt-H)ico ulidbebre puddmuat t |
c o nt afibenweighyfraction of7 0 %.

At el g6°F@t e chp € rtheeconnposte withfiber weightfraction of5 0 %ailed by

complete damage of the fiber and the matrix [Figurell(c)] interfacial region due to the

softening of matrix phase, which further leads to fiber breakage [HgwH.(d)] in case

of thecomposite containing Meight% of fiberThi s f act occurs due t
polymer in the coMptolse teyndchimrdreus aftf elcltO
crosshead speeds comes into play, I ndi cati
l ongi tudi nal direatuisomgoft enb e [FgweMp-tie)utr e of
and damage (JFigired4b-#li)s ends
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ber t®nsion Wract €
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4.1.1.6Temperature modulated differential scanning calorimetry (TMDSC)

measurements

To analyse the effect of 4situ hightemperature conditioning with changingeight
fraction of GE composite, the thermal analyses of the conditioned and unconditioned
samples were carried out using TMDSC measurements to evaluatg. thieeTeffect of

different temperature conditionings of both the GE composite system is shown in Figure
4.1-12.
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At 25°C the T reported was 97.5°C and 95.43°C for composites with fitseghtfraction

50% and 70% respectively. No significant change was found ingfer The conditioned
temperatures with twaveightfractions of fibers in the FRP composite system. The dotted
makks in Figure 4.112(a) and (b) represent thg df conditioned samples which is near to
120°C in all conditioning temperatures. This may be attributed to the closeness of the
transition temperature of the polymer phase in the GE composite and due tdheo fur
crosslink between the polymeric chains in the PMCs. Therefore, the effect of changing
weightfraction with crosshead speed variation at different conditioning temperaugss

not affectthe T

4.1.1.7 Summary

The effects of different crosshead speewith different fiberweight fractions at high
temperatures were evaluated and discussed. The tensile fracture surfaces were investigated
thoroughly and were correlated with the crosshead speed. The obtained results from the

present experimental investigpn and their pertinent analyses lead to infers:

1 The tensile strengths of the investigated GE composites increase with the increase
in crosshead speed at all test temperatures. At higher crosshead speed the response
of the composite is primarily governém the fiber phase and increase in load
carrying capacity can be attributed to fiber dominated mechanical response.

1 The emperature has significant role in the deformationbehavior of GE
composites. Inthe case of 50% fibemweight fraction composites, the tensile
strength decreases with increase in temperataregpt in the case of 90°C treated
GE compositesThe possible reason of higher strength in case of 90°C treated GE
may be the fact that this temperature is very neargtof The GE composites; it
provides better bonding of the matrix and fiber phadewever, for the composites
with 70% fiber weight fraction the tensile strength tends to increase as the
temperature increases. The possible reasons may be dbegterweight fraction
of fibers, which generates more interfaces that erstigh degree of decohesion
between the fibers. Thus fiber breakage is likely dominating faileinavior

1 The tensile fracture surfaces indicated various dominating failure modes for the
investigated GE composite specimens. Matrix fracture was predominant at lower

crosshead speeds while in case of higher crosshead speeds fracturesnpdes
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by means of fibématrix debonding, fiber pullout, both fiber and matrix cracking

etc.

1 Weibull constitutive modelling indicated acceptable agreement of the experimental

results with modelling derived data.

1 There was no significant change in the glass transition temper@iyrfor the
conditioned specimens with twaeight fractions of fibers in the investigated GE

composite systems.
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4.1.2 Loading rate sensitivity at liquid nitrogen conditioning

Glass fiber/epoxy (GE) composites are being accepted as poteateials for ultrdow
temperature applications. This part of the current invatstig is to evaluatéhe effect of

Liquid Nitrogen (LN,) conditioning (for different intervals of time) on the loading rate
sensitivity ofthe tensile response of GE compiesi. To assess this, tensile tests of the
unconditioned and conditioned specimens were carried out at different crosshead speeds
viz. 1, 10, 100, 500 and 1000 mm/min. The modes of failures in different specimens were

then assessed by SEM.

K K Mahato, K Dutta, B C Ray. Loading rate sensitivity of liquid nitrogen conditioned
glass fiber reinforced polymeric composites: an emphasis on tensile and thermal responses.
J Appl Polym Sci2018; 135https://doi.org/10.1002/app.45856

N.B: The content of this section is published in the following article
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4.1.2.1 Effect of LN, treatment on the tensile behavior of GE composite

Figure 4.113(a) and 4.113(b) represent a comparison between the tensile sirags
behaviors of unconditioned GE and iMonditioned (0.25 h, 1 h, 4 h and 8 h) GE
composites tested at 1 and 1000 mm/min crosshead speeds respectively. It is noticeable
from Figure 4.113 (a) that at 1 mm/min crosshead speed ultimate tensile strent#) (U
increases with LM conditioning time upto 1 hour as compared to unconditioned GE
composites. An improvement in UTS value of 3.33% and 7.3% was obsernectase of

0.25 h and h LN, conditioned GE composites respectiveljne possible reasdior the
improvement in strength in case of 0.25h conditioned samples may be attributed to better
fiber/matrix bonding to the conditioned time. The better fiber/matrix bonding can be seen
through the SEM images in figure 415(b)and 441 5 ( b 0 ) .
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Figure 4.113: Tensile stresgs Tensile strain curve at RT (30°C), 0.25 h, 1 h, 4 h,and 8 h

LN conditioning tested at (a) 1mm/min and (b) 2000 mm/min crosshead speeds.

Sreenivasa et a[l145] also reported an improvement of 3% in tensile strength of LN
tested GE composites as compared to unconditioned com@pgtimensThe smilar,

trend was also observed tine case of GE composites tested at 1000 mm/min crosshead
speed. The specimen tested at 1000 mm/min crosshead speed showed an improvement in
UTS value of 11.39 % and 12.02 % for 0.25 h and 1 h ¢dhdiioned GE composites
respectively. This improvement in strength may be attributed to hardening of polymer
matrix due tahenearly complete absence of disentanglermie#]. The LN, conditioning
transforms the polymeric chain® tmore dens@acked and enhances the debonding
resistivity of the GE composites. The UTS values at different conditioning parameters to
crosshead speed are illustrated in table44.1In case of 1 mm/min crosshead speed,
conditioning of specimens for 4and 8 h has shown a decrease in UTS value as compared
to the unconditioned specimen. This may be due to embrittlement of the polymer matrix
leading tothe flow of polymer matrix as riverline marking morphology; the details of this

are discussed in tlmibsequent paragraphs.

Various failure patterns of GE composites tested at different conditionings and crosshead
speeds are illustrated in Fig. 414. It can be seen that at different time intervals of LN
conditioning with different crosshead speedsrtiagle of failure and fracture was different.
Usually, at lower crosshead speeds the openirmgack develop#n the middle part of the
specimens. But at higher crosshead speeds multiple numbers of cracks were produced

throughout the specimens i.e. at nl@parts as well as at the tab portions.

After the mechanical tests, the failed specimens were analysed using SEM to identify the
possible mode of damage and degradations occurred in the GE composites at various LN
conditionings and crosshead speeds. Ei@:15(a)- (e) show SEM micrographs of RT
tested and Lhltested specimens at different intervals of time. Several morphologies and
failure modes were obtained in the GE composite are mirror, mist and hackle, cusps,
delamination of fibers, debonding ander-line marking.Despitedifferent failure modes,
various composite strengthening morphologies were seen such as good fiber /matrix
bonding and resknich region. Fig. 4.415(a) illustrateshe morphology of fiber pulout at
higher loading speed (1000nmmin) while Fig. 4.115(a) shows a magnified image of it.
One can note the presence of mirror, mist, and hackle in the broken fiber ends; typical
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fracture morphology that occurs in the fracture surfaces obtained at higher crosshead
speedg144]. Similarly, the magnified versions of Figure 415 (b) and Figure 4:15 (c)

are provided in Figure 4-15(b) and figure 4.115(c) respectively. e ypical fracture
surface ofthe cryo-treated specimen is shown in Fig.1.15(b) which indicated good
fiber/matrix bonding. Also, cusps [Fig. 41b(c)] wasdeveloped in the matrix surface due

to brittle behavior of the epoxy resin. In the meantime, rasinregion [Fig. 4.115(c)]

was identified that induces strengthemiof the GE composites. However, cusps mainly
develop within the resinich regions. These failures do not display a complete fiber matrix
debonding from the fiber surfadd@47]. Figure 4.115 (d) ad (e) illustrate riverline
markings in the epoxy matrix of the GE composites. Genertily direction of river
markings indicates the crack initiation and propagation path. Here also, similar features
were present. The crack initiation point in the nxatsi shown in Figure 4:15 (d). After

the initiation of the crack, its growth occurs and that develops into a larger crack leads to
failure of the GE composite. As mentioned earlier, the riverline markings were quite
prominent, when tested at 1 mm/min @smpared to the composite specimen tested at
1000 mm/min crosshead speed. At 1000 mm/min crosshead speexbhdhtioning of
specimens for 4 h and 8 h show improvement in strength as compahnedit@onditioned
specimen. This may be attributed to léesetavailalte to transfer the stress from polymer
matrix to fiber. Therefore, the stress generated in the polymer matrix region leads to
riverline markings [Figure 4:15(e)] which were not that prominent as compared to the
GE composite tested at 1 mm/njfrigure 4.215(d).I n case of 0.25 h <co
failure occurs at much | ower strainThes ¢ o0mg
possible reason of lower strain in case of 0.25h conditioned samples may be attributed to
the brittle failure of the glass fibers and hardening of matrix ph@ke brittle failure of

fiber and matrix hardeningan be seen through the SEM images in figurels(b) and
4115(bd) .
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Figure4.1-14: Different failure patterns of GE composite amguld nitrogen conditioned
GE composite tested at (a) 1 mm/min, (b) 10 mm/min, (c) 200 mm/min, (d) 500 mm/min,

(e) 1000 mm/min crosshead speeds.
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Table 4.14 (Statistical analysis of unconditioned and conditioned samples to ultimate

tensile strength)

Statistical analysis

Conditioning Tensile test Average Standard error| Coefficient of
parameters crosshead speg ultimate tensile (%) variation (%)
(mm/min) strength (MPa)

Unconditioned 1 450.00 6.431 3.231

10 460.06 8.508 3.698

100 514.39 5.130 2.693

500 517.66 8.667 3.714

1000 527.22 6.037 3.296

0.25h 1 465.85 10.79 5.323

10 492.02 4411 1.903

100 565.95 4.792 2.046

500 581.14 5.901 3.698

1000 587.32 12.580 5.521

1lh 1 482.85 3.633 1.734

10 540.10 0.851 0.521

100 566.81 6.573 3.259

500 580.23 10.225 4.861

1000 590.64 5.239 2.223

4 h 1 447.65 2.084 1.455

10 500.34 7.301 3.522

100 538.75 5.125 2.685

500 563.75 10.537 5.171

1000 583.23 8.001 3.643

8h 1 424.64 4.150 4.150

10 461.49 7.973 7.971

100 483.30 5.552 8.552

500 541.16 11.265 11.265

1000 554.32 9.471 9.407
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Figure 4.115. SEM images of unconditioneBE composites (a) RT, §aRT, and LN
conditioned GE composites at different intervals of time (b) 0.25h0.@b h, (c)1 h, (¢1

h, (d)4 h,and (e) 8 h
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4.1.2.2 Effect of crosshead speeds on the tensile properties of pNeated GE

composites

Figure 4.116 (a) to (e) represent the dependence of tensile behavior on the crosshead
speed of the unconditioned and conditioned GE composites. The results indicatbd that t
load-carrying capacity of the composites increased with increase in crosshead speed. This
behavior of increase in loazhrrying capacity was also reported by earlier researchers
[148 150]. It can be mentionethat while the specimens were deformed at a higher rate,
the time available for proper load transfer from matrix to fiber becomes less which
promotes proper stress transfer across fiber/matrix GE composites. The relaxation times
available at lower crossheéaspeeds are more which facilitates improper stress transfer
resulting in lowering of UTS. This may be attributed that at lower crosshead speed, time
available for the micr@rack to propagate in the weak portion of the matrix is more
compared to higher asshead speed. But, in the meantime at higher crosshead speeds
relaxation time is less that promotes proper stress transfer across fiber/matrix composites
that leading to higher UTS. This may be attributed to that at higher crosshead speed, micro
cracks popagate through fiber/matrix interface rather than the weakest epoxy matrix and
breaks the strong fiber during crack propagation resulting increase in UTS of the composite
[151]. Further, 1 h LN conditioned specimens exhibited high modulus values at crosshead
speeds of 100, 500 and 1000 mm/min as compared to unconditioned specimens. After 0.25
h of conditioning a noticeable enhancement in the ductility was ensured for all composite
systems probably due to stress relaxation and this enhancement contirnioed tpof
conditioning. Since at LNtemperature the chemical bond and the molecules shrink
exhibiting gre&er binding forces between the molecules and this phenomenon results in
higher strength of the epoxy matrix. rfer conditioning to4 h at various crosshead
speeds indicatesdecrease in the modulus value as compared to RT composite specimens.
LN, condiioning for a long time may generate residual stresses resulting in matrix
deformation as riverline marking&igure 4.115e) and those riviene markings became

more prominent at 8 h of conditionings (Figure-450).
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Table 4.15 (Statistical analysis of unconditioned and conditioned samples to modulus)

Statisticalanalysis

Conditioning Tensile test Average Standard error| Coefficient of
parameters crosshead speg modulus (GPa) (%) variation (%)
(mm/min)

Unconditioned 1 19.27 0.152 1.761

10 20.57 0.093 1.064

100 19.33 0.165 1.910

500 19.34 0.046 0.534

1000 19.01 0.220 2.672

0.25h 1 20.59 0.325 1.651

10 21.43 0.489 2.633

100 20.82 0.253 1.274

500 21.12 0.671 3.113

1000 20.12 0.396 1.965

1lh 1 18.66 0.727 3.545

10 19.11 0.284 1.386

100 19.91 0.661 2.967

500 20.10 0.533 2.772

1000 20.72 1.131 5.471

4 h 1 19.02 0.524 2.801

10 19.06 0.456 2.212

100 19.47 0.961 4,711

500 19.66 1.022 4.772

1000 20.03 0.393 1.914

8h 1 17.44 0.251 1.222

10 18.42 0.383 1.861

100 18.93 1.021 5.015

500 18.08 0.363 1.775

1000 17.08 0.486 2.352
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Table 4.16 (Statistical analysis of unconditioned and conditioned samples to strain at
break)

Statistical analysis

Conditioning Tensile test | Average strain| Standard error| Coefficient of
parameters crosshead speg at break (%) (%) variation (%)
(mm/min)

Unconditioned 1 3.16 0.031 2.225

10 3.25 0.008 0.604

100 3.46 0.038 2.721

500 3.57 0.033 2.373

1000 3.78 0.063 4.501

0.25h 1 2.06 0.038 2.695

10 2.29 0.023 1.682

100 2.58 0.049 3.481

500 2.26 0.033 2.412

1000 2.95 0.053 3.813

1lh 1 3.56 0.011 0.791

10 3.77 0.041 2.923

100 4.12 0.023 1.652

500 4.19 0.010 0.741

1000 4.33 0.042 3.021

4 h 1 3.28 0.015 1.116

10 3.71 0.010 0.743

100 4.05 0.033 2.362

500 4.30 0.014 1.013

1000 4.30 0.042 3.023

8h 1 3.13 0.008 0.621

10 3.39 0.010 0.748

100 3.49 0.008 0.586

500 4.10 0.005 0.396

1000 4.25 0.016 1.157
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Figure 4.217: (a) Modulusys loading rate plband (b) strain at breaks loading rate plot
of room temperature and liquid nitrogen conditioned specimens with 1, 10, 100, 500, and

1000 mm/min crosshead speeds

The variations in different mechanical properties i.e. modulus and strain at break obtained
from Figure 4.116 were pldied in Figure 4.417. It is noticeable from Figure 4117(a)

that 0.25 h conditioned composites exhibited higher tensile modulus values at all the
crosshead speeds, as compared to RT tested GE composite specimens. Fijiie) 4.1
indicate the nature of viation of strain at break with the crosshead speed and it is evident

that with an increase in crosshead speed the strain value increased. The strain value was
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found maximum in case of 1 h and 4 h JLbbnditioned GE composites at different
crosshead speeds compared to other conditioned composites. The modulus and strain at

break values to crosshead speeds are represented id.fabkend tablet.1-6 respectively.

4.1.2.3 Temperature modulated differential scanning calorimetry (TMDSC)

measurements

To evaluate the glass transition temperaturg ¢F the polymer phase of the composite,
TMDSC measurements were carried {iLB2,153] Figure 4.118 indicates that at room
temperature conditioning the; Wwas higher as compared to MNonditioned specimens.
The Tqy of the LN, treated specimen decreased with increase in thechhditioning ime

as compared to RT tested specimen. This may be attributbd ltmver movement othe

molecular chain at Lhtemperature owing tareduction in T,

0.24

Heat Flow (MW)
S
e

L] L] L) L]

20 40 60 80 100 120 140 160
Temperature °0)

Figure4.1-18: TMDSC graph of GE composites at room temperature and at different liquid
nitrogen conditioning time (the tip inside dotted circular line indicatgvalue of the

respective GE composite).

The Ty of RT tested specimens and i Bonditioned specimens at various intervals are

represented in the table 471
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Table 4.17 (T, of specimens after different Lidonditioning)

LN conditioning time (in h) Glass transition temperature (°C)
RT 96.17
0.25h 87.69
1lh 82.74
4 h 78.29
8h 73.68

4.1.2.4 Dynamic mechanical thermal analysis (DMTA)

The Dynamic MechanicalThermal Analyser(DMTA) helps to evaluate the viscoelastic
response of the material for a wide range of temper#i®4,155] The DMTA ofthe
unconditioned and conditioned specimens were carried out in the temperature range of 40
°C to 200 °C. The viscoelastic behaviors of the GE composite specimens, conditioned to
LN, temperature are presented in Figdrg19a)i (d). The data acquireddm DMTA as
storage modulus¥) represents the elastic modulus of the material and loss mo#uus (
replicates the viscous modulus. The damgagaviorof the material was calculated from

the tan) factor (i.e. the ratio betwee® to%). The valuesuch a®6, O and tam are

calculated using the following equations:

% -£ANRO P
TE

% ORI @
TE

OAl o 18

Wh e r @ n @ repdesent the peak stress and peak strain respectively iarttie phase

difference between thstress and strain.
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conditioning time for GE composites

Figure 4.119(a) 1 (c) represent the variation @f, % and tan) with temperature for
unconditioned and Ltreated composites at different intervals of time. It is evident from
Figure 4.119(a) that, the 4 h LNconditioned GE composite exhibited higher storage
modulus value than all other composites tested at different environments. This
phenomenon may be alttuted to matrix hardening due to freezing of polymer chains. LN
conditioning to 4 h certainly shows maximum modulus value due to the better adhesion
between the fiber/matrix interfaces. Figure-49(b) shows the variations % due to LN
conditioning at different intervals. Thé6 value increases with increase in the ;LN
conditioning of GE composite. This improvement may be attributégetbardening of the
polymer matrix from the viscous phase. Thejtavalue increased as the Lionditioning

time increasedup to 1 hfor the GE composites due to better bonding of fiber/matrix
causingresirtrich region [Figure 4.415(c”)] in the GE compositas observed from Figure

4.1-15(c). The peak value of the tarvs temperature curve is considered as thefThe
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GE composite materials. The GE composites
due to the higher brittleness of the polymer phase exposing to longer duration of time. It
can be observed from Figure 4.9(d) that LN conditioning upto 1 h resulted inan
increase of Jfrom 103.2 °C to 106.2 °C followed by which thg Slightly decreased on
further conditioning to higher duration. This decrease jncduld be attributed to the
hindrance of crosslink formations due to the shrinkage ofnpetic chains between the
polymeric networks [156]. As the conditioning time increases, the chances of
weakening/freezing of the polymeric chains increase. This fact attributes to the lowering of
Ty value of the specimens conditioned with higher interval of time. However,
microstructural changes can also be one of the possible reasons to |pwaud. A
comparison of § values between DSC and DMTA indicated that tReoBtained from
DMTA were always higher as those obtained in DSC, for all the conditioned and
unconditioned specimen3he possible reason for the difference ig vRlues obtained

from both the thermal analysis method can be explained in light of the difference in test
conditions. Seeral earlier researchers reported similar variations in §vallies obtained

from both these method$57,158] The reasons for such differences can be attributed to
(1) Size ofthefurnacei DMTA furnace is larger with larger thermal inertia, (2) Control of
temperature and location of temperature sensor infuh®acei the thermocouple in
DMTA does not touch the sample whergadDSC, the sample is in direct contact with the
pan. (3) Mode of heat transferthe principal mode of heat transfer mechanism in DMTA

is convection, but in case of DSC it is condutti¢4) Size ofthe samplei the size of
DMTA sample is much larger than that of D$I59]. Owing to these reasons, the heat
transfer mechanisms during the thermal interactions were widely different and this led to
the variation in .

4.1.2.5 Fourier transformation infrared (FTIR) spectroscopy

FTIR of control GE and Lilconditioned GE composites are carried out to know about the
different bond formation in the composites. Figure-Z01reveals the FTIR spectra of
control GE and Li conditioned GE composites. StrongHDstretch (3002700 cnt) was
observed in case of LNconditioned GE composites. Weak benzene ring formation was
also depicted at around 16@600 cnt. Some other bond formation was seen a C
stretch (1230 1020) and C=0 stretch (128®@50). In case of Litreated specimens

intensities peaks are quite higher as compared to control GE composites.
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Transmittance

C-N stretch (1230 1020)
C=0 stretch (12501050)

O-H stretch (30062700)

| LJ LJ LJ L) LJ
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Figure 4.220: FTIR Plot for GE and LNtreated GE composites

4.1.2.6 Summary

The effects of LN conditioning of glass fiber reinforced polymer composites on the tensile
and thermal responses were investigated in this part of the study. The effects of different
crosshead speeds on the tensile properties and the viscoelastiobehéve composites
were also studied. The obtained results and their pertinent discussion lead to the following
conclusions:
1 Animprovement in UTS value of 3.33% and 7.3% was observiiteirase of 0.25
h and 1 h LN conditioned GE composites as compgiate unconditioned GE
composites at 1 mm/min crosshead speed. Similarly, the specimens tested at 1000
mm/min show an improvement in UTS of 11.39 % and 12.02 % for 0.25 hand 1 h
LN, conditioned GE composites as compared to unconditioned GE composites.
Matrix hardening is the possible reason for improved strength.
1 Fractography analysis came out with different dominant modes of failures and

morphologies such as delamination, debonding, mirror, mist and hackle, cusps,
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riverline markings and also some morphglagth toughening mechanisms such as
good fiber/matrix bonding and resiith region.

1 The loadcarrying capacity of the GE composite improved wath increase in
crosshead speeds i.e. from 1 mm/min to 1000 mm/min ondoNditioning for
different duration of time.

1 0.25 h LN conditioning of GE composite exhibited better modulus values at all the
crosshead speeds as compared to unconditioned GE composite specimen. Further, 1
h LN, conditioned specimen exhibited higher mh$ at higher crosshead speeds
i.e. at 100, 500 and 1000 mm/min as compared to unconditioned specimens.

1 The strain at fracture increased with increase in the crosshead speed. Meanwhile,
the strain value was found maximum in case of 1 hddhditioned GEEomposites
as compared other conditioned composites.

1 The glass transition temperature of the ;Lieated specimen decreased with
increase in the Ljconditioning time as compared ttee unconditioned specimen.

1 The DMTA results show that the storage moduis4 h LN, conditioned GE
composite exhibited higher modulus value than any other composites tested. The
tan] value increases as the LMonditioning time increase® 1h for the GE
composites due to better bonding of fiber/matrix causing-régirregion in the GE

composite.
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4.1.3 Effect of loading rates atthe severely thermal shocked environment

The pesent investigation is aimed to study the effect of short term exposure of thermal
shock conditioning on the mechanical properties of glass/ep8®¥) composites. The
specimens wereonditioned ai 60°C for 36 hfollowed by further conditioning at +70°C

for the same duratiol.o assess the effect of thernsélock on the mechanical properties,
tensile tests of the conditioned and unconditioned sme@nwere done with various
loading rates viz. 1, 10, 100, 500 and 1000 mm/min. The ultimate tensile strength (UTS)
as well as strain to failureyere found to increase witnincrease in the loading rates at
room temperature; the thernmstiocked conditined specimens exhibited even higher UTS
and failure strain as compared to the unconditioned specimens. It can be stated that
different coefficients of thermal expansion during therstack conditioning anda
significant amount of prexisting residual sésses govern the stress distribution and
ultimately the mechanical properties of glass/epoxy composite. Various dominating modes
of failures in the composites were analyzed urdsranning electron microscope.

N.B: The content of this sectiasm published in the following article

K K Mahato, D K Rathore, K Dutta, B C Ray, Effect of loading rates of severely thermal
shocked glass fiber/epoxy composit€dpmposite Communications 2017; 3: T10.
https://doi.org/10.1016/j.coc0.2016.11.001.
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4.1.3.1 Effect of loading rates atthe severely thermal shocked environment

The specimens were tested at room temperature (RT, 25°C) with the aforesaid loading
rates. Figure 4-20 shows the stresdrain behaviorof both contra as well as thermal
shock conditioned GEomposites. It can be seen from Figure-20{a) that withan

increase in loading rate i.e. from 1 mm/min to 2000 mm/min the value of maximum tensile
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Figure 4.121: Tensile stresgs Tensile strain curve with 1, 10, 100, 500 and 1000 mm/min
loading rates tested at (a) RT (25°C) (b) Thersaick conditioned specimen

stress increases. At lower loading rates more time is available and thusnstnadiracks

propagate to potential cracks that leadatsubstantial reduction in tensile stress of the

composite system. But, at the higher loading rates, the time availability to propagate these
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microcracks is very less. Hence, the laadrying capacityf the GE composite is found to
be more. The Failed glass/epoxy composites at different loading rates (A) Without

conditioning and (B) Thermal shock conditioned are showsguare 4.120.

4.1.3.2 Evaluation of thermal-shock conditioned specimens (TCS) of glasptexy
composites
Figure 4.221(b) reveals the stressrain curve of TCS with various loading rates. Figure
4.1-21(b) show the same trend as that of cordafdbE composite. Comparing with the RT
specimens, the TCS exhibit more tensile stress value atleading rate.lt may be
attributed to the difference in the coefficient of thermal expansion/contraction at the
fiber/matrix interface which alters the nature of residual stresses in the compobsite.
fiber/matrix interfacial adhesion is firmly altered Ibhe existence of residual stresses.
Conditioning to low temperature causes differential shrinkage at the fiber/matrix interface
leading towards improved interfacial adhesion which ultimately enhances the debonding
resistance by mechanical keying faci®8]. The evolution of thenisfit strain emerges at
the fiber/matrix interface due to the variance in the coefficient of thermal
expansion/contractiof94]. The TCS exhibits better fiber/matrix intecfal bonding by
mechanical keying factor imparting better strengthening of the GE composithe.chse
of TCS the loadcarrying capacity of the composite is enhanced with increase in loading
rate. This may be attributed to uniform stress distributiorpélymer matrix at lower
loading rates. But as the loading rate increases the transfer of load from polymer matrix to
the fiber reinforcement is not smooth and steady leading to higher strength of the

composite.

4.1.3.3 Evaluation of thermal-shock conditioned of glass/epoxy composites at

different loading rates
The variation of tensile modulus with loading rate is presented in Figw2248a) and it
reveals that there is no such a large difference in the modulus value with loading rate for
both the composite sysns. But, thetherma hock condi ti oned specim
modulus value as compared to RT specimens. At 10 mm/min the improvement in the
modulus value is quite significant as compared to the other loading rates for both the
composites systems. Tpessible reasons may be attributed to the synergistic effect of the
matrix and fiber that imparts proper and quick stress transfer to the fiber/matrix interface. It
is noticeable that the interfacial debonding is not as high as compared to 1 mm/mis. But, a

the loading rate increases to 100, 500 and 1000 mm/min the stress distribution becomes
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limiting factor and modulus value is found to be mostly unaffeciéd Coefficient of

variation (COV) for the mechanical propertissanging from 0.17 to 8.97 %. The COV

for UTS was in the range of 0.17 to 3.6 %the case of modulus, it was 0.53 to 8.97 %.

The COV of strain at failure lies in betwe@r96 to 8.17%The Strain at breaks Loading

rate is shown in Figure 422(b) andit shows that as loadarrying capacity of the

composite system increases the strain value of both the GE composites system. But, the

thermals hock conditioned specimends exhibits s
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Figure 4.122: (a) Modulus ¢ Loadingrate curve of room temperature and therstalck
conditioned specimens, (b) Strainbeéak s Loading rate curve with 1, 10, 100, 500 and
1000 mm/min loading rates
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4.1.3.4 Fractography analysis using Scanning electron microscopy (SEM)

After the mechanical testppstfailure analyses of fractured specimens were carried out
using SEM.As the loading rates change from qustsitic to relatively high the failure
mode of FRP composite changes. At low loading, riée composite failure is primarily
governed by the ntax and/or the interface. Whereas, at higher loading rates fiber
breakage becomes the Himiting failure mode in these compositgy. Figure 4.123(a),
4.1-23(b) and 4.223(c) show SEM micrographs at Imm/min loading rate depicting fiber
imprints, textured microflow and matrix microcracking morphology respectively. Textured
microflow morphology usually occurs at lower loading rate imparting proper load
distribution in the matrix region. The flow direction of the granular structures indib&tes t
direction of fracture and it is most prevalent in brittle matrix systg®g]. Figure 4.1
23(d), 4.123(e) and 4.23(f) show SEM micrographs at 1000 mm/min loading rates
indicating fiber pullout, mirror, mist and hackle, and fiber fracture morphology
respectively. The mirror, mist and hackle morphology usually occurs in brittle materials.
The term mirror refers tthe smooth surface of crack imitation. As the crack propagates a
smooth, matt regiomlevelops called mist is produced, incorporating starting of scraps.
Finally, as the crack attains its terminal velocity the hackle type of fractures ¢tduts
Furthermore, during tensile pulliridper fracture was one of the important modes of failure

in the glass/ epoxy composites.
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Figure4.1-23: Scanning electron micrographs of therrabck conditioned GE composite
tested at (a) 1 mm/min, (b) 1 mm/min, (¢) 1 mm/min (d) 1000 mm/min (e) 1000 mm/min

and (f) 2000 mm/min loading rates respectively
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4.1.3.5 Temperature modulated differential scanning calorimety (TMDSC)
measurements

In-service performance dhe polymer phase of the composite can be identified using

TMDSC. Figure 4.124 shove the glass transition temperatureg)(®f room temperature

and thermakhock conditioned specimens that found to be aé@ut same. Therefore,

there is no effect of thermahock conditioning on thegTof the polymer phase of the

composite. The thermahock conditioning specimens do not have any effect on the

polymeric network of polymer chain in the matrix system résiwg in no disturbances in

the crosdink formation. The glass transition temperature of room temperature and

thermatshock conditioned specimens are 96.17°C and 97.10°C respectively.
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Figure 4.224: TMDSC graphs of GE composites at room temperatureghemthatshock

condition

4.1.3.6  Fourier transformation infrared (FTIR) spectroscopy

Figure 4.1.24 illustrates the FTIR image of GE composite at room temperature and
thermalshock conditioned GE composite. The different bond formations observedtare O
stretch (3002700), CN stretch (12301020) and C=0 stretch (128®@50) for both GE

ard thermal shock conditioned GE composites. The intensitigheothermal shocig

conditioned specimenaveobserved higher as compared to the comf&@E composites.
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Figure 4.1.25: FTIR Plot for GE and thermal shookditioned specimen composites

4.1.3.7 Summary

The effects of thermahock conditioning and loading rates on the mechanical behavior of

GE composite comyses the following conclusions

1

The GE composes of both the systearefound to be loading rate sensitive. As the
loading rate increases the UTS ibfe thermalshock conditioned composite is
increasing and the stress value is higher at each loading rate as compared with the
RT specimens.

The TCS speimens exhibit better fiber/matrix interfacial bonding by mechanical
keying factor imparting better strengthening of the GE composites.

The tensile modulus of both the composites system is found to be loading-rate in
sensitive. The thermahock conditiong specimens exhibit more modulus value
than room temperature.

The strain to failure of the both GE composite is increasing as the loading rate
increases.

The in-service temperature of the polymer phase of the composite i.e. the glass
transition temperaturat the room temperature and thershbck conditioned

temperature asfound to be nearly same.
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4.2 Effect of nanofiller addition on the mechanical

behavior of glass fiber/epoxy composite

4.2.1 Tensile and thermal response of nanél,0O; enhanced glass fiber

reinforced polymeric composites

The current investigation was focused on the assessment of mechanical and thermal
behavior of glass FRP composite on the addition of #dpOs particles. The control
glass/epoxy(GE) composites and nakigO; modified GE composites were tested at
different crosshead speeds viz. 1, 10, 100, 500 and 1000 mm/minAN#&powas used as

filler material and the epoxy matrix was processed with different-Ady@; contents (0.1,

0.3 and 0.5 wt. %). Addition d.1 wt. % naneAl,O3 particles exhibited an improvement

in the strength of nand\l,03/GE composites at all crosshead speeds. Different failure
patterns of nané\l,0O; enhanced GE composite tested at 1, 10, 100, 500 and 1000 mm/min
crosshead speeds weremtified. Scanning electron microscopy (SEM) was carried out to
know the main cause of failure that induced different morphologies. Furthermore, the
viscoelastic behavior of the material was carried out using dynamic mechanical thermal
analyser which cortated the mechanical and therm®chanical behavior of the FRP

composites.

N.B: The content of this section is published in the following article

K K Mahato, K Dutta, B C Ray, Mechanical and thermal behavior of raRQ@;
enhanced glass fiber reinforced polymeric composites at various crosshead sp&sidls. In:
Australasian Congress on Applied Mechanics (ACAM9). Sydney: Engineers
Australia, 2017: [912][918].

97



Chapter 4 Results and Discussion

42.1.1 Effect of various crosshead speeds on tensile behavior of naAt0;
enhancedglass/epoxy composite
The control glass/epoxy (GE) composites and fanR®; modified GE composites were
tested at different crosshead speeds viz. 1, 10, 100, 500 and 1000 mm/min. The tensile
stressstrain curves for control GE, 0.1 wt. %, 0.3 wt. % and 0.5 wt. % of -Ads©;
enhanced GE composites at different loading rateslae/n in figure 4.2L(a)(e). It is
observed that witlnincrease in the naral ;05 content ugo 0.1 wt% the tensile strength
increased (figure 4-2) for all the crosshead speeds as compared to that of control GE
composite. Further addition of na#d,0O; (0.3 wt. % and 0.5 wt. %) fillers caused
decrease in the tensile strength values. This behavior may be attributed to the
agglomeration of nandl,Os; fillers in the polymer matrix, which leads to poor stress
transfer across the fiber/matrix interface.
The tensile properties i.e. tensile strength and tensile modulus obtained from figlire 4.2
are plotted against various naAt,Os; content for GE composite in figure 422 It is
evident from figure 4.2 that the tensile strength and tensile modulus a@ngy
dependent on the nai#fd ;O3 content for GE composite. Incorporation of 0.1% nahgD;
content in GE composite resulted an enhancement in tensile properties at room
temperature than control GE composite as revealed from figu(&).2lt is obsrved that
the addition of 0.1% nan@\l,O3; particles enhanced the tensile strength by 15.01 % than
control GE composite at 1 mm/min crosshead speed. Similarly, at 10, 100, 500 and 1000
mm/min crosshead speeds the increase in tensile strength is founti®»é6, 12.86 %,
8.84%, and 9.29% of that of control GE composites respectively. The addition of nano
fillers causes significant increase in the specific surface area and thereby the composites
exhibitavery high interfacial area. Hence it might féeaile the stress transferability of the
composite through the interfacial areas; as a rdsglier strength prevails in case of nano
Al,O3/GE composites.
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Figure 4.21: Tensile stregstrain curves for GE composites at varioascAl,0;3
contents tested at room temperature with different crosshead speeds (a) 1 mm/min, (b) 10

mm/min and (c) 200 mm/min (d) 500 mm/min and (e) 2000 mm/min

In contrast to thebehavior shown for tensile strength of theancAl,O; enhanced
fiber/matrix compositethe magnitude of tensile modulus is observed to reducethdth
addition ofnancAl,Os particles. The reason may be attributedn@agglomeration of the
nancAl,Oz particles in the polymer matrix. Agglomeration causes poor wettability in the
fiber/matrix interface resulting in weaker adhesion in the interfacial bonding between the
nancAl,O3 enhanced fiber/matrix composite. It is observed from figure2a® that with

an increase innancAl,O3; content upto 0.1 wt. % with all loading rates, the tensile

strength of the GE andancAl,Os/GE composite increased.
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Figure 4.22: Variation in (a) Tensile strength and (b) Tensile modulus with differamd

Al,O3 content in glass/epoxy composite at various crosshead speeds.

The increase in strength with loading rate can be attributed to the less time lavimlab
transfer the stress from matrix to fiber. Further, the modulus values represented in figure
4.2-2 (b) show no significant variation in the tensile modulus for controla@G&Enanc

Al,O3; /GE composites at all the crossheads speeds. Howgitbryespectto crosshead
speed increase in modulus value was observéideinase of 10 mm/min crosshead speed

at all thenancAl,O; content. It is reported that thermal stress develppthe polymer
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matrix during loading and this stress increases with increase in loading rate [12]. The
developed thermal stress may get dissipated or confined into the matrix based on the extent
of loading rate. Once the stress develops, it induces +oreks in the polymer matrix
and/or, at the fiber/matrix interface which may grow without blunting at a stable state. The
number density of microracks enhansavith loading rate which causegeduction in the

modulus value.

4.2.1.2 Dynamic Mechanical Thermal Analysis (DMTA)

Figure4.23(ay( d) show the variation in Eaq, gEd, ta
with temperature for GE and nanbl ,Os/GE composites. It is evident from figude2-3(a)

that atatemperature belowg] t h e EA,OfGErcompasiteis higher than that of

GE composite. The rate of del)rnsaighemrrt05%n Eaq
nancAl,O3z/GE composite than that of GE composite. The onsttedharp change ithe

sl ope o 8§ tempbaratureEcarve vskien as the §of the material. Figuret.2-3(b)
shows the change i n EAlOxdarticlestinothe GE compogite.r at i o
The tan U0 val ue -Al,@darticlessadddianeshowirg mara imduced
brittleness in the composite as obseryien figure 4.2-3(c). It can be observed from

figure 4.2-3(d) thatthe addition of 0.5 wt. % nandél,O; particles result in lowering of the

Ty from 122.3 °C to 104.6 °C. This drap T4 may be attributed to the hindrance of
crosslink formations due to tlentrapment of nandl,O; particles between the polymeric
chains. The decrease ig \falue can be described in termsre$tructuring of the polymer

in the interphase zone. It can be assumed that the interphase zone consists of two kinds of
polymeric layerg[13]. The primary one is tightly bound to the nanofiller due to multi
segment adsorption and this polymer (also calledraisnmobilized polymer) is mainly
affected by the strong nanofillers as they hinder the formation of-bnéssgluring the

curing process. The hindrance in crosslink formation reduces the-lankssensity in the

cured polymer netvork and results ira decrease in f The secondary one is loosely
bound polymer layer (or polymer of reduced mobility), which is not severely affected bu
has significant contribution in the interphase region and possesses slightly different
structure than the polymer in the resich zone and has relatively less contribution in the

T4 of the nanocomposite. Functionalization further improves the dispessi in turns the

volume ofthe net interphase region in the nanocomposite. Higher interphase volume leads
to arelatively higher volume of tightly bound polymer layers and this further reduces the

T4 of the nanocomposite.
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42.1.3

Different failure patterns of nano-filler enhanced glass/epoxy composite

Figure4.2-4 shows the bulk images of GE and na#igO; enhanced GE composites with

various failure pattern tested at (a) Imm/min, (b) 10 mm/min (c) 100 mm/min (d) 500

mm/min and (e) 1000 mm/min crosshead speétidower crosshead speeds the cracks

generate at the middle portion of the specimens. But at thigleing rates multiple

numbers of cracks are generating throughout the samples i.e. at middle portions as well as

at the tab portions. At high loading rate, it is difficult to transfer the load effectively

throughout the specimens, and hence it caudessfat multiple locations.
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Figure 4.2-4: Different failure patterns of GE composite and nahgD; embedded GE
composite tested at (a) 2Imm/min, (b) 10 mm/min (c) 100 mm/min (d) 500 mm/min (e)

1000 mm/min crosshead speeds.

4.2.1.4 Fractography analysis

The failure analyses of the broken tensile samplesevearried out using nano nova
FESEM (field emission scanning electron microscope) to investigate ifferent
morphologies resulted
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