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Abstract
The performance of fibre-reinforced composites is, to a large extent, controlled by the
properties of fibre-matrix interfaces. The interface chemistry and character is vital to a
composite material. Good interfacial properties are essential to ensure efficient load transfer
from matrix to reinforcement, which helps to reduce stress concentrations and improves
overall sustainability of mechanical properties. The strength of composite materials depends
not only on the substrate but also on the interface strength. The interface here does not have
unique fracture energy unlike homogeneous materials.Consequently, there is a great interest
in developing new concepts for tailoring the strength of fibre-matrix interface. Some of
researchers have been reported the mechanisms responsible for improved fibre-matrix
interface adhesion is removing weak boundary layer, and thereby improving wettability.
However, a high performance

composite

functions

because

a weaker interface or

matrix stops a crack running continuously between the strong brittle reinforcements.
Fibre reinforced composite materials do, however, suffer some serious environmental
limitations. Environmental exposures include temperature, moisture, radiations, UV and other
different alkali treatments, which cause deterioration in the mechanical and/or physical
behaviour, adhesion between fibre/matrix interface regions of the composite material over a
period of time. The aim of the current investigation is to present the variation of mechanical
properties of glass fiber/epoxy composite under the synergistic effect of temperature and rate
of loading. In case of temperature we performed 2 types of cases as above and below glass
transition temperature (Tg) and in second case abobe and below-ambient temperature. Glass
fibre reinforced polymer composites (GFRP), carbon fibre reinforced polymer composites
(CFRP) and Kevlar fibre reinforced polymer composites were fabricated by hand-lay up
method followed by compression molding press. The composite specimens were subjected to
elevated and high temperatures as +60°C,+100°C,+150°C and +200°C temperatures. 3-Point
short beam shear test and 4-point short beam shear test were conducted in order to
characterize the mechanical behavior of laminated composite and to determine the influence
of loading rate on interlaminar shear strength. To understand the interactions between various
failure mechanisms in the fiber, matrix and fiber/matrix interface, microscopic analyses were
conducted.

iv

In second case we performed in-depth analysis of interlaminar shear test and failure
mechanisms of glass fibre/epoxy, carbon fibre/epoxy and Kevlar fibre/epoxy composites
under +50°C,-50°C,+100°C and-100°C temperatures and different crosshead velocity.
Different high and low temperature conditioning were performed using Instron with
environmental chamber providing additional information regarding in-situ failure of
laminated composites. Following the test, the fracture surfaces of the samples were scanned
under SEM to understand the dominating failure modes. Microstructural assessments can also
reveal the response of each constituent viz. fibre, matrix resin and the interface/interphase;
under temperature and mechanical loading. This section comprehensively presents the
mechanical behaviour and structural changes in fibrous polymeric composite systems during
the mechanical loading under high and low temperature service environment. We specifically
tailored this potential to describe the contradiction and confusion at polymer composite
interface which may not be underestimated by material scientists. Fibre/matrix adhesion
involves very complex physical and chemical mechanisms. One of the most important
physical aspects is the geometry of reinforcing fibres, which influences adhesion between
fibre and matrix, stress transfer and local mechanisms of failure. In addition to chemical
bonding, the fibre/matrix bond strength in shear is largely dependent on the roughness of the
fibre surface and the fibre/matrix contact area.
At cryogenic temperatures, due to difference in coefficient of thermal expansion between the
fibre and the matrix phase, microcracks initiate and propagate through the laminated
composites. Therefore, knowledge of the resistance to different failure modes of woven fabric
composites laminates at cryogenic temperatures is essential to the materials scientist and
design analyst. The aim of this investigation was to study deformation and mechanical
behaviour of glass fibre/epoxy composites subjected to 3-point short beam shear test at low
and ultra-low temperature with different loading speeds. The laminates were tested at
ambient (+27°C) temperature and at (-20°C,-40°C,-60°C) temperatures using liquid nitrogen
in an environmental chamber installed on an Instron testing machine. Testing was carried out
in different loading covering low to high medium speeds. Following the test the fracture
surfaces were scanned under SEM microscope. A need probably exists for an assessment
of mechanical performance of such potentially promising materials under the influence
of changing environment and loading speed. Using fractography study to characterize the
onset and growth of failure modes has become generally accepted method.
v

During thermal cycling differential coefficient of thermal expansions and residual stresses is a
prime cause in fibre reinforced polymer composites (FRP) material. The behavior of the interfacial
contact between fibre and matrix is strongly influenced by the presence and nature of residual
stresses. GFRP and CFRP composite laminates are used to analyze the thermal cycle effect on the
mechanical behavior with different loading rates. 3-point short beam shear test was performed for
the analyze the mechanical behavior. To study the failure modes which have great impact on
mechanical behavior, Scanning electorn microscope (SEM) was used.
The ensuing research revealed a number of key challenges regarding interface issues in producing
polymer nanocomposites that exhibit a desired behavior. The greatest stumbling block to the largescale production and commercialization of nanocomposites is the dearth of cost effective methods
for controlling the dispersion of the nanoparticles in polymeric matrix. Current interest in
alumina/epoxy nanocomposites, Cu nano particle and Multi walled carbon nanotube (MWCNT) has
been generated and maintained because nanoparticles filled polymers exhibit unique combinations of
properties not achievable with conventional composites. In the present study, glass fiber reinforced
composites filled with nanoparticle have been prepared. 3-point short beam shear test was conducted
to analyze the Interlaminar shear strength (ILSS) variation with different loading rate. Alumina
nanoparticle was well dispersed in epoxy polymer matrix to achieved high mechanical performance.
The results show that it is possible to improve the interlaminar shear strength with the loading rate
variations. Clearly, no follow-up work in this area will be commendation for better understanding of
effect of nanoparticle in FRP composites in assessment of loading rate sensitivity. Under these
conditions, fibre reinforced polymer nanocomposites have been shown to exhibit two glass-transition
temperatures, Tg: one associated with polymer chains far from the nanoparticles, and a second, larger
Tg, associated with chains in the vicinity of the particles. To analyze different failure modes SEM
analyses was conducted. Good interfacial properties are essential to ensure efficient load transfer
from matrix to fillers, which helps to reduce stress concentrations and improves overall
mechanical

properties.

Consequently, there is great interest in developing new concepts for

improving the strength of fibre−matrix interface.
Key Words: Fibre reinforced polymer composites, environmental degradation, fibre/matrix
interface,mechanical behavior, fractography, glass transition temperature, spectroscopy analysis,
Al2O3 nano-filler.
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1. Introduction
Polymer composites demonstrate remarkable electrical, thermal, and mechanical properties,
which allow a number of exciting potential applications. Polymer composites have wide
range of applications in various sectors due to many features including low weight, low cost,
ease of processing and fabrication, environmental stability and corrosion resistance. Fibres
are typically added to enhance chemical and/or physical, mechanical properties of polymer
matrix. Of these properties, optimizing the mechanical properties hasalways been the most
desired objective. Inorganicﬁbres (glass and carbon ﬁbres) and aromatic organic ﬁbres
(Aramid) are the traditional ﬁllers used to boost the mechanical properties of polymers. With
hundreds of availableﬁbres and thousands of unique polymers , it is costly to determine an
ideal combination for a given application [1]. Further complications arise from the many
additives and ﬁllers which contribute to the ﬁnal mechanical properties of a given ﬁber –
matrix system [2]. The dispersion of inorganic additives (at nanometric size and/or
micrometer size) in polymers signiﬁcantly improves their electrical, mechanical and thermal
properties[3]. These properties involves spatial and orientational distribution of fibres, and
requires information from the nano to the macroscale,which is over 6 orders of magnitude in
length scale [4].One of the most enduring problems in the evolution of science and
technology using nanoscale materials is the characterization of their morphology
macroscopic

in

systems [5-7]. In a polymer composite, the properties of the polymer region

near the reinforcing agent i.e. interface/interphase, are diﬀerent from those of the bulk [4].
The strength of composite materials depends not only on the substrate strength but also on the
interface strength. The interface here does not have unique fracture energy unlike
homogeneous materials [8].The adhesive fibres elongate in a stepwise manner as folded
domains are pulled open. The elongation events occur for forces of a few hundred
piconewton. These are smaller than the forces of over a nanonewton, which are required to
break the polymer backbone. When the force rises to a significant fraction of the force
required to break a strong bond and threatens to break the backbone of the molecule,
a domain unfolds. Thus, it could avoid the breaking of a strong bond in the backbone [9]. The
interface

between

properties

such

the
as

fibre/polymer plays a defining role in the overall

glass

material

transition temperature [10-13], relaxation dynamics [14-16],

thermal aging [17], dielectric behavior (i.e., breakdown strength, voltage endurance, and
dielectric

permittivity) [18], mechanical properties (i.e., stiﬀness, debonding, fracture,
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internal stress distribution, and toughness) [19,20,21]. The measurement of the interface
volume fraction is, therefore, pivotal for structure property-processing investigation and
modelling of polymer nanocomposites. Tuning the interfaces between
ﬁllers and polymer
matrix potentially plays a critical role in composites to enhance their adaptive responses.

1.1 Fibre reinforcement and polymer matrices
Durability of composites depends on the integrity of the interface and the region known as
the interphase between the matrix and the reinforcing material.The fibre/matrix interface has
always been considered as a crucial aspect of polymer composites. It is at the interface where
stress concentration develops because of differences between the reinforcement and matrix
phase thermal expansion coefficients. The interface may also serve as a locus of chemical
reaction [22]. Environmental exposure results in reduced interfacial stress transmissibility
due to matrix plasticization, chemical degradation and mechanical degradation. Matrix
plasticization reduces matrix modulus. Chemical degradation is the result of hydrolysis of the
bonds at the interface [23, 24]. The
ﬂuence
in of environmental effects on mechanical
properties of FRP composites and interfacial degradation is well documented in literatures
[25-30].Although thousands of polymer matrix composite components are currently in
service in many applications as well as civil infrastructure repair and rehabilitation,
barrier are still there to further implementation in a more structurally critical and complex
temperature applications. The level of adhesion between matrix and fibre affects the
mechanical behavior in the off-axis and also parallel to the fibre [31].
The fibre and matrix interactions are likely to be greater in woven fabric composites as
compared to composite made up of unidirectional fibres. Localized strains in the matrix may
increase as the fibres straighten under tensile loading or buckle under compression [32].
Differential coefficients of thermal contraction may modify the local stress threshold
required for interfacial debonding. This eventually leads to nucleation of delamination
[33]. The different reinforcements as glass fiber, carbon fibre and Kevlar fibre, whichhas high
elastic constants, gave a significant increase in stiffness of composites over the wellestablishes performance, hence made possible a wide range of applications for composites.
Steel cord reinforced polymer (SCRP) is a new material that can be used as external
reinforcement.SCRP combines the advantages of steel and CFRP. The Young’s modulus is
high, as well as the strength which is comparable to CFRP. The material cost is low and the
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laminate remains quiteﬂexible. Another advantage is the ductile behaviour of

the steel

composite. Therefore, lower material safety factors can be applied in design [34].
In particular, the fibre/matrix interface is highly prone to in-service degradation. In general,
the influence of in-service degradation is reflected in its mechanical performance and fracture
morphology, but analyzing and identifying the reason behind the particular degradation is
problematic. The most common types of environmental conditions to which composite
material was exposed during loading as moisture [35-37], temperature [38-41], hygrothermal
effects [42-50], UV, low earth orbit environment [51-54] and sea water [55-57].
The response of fibre/matrix interface within the composite plays an important role in
determining the gross mechanical performance, because it transmits the load from the matrix
to the fibres, which contribute the greater portion of the composite strength. Better the
interfacial bond better will be the ILSS, de-lamination resistance,fatigue and corrosion
resistance [58]. An interfacial reaction may induce various morphological modifications
to the interphase at the fibre/polymer interface [59, 60]. A need probably exists for an
assessment of mechanical performance of such potentially promising materials under
the influence of changing environment and loading speed. A strong interface displays an
exemplary strength and stiffness, but is very brittle in nature with easy crack propagation
through the interface. A weaker interface reduces the stress transmissibility and consequently
decreased strength and stiffness. A crack here is more likely to deviate and grow at the weak
interface. It results in debonding and/or fiber pull-out and contributes to improved
fracture toughness [61,62].

1.2 Recent advances of PMCs
The Delamination failure mode is known to be the major life-limiting failure process in a
composite laminate. Delamination can induce stiffness loss, local stress concentration and
local instability that can cause buckling failure under compressive loading. The matrix in a
fibre reinforced composites serves to transfer the load between fibres and to integrate the
whole structure to form useful shape. If the incident impact energy exceeds a critical value
(Ec), then the fibre-resin composite will suffer damage in the form of delamination. The
delamination in composites is caused by the interlaminar stresses produced by out-of-plane
loading, eccentricities in load paths, or discontinuities in the structure [63].Prediction of
initiation and growth of delamination is, however, complicated and the success of the
predictions relies on accurate interlaminar toughness data for the material under both static
and fatigue loading and at different environmental conditions.The strain energy release rate
4

threshold values for delamination growth were signiﬁcantly affected by fatigue loading,
and the fatigue threshold values at 100°C were only about 10% of the critical static
values for all three mode conditions tested [64,65].For review of the problem and various
approaches suggested for the determination of mode mixity in delamination tests has been
reported [66-68].
Z-pinning is an effective reinforcement method for increasing the delamination resistance of
ﬁbre–polymer composites. Z-pins are thin metallic orﬁbrous rods inserted in the through thickness direction of composite materials to increase the interlaminar fracture toughness
properties [69]. Z-pinning has proven a highly effective method for increasing the modes I
and II interlaminar fracture toughness [70-74] and impact damage resistance [75, 76] of
composites. Z-pins also increase the delamination resistance and structural properties of
bonded composite joints [77-80]. These improvements to the toughness properties are reliant
on the z-pins generating bridging traction loads along the delamination crack [81–83]. The
traction loads resist crack opening (under mode I) and crack sliding (under mode II), which
increases the delamination fracture resistance.

1.3 Nano-filler reinforcement
The field of polymer nanocomposites has attracted considerable attention as a method of
enhancing polymer properties and extending their utility, by using molecular or nanoscale
reinforcements rather than conventional particulate filled microcomposites. Nanocomposites
are a combination of two or more phases containing different compositions or structures,
where at least one of the phases is in the nanoscale regime [84]. Polymer nanocomposites
exhibit greater resistance to breakdown

mechanisms

than

pure polymers due to their

improved properties. The mechanisms that can lead to polymer nanocomposites failure are
the same as those that lead to pure polymer failure. In recent years, polymer–nanoparticle
composite materials have attracted the interest of a number of researchers, due to their
synergistic and hybrid properties derived from several components. Whether in solution or in
bulk, these materials offer unique mechanical, electrical, optical and thermal properties. Such
enhancements are induced by the physical presence of the nanoparticle and by the interaction
of the polymer with the particle and the state of dispersion [85-88].It is logical to anticipate
that the dispersion of ﬁllers with dimensions in the nanometer level having very large asp ect
ratio and stiffness in a polymer matrix could lead to evenhigher mechanical
performances.Polymer nanocomposites can attain a substantiallygreater stiffness, strength,
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and thermal stability and barrier properties at very low nano
ﬁller content compared

to

plastics ﬁlled with traditional micrometer-sized particles [89].
However, despite the large volume of literature published on the relationships between the
nano-scale structural variables and macroscale physical and mechanical properties of polymer
nanocomposites over the last 15 years, the understanding of the basic physical origin of these
large property changes remains in its infancy [90-92]. This is partly due to the complexity
of polymer nanocomposites, requiring re-considering the meaning of some basic polymer
physics terms and principles, and partly by the lack of reliable experimental data. In addition
to detailed knowledge of molecular structure of the polymer matrix, the theory also requires a
sufﬁcient description of particle dispersion, self-assembly phenomena, particle chain
interactions and nanocomposites preparation processes [93, 94].

1.4 Motivation and relevant case studies
The main motivation of this research work comes from the large applications of the fibre
reinforced polymer matrix composites. The wide structural applications of fibre reinforced
polymer and polymer nanocomposites are extremely important for the past few decades in
aerospace, spacecraft, marine, sports equipments and many other research fields. During their
service period, the materials are exposed to different environmental conditions. For long
period of exposure, materials leads to ageing of the polymer matrix resin, this tends to quick
degradation of its overall mechanical and thermo-mechanical properties.

1.5 Scope of the investigation
This research is of general interest to study the mechanical and fracture behavior of fibre
reinforced polymer and fibre reinforced polymer nanocomposites in different environmental
conditions at different loading rates. This study will give an idea about the loading rate
sensitivity of FRP’s under different environments. Fractography study reveals different
characteristics of fracture surfaces, failure modes and crack growth behavior. This research
also provides information on changes in glass transition temperature(Tg) of the material. Tg is
an important aspect in obtaining, maintaining mechanical behavior of the composites.
Attenuated total reflection fourier transform infrared spectroscopy is used to obtain
information on the change in chemistry occurring in epoxy resin at different environmental
conditions. Here an attempt is made to correlate the mechanical behavior of the materials
with change in chemistry and change in its glass transition temperature.
6

This research intends to pivot the development of different aspects of fibre/polymer
composites. These are (i) mechanical behavior with environmental instability (ii) response of
stress-strain curve (iii) isolated unprecedented failure (iv) nano filler in polymer composites.
The majority of previous efforts were concentrated on the mechanical and chemical aspects
of fibre/polymer composites. However, from last few decades different research groups have
synthesized and studied the properties and applications of nanofillers on fiber/polymer
nanocomposites.
To date some researchers have also published some reviews as well as book and book
chapters [95,96], mainly highlighting some specific areas and materials as fibre/epoxy
properties and processing [97], mechanics of composites [98], environmental degradation
[99-101], damage modelling [102], mechanical behavior [103,104], failure criteria [105-107],
nanofillers to polymer matrix [108-110] and some applications in different fields. Utilizing
the full potential of this amazing material in different engineering and structural applications,
there is still need of extensive research work with current literature and research perspective
of fibre/epoxy polymer composites.

1.6 Organisation of the thesis
The thesis has been divided in four chapters. Chapter-1, is an introductory section in fibre
reinforced polymer matrix and fibre reinforced polymer nanocomposites. Chapter-2, contains
the present literature survey covering different environmental exposures of these materials,
role of nano-filler in polymer composites, mechanical behavior study, microstructural and
micro-interfacial characterization. Chapter-3 represents the materials used, fabrication
techniques, environmental conditions, experimental methods used during this research work.
Chapter-4 consists of all the results and discussion part which is further divided into seven
sections. Chapter 4.1 related to prior thermal conditioning on FRP compositeswhere an
observation of failure modes with different loading rates has been correlated.Chapter4.2
study the effect of post curing hardening treatment on failure and fracture of FRP composites
at different temperature and loading rates.Chapter-4.3 effect of high temperature on
mechanical response of materials has been studied. Thermal and fractographic analysis are
correlated to the mechanical behavior of these materials. Chapter-4.4 in this section low
temperature effect on mechanical response of materials with different loading rates has been
plotted.Chapter-4.5 is about the effect of thermal cycling on interlaminar shear strength of
FRP composites. In this section different failure modes are observed which are responsible
7

for the degradation of these material. Chapter-4.6 this section dedicated to study the effect of
UV treatment on loading rate sensitivity.Chapter-4.7 presents the effects of nanoparticle
addition to fibre reinforced polymer composites under different environmental conditions and
also at different loading rates. Finally, Chapter-5, represents the summary of the work and
some key point for further study.
Overall, this thesis dedicated to vislualize the different environmental conditions subjected to
these materials in different sections, however, the selection of these materials are on the basis
of their huge applications.
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2. Literature Link
2.1 Introduction
Fibre reinforced polymer (FRP) composites are the most promising and elegant materials of
present century. Their durability and integrity in various service environments can be altered
by the response of its constituents i.e. fibre, polymer matrix, and the existing
interface/interphase

between

the

fibre

and

polymer

matrix,

in

that

particular

environment. Their susceptibilities to degradation are dependent on the nature of environment
and the different and unique response of each of the constituents. All these structures and
components

are

exposed

to

some

environment

during

their

service life.

The

environmental conditions can be high and low temperatures, high humidity, UV light
exposure, alkaline environment and may be more severe if there is cyclic variation of
temperature,

hygrothermal

environment

and

low earth

orbit

space

environment

[1].Widespread application spectrum of FRP’s 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
bridges [2]. The behaviour and performance of advanced structural FRP composites cannot
be explained only in terms of specific properties of its constituent fibre and matrix
but the existing interface/interphase between fibre and matrix has great significance as
well [3, 4]. The presence of moisture at the
adhesion

thereby

affecting

the

interface

can

modify

the

interfacial

mechanical performance of the FRP composites. The

energy associated with the UV radiation is capable of dissociating the molecule bonds in
polymer matrix and may lead to the degradation of the materials. The border surface between
the fiber and the matrix is a result of the linking of constituents; it has its own morphology
and chemistry and represents the critical area in fiber-reinforced composites [3].

2.2 Environmental Degradation
2.2.1 Thermal environment
Fibre reinforced polymer composites are now very popular to structural applications,
aerospace spacecraft and other military fields. Due to its high strength to weight ratio,
corrosion and damping vibration resistance these material are very well-known. During its
service period they are very sensitive to different environmental conditions mostly moisture
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and temperature. However, these materials are anisotropic and heterogeneous in nature which
results in the formation of hygrothermoelastic stresses within their mesostructure [5]. The
strength and integrity of the materials totally depends upon the strength of the
interface/interphase and/or matrix especially at high temperature and moisture concentration
[6-11]. The structural and physical changes in the matrix resin occurred during hygrothermal
treatment and temperature effect which ultimately have a great significance effects on
mechanical behavior of fibre reinforced polymer composite materials. During moisture
ingression a new-phase formed between fibre and matrix region, at low temperature this
phase has its own glass transition temperature different from its bulk matrix phase [12-14].
Epoxy polymer matrix usually behaves in ductile manner below its glass transition
temperature whereas shows viscoelastic in nature above glass transition temperature. Below
glass transition temperature the mobility of the polymer chain becomes restricted. Last few
decades fibre reinforced polymer composites have numerous applications in low and
cryogenic temperature. At cryogenic temperature the molecules are rearranged due to its
relaxation behavior [15].
Residual stresses have great impact on the fibre matrix interface region of fibre reinforced
polymer composites [16]. Because of these crack initiation and propagation occurs and some
other failure modes are formed [17]. Thermal stresses present in the laminates and differential
coefficients of thermal expansion at interface region may be the reason for creation of
residual stresses in the laminates. Some disadvantages also observed as it weakens the
interface and the interfacial region in the laminates, which leads to debonding. At this
situation different types of failure modes are observed as micro and macro cracks, osmotic
cracks, fibre/matrix debonding, and strain in matrix which lower the glass transition
temperature of the laminates [20]. Wang et al. investigated environmental ageing on carbon
fibre with cyanate ester resin and thermoplastic resin composites where 40-60% decrease in
ultimate failure strain were observed. However, modulus values increases up-to 20% during
6 month of ageing [17]. Sookay et al. studied environmental effect on two diﬀerent epoxy
resins with woven glass reinforcement [18]. Hosur et al. investigated durability of
montmorillonite clay ﬁlled epoxy composites under different environmental conditions. They
considered 2 different conditions as hot environment (elevated temperature: dry, wet at 60
and 80°C) and cold (sub-zero: dry, wet,− 18°C) conditions for different durations. In cold
conditions epoxy matrix shows environmental sensitivity. Fig. 1 represents the stress-strain
curve of cold conditioned samples where discolorations of the materials are observed [19].
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Fig 1. (A-C) Flexural

stress–strain

curves

of

control

and

conditioned neat/nano epoxy

specimens [19].

Temperature is likely to influence moisture pick-up kinetics in polymer composites in a
complex manner [20]. The equilibrium moisture content in fiber-reinforced polymer
(FRP) composites is observed to be either independent of temperature [21] or dependent
on temperature [22]. Absorbed water is rarely distributed uniformly and thus a distribution
of internal stress associated with water uptake is noticed. Hygrothermal conditioned
glass/epoxy composites, subjected to three point bend test at 1mm/min and 10mm/min
crosshead speed, show that at higher strain rate the mechanical degradation is less
pronounced for the same level of absorbed moisture [23]. Ray et al. have studied the effect of
prior thermal conditioning on glass/epoxy composite in form of thermal shock and thermal
spike. It is reported that the changes in the mechanical properties undergoes in two ways,
either it may be in form of thermal stresses developed in matrix which cause matrix damage
through crack formation or this conditioning can accelerate the moisture absorption by
creating active sites which results in differential hygroscopic stresses in composites [24]. The
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deterioration effect of hygrothermal shock on interfacial bonding of varied weight fraction
constituents in the composite is also reported in some literatures. When glass/polyester matrix
is treated in 50°C temperature water bath for 30 minutes and then immediately immersed in
100°C temperature water bath for the same duration, various failure modes are observed.
Matrix as well as interface damages possibly contribute to the weakening phenomena of
glass/polyester composite by the hygrothermal shock cycles [25].

2.2.2 Hygrothermal environment
The environmental actions, such as high moisture and high temperature can limit the
usefulness of polymer composites by deteriorating their mechanical properties during
service. One of the key features of this material class is their damage initiation and
propagation behaviour which is spatially distributed in nature and comprises of a variety of
mutually interacting damage modes. The most common damage modes are matrix cracking,
delamination growth and fibre fracture. There has been a pressing need to quantify the degree
of environmental degradation on the deviation of mechanical properties of fibre/polymer
composites. Humid ageing is recognized as one of the main causes of long-term
failure of organic matrix composite. There are several modes of humid ageing,
such as, plasticization of matrix, differential swelling, embrittlement of macromolecular
skeleton by hydrolysis, osmotic cracking, hygrothermal shock, and localized damage at the
fibre/matrix interface [26] etc. Thermal expansion coefficients

of

polymers

are

considerably greater, thus failure of the bond between fibre and resin may occur under
extreme temperature [15]. Moisture diffusion in the laminates is now very critical to justify
the moisture ingression kinetic and degradation of mechanical properties during hygrothermal
treatment as it predicts the life cycle of fibre reinforced polymer composites materials.
Differential coefficients of thermal expansion between fiber and polymer further develop
residual stresses at the interface. These different natures of stresses may weaken the brittle
thermoset epoxy resin and/or the interfacial region of the laminate. Moisture is introduced
into the composite via diffusion flow along the fiber/matrix interface or transport via
microcracks and voids, which leads to diffusion in to the surrounding matrix [27,28]. The
effects of moisture on the matrix include reversible processes, such as hygroelasticity and
swelling that can relieve tensile residual stresses which develop in the resin after cure and,
thus enhance its performance.
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A large number of literature is available regarding different direction of moisture ingression
and absorption considering swelling hygrothermal stresses and absorption kinetics because
here water acts as a plasticiser. NMR is a also a useful instrument to investigate the mobility
of water inside the matrix resin which was studied by Zhou and Lucas [27] for fibre
reinforced polymer composites. Depending upon the activation energy of the matrix and the
bond formation they observed two types of bonding mechanism occurred. Van der Walls link
formed having low activation energy consider as Type I bonding whereas multiple hydrogen
or double hydrogen bond formed with the matrix resin considered as Type II bonding
mechanism.

Fig 2. Absorption curves in SFC specimen and iso concentration lines at 10%, 25%,50%,
75%, 90% moisture [27].

Fig 3: Short and long term moduli in terms of water concentration [27].
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Fig 2 represents the absorption curve between weight and volume vs. immersion time and Fig
3 represents the short and long term moduli in terms of water concentration. The qualitativ
explanation of these curves shows hydrogen bond formation among polymer chain of resin
matrix which are responsible for crosslinking. During this process the modulus values varies
in large scale where resin matrix considered as viscoelastic in nature [28]. Temperature has a
dominating effect in changing the nature of absorption kinetic curve at higher
temperature

conditioning.

Water

pick-up

kinetics

and

mechanical

tests such as

interlaminar shear strength (ILSS) are supposed to be indicative of the adhesion
chemistry at fiber/matrix interfaces and integrity of composites.
Environmental exposure results in reduced interfacial stress transmissibility due to matrix
plasticization (reduces the matrix modulus), chemical changes and mechanical degradation.
Chemical

degradation

causes

hydrolysis

outcome of matrix swelling strain.

An

of

bond. Mechanical degradation is the

interfacial

reaction

may

induce

various

morphological modifications to the interphase at the fiber/polymer interface [29,30].

2.2.3 Effect of temperature on mechanical properties
FRP composites are sensitive to temperature variations as a result of induced thermal stresses
between the fibres and polymer matrix [31] which arises due to their distinct thermal
expansion coefficients. At elevated temperature, differential thermal expansion of fibre and
matrix may lead to the formation of microcracks at the fibre/polymer interface [32]. The
fibre matrix interface also

becomes

susceptible

to

aggressive

reactions under the

exposure of high temperature environment, which can leads to degradation of both the
fibres and the matrix [33]. This in turn affects the integrity of the composites, since
it is the interface through which the thermal and mechanical loads are transferred from the
matrix to the fibres. Composite material may contain randomly spaced micro voids,
incipient damage sites and microcracks with statistically distributed sizes and directions.
Therefore, the local strength in the material varies in a random fashion. The failure location
as well as degree of damage induced in the material also varies in an unpredictable manner.
The mechanical and fracture behaviour can be strongly influenced by the loading rate and
temperature [15]. The predominant failure mechanisms in a composite laminate are a very
complex combination of energy absorption principle [5]. J. Etches [30] studied thermally
multi-stability of composite materials at different environmental conditions.
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Fig.4 represents the height changes occurred during the testing of load required to moisture
absorption of the materials.

Fig 4. Change in snap-through load with exposure to 20°C and 65%RH [30]

Fig 5. Load-displacement traces for bistable plate over several days exposure to 20°C and 65%RH
[30].

The load–displacement of bistable plate can be seen in Fig. 5 and it is observed that the load
value increases after the plateau region and before the bifurcation of the plate. In this case
presence of moisture in the surrounding also considered which are responsible for thermal
stresses of the material.

2.2.4 Effect of radiations and other external environments on FRPs
Fibre-reinforced composite materials such as glass, carbon and Kevlar fibre-reinforced
plastics are finding numerous applications in structural engineering, because of its higher
specific stiffness and strength, fatigue and corrosion resistance than the conventional
engineering materials. Composite materials do, however, suffer from some serious
environmental limitations. Environmental exposures include temperature, moisture,
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radiations, UV and other different alkali treatments, which cause deteriorating the mechanical
and/or physical behaviour, adhesion between fibre/matrix interface regions of the composite
material over a period of time. In the previous section as 2.2.2, 2.2.3 we focused mostly on
temperature and moisture conditioning environment. The main focus of this section was other
environmental conditionings as radiations, space environments and alkali treatments. A large
number of research work have been published on the topic of environmental exposure effects
related to determining accelerated test methods for the prediction of long-term performance
of FRP composite material.
Till now the durability and integrity of these magnificent materials are under question mark.
How can we use the full potential of these materials under different harsh environmental
conditions? Considering harsh environment point of view the organic polymers are very
sensitive to the moisture, acid rain, UV radiation thermal cycling because presence of
unexpected elements [31,32]. UV radiation with atmospheric oxygen induces chemical
changes in the epoxy polymer matrix which is truly a very complex process. This is
sometimes referred as photo-oxidation process which ultimately changes the mechanical
behavior of the composite materials. The covalent bond present in the polymer dissociated
and formed free radical by the effect of UV radiation light as it is absorbed the chromophric
group of polymer. These whole things followed by molecular cross linking and chain scission
[33]. Visually surface yellowing discoloration occurred during UV radiation effect where
light photons are reacting with polymer chain leads to instability in mechanical properties. As
UV radiation have short wavelength and long wavelength in nature, where short wavelength
have higher photon energies which are very sensitive to polymer matrix resin, thus there is
chances of breaking of chemical bonds between molecular compounds [32].There is decrease
of 15% in average failure strain and 18% decrease in tensile modulus was observed by
Shokrieh et al for polyester resin composites exposure to UV radiation for 100 h. It was
reported that the strength retention of a 0.13 mm (lp ply) uni-directional DuPont Kevlar-49
epoxy laminate after 1000 h UV-exposure on both surfaces was -60%[34]. Chevali
investigated flexural creep behavior of thermoplastic (LFT) composites as a function of
ultraviolet irradiation and moisture absorption. Creep values increases with increasing UV
conditioning duration whereas in some cases there is significant changes in creep value was
observed [40]. Some authors investigate the inner structure of the materials after exposure of
accelerated UV radiation. [41].
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(a)

(b)

Fig6: (a) Example of the damage in the treated carbon ﬁbre composites: (a) XY plane, (b) YZ
plane, (c) XZ plane and (d) 3D view, One of the delaminations in the treated E-glass resin
composites: (a) XY plane, (b) YZ plane, (c) XZ plane and (d) 3D view[41].
They reported the carbon
ﬁbre composite are less prone to damage than E

-glass/resin

composites after exposure to both UV irradiation and high temperature which sown in Fig. 6.
Delamination failure modes are very natural failure modes observed in case of carbon
fibre/epoxy composites. Various literatures are reported on damage and degradation effects of
carbon fibre/epoxy composites under UV radiation [42,43]. In case of nano-filler addition
some polymeric composites shows increase in flexural strength [44].

2.2.5 Effects of loading speed on conditioned composites
Sethi et.al studied the failure of glass fibre/epoxy composites in thermal and cryogenic
environments. They observed the percentage of ILSS value decreases during above-ambient
temperature testing in every mode of loading rate ranges because of thermal conditioning
effect which leads to spreading of process zone in the matrix resin which impart high
fiber/matrix debonding which shown in Fig.7. [45].
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Fig.7: ILSS with loading rate of glass fibre/epoxy composites at -50°C temperature [45].

The rapid advancement of these materials has outstripped the understanding of appropriate
failure analysis techniques [46]. The effects of strain rate on most polymers may be explained
by the Eyring theory of viscosity, which assumes that the deformation of a polymer
involves the motion of a chain molecule over potential energy barriers. Here, the yield
stress varies linearly with the logarithm of strain rate. The polymer matrix has less time to
localize at higher loading rates.
The mechanical properties behavior as interlaminar shear, flexural, compression and tensile
in presence of moisture of FRP composites have been reported by many researchers. Joshi et
al. [47] studied effect of moisture on the interlaminar shear strength in unidirectional
laminates and tensile strength in (± 45º) laminated carbon fibre-reinforced epoxy resin
laminates. Slight increase in ILSS values was observed in early moisture ingression (0.1%
weight) of the materials but it decreases around 25% of ILSS after 2% of weight gain. In
case of tensile strength they observed 35% loss in value at 130°C. Fig.8 shows interfacial
shear strength value with percentage change in moisture absorption. From the result we can
understand the fibre/matrix bond strength changes in the presence of hygrothermal ageing
[48].
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Fig 8. Bond strength distributions for Kevlar 49/polyethylene microcomposites and their
counterparts aged in water at 88°C for 24 h [48].
Birger et al [49] studied the failure mechanisms of graphite fabric reinforced epoxy
composites loaded in flexure followed ageing in dry, wet and hot environments. They
observed composites are more tends to degrade in case of boiling water treatment whereas in
case of wet environment there is no significant effect was found. Akay M. [50] investigated
on unidirectional and woven fabric carbon fibre/epoxy composites under both the static and
dynamic loading conditions in presence of hygrothermal environment. Here, strength at
failure initiation under static loading is found to have greater significance, particularly in
relation to fatigue behaviour.

2.3 Nanofiller in FRP system
Interface issues are more critical point of discussion in the field of polymer nanocomposites
as it signifies excellent mechanical properties. During dispersion of nanoparticles in polymer
matrix an interface region was formed which have specific behavior in comparison to bulk
materials [51]. Various dispersion methods were obtained for the fabrication of these polymer
matrix nanocomposites. In some cases nanoparticles are agglomerated in the matrix resin
which leads to decrease in mechanical properties [52,53]. Polymer chain gets swell during
dispersion of nanoparticles forming radius of gyration. If the volume fraction of nano-filler
was increased the radius of gyration also increases. This entropically unfavourable process is
offset by an enthalpy gain due to an increase in molecular contacts at dispersed nanoparticle
surface as compared with the surfaces of phase-separated nanoparticles [53]. Now a day’s
materials scientists are facing big challenges for the fabrication of polymer composites
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keeping in mind for the proper interfacial behavior [54]. In nanocomposites this interfacial
polymer constitutes a significant volume fraction of the composite even at low filler
concentrations as shown in Fig 9. The degree of interaction between polymer and the nanofiller can decide the size of the interfacial region (250nm) [55].

(a)

(b)

(c)

Fig 9: (a) Interfacial regions as a function ofﬁller particle size. The ﬁller is shown in red, the
interfacial region in dark blue and the bulk polymer in pale blue. (b) Large particles produce
a low radius of curvature, and relatively less polymer in the ‘interfacial region, (c) the same
volume of ﬁller broken into smaller particles creates a higher radius of curvature and more
polymers in the interfacial region [55].
Thus the size of interfacial region profoundly influences the glass transition temperature of
the polymer and the relaxation behavior of the materials. If the enthalpy reaction was high
enough then there is a sign of permanent sign of good adhesion between nano-filler and
polymer chain. Considering this stage, polymer nanocomposites exhibits low and high glass
transition temperature on the basis of distance of nano-filler to the polymer chain. [56,57].

2.4 Mechanical behaviour of polymer composites
2.4.1 Tensile failure
The mechanical behavior ﬁbre
of

-reinforced polymeric composites is sensitive to the

environmental conditioning and the loading fixture [61]. Very few literatures are dedicated
for the fibre reinforced polymer composites on the basis of strain rate and environmental
conditioning compared to conventional materials. Some literatures are performed on tensile
and compression behavior of these materials. Proper understanding was needed for these
materials for its long life performance and durability.
Shokrieh et al [62] studied on tensile behavior of glass/epoxy composites at different strain
rate shown in Fig.10. They found strain to failure, tensile modulus, tensile strength increases
with increasing strain rate.
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(a)

(b)

Fig 10: Geometry and dimensions of composite specimens under tensile loading (b) untested
specimen [62].
In fibre reinforced polymer matrix composites both fibre and matrix are known to be strain
rate sensitive. Compared to quasi-static test at high strain rate, tensile strength shows
significant increase in load value. Harding and Welsh validated a dynamic tensile technique
by performing tests (over the range 104 to 1000 s-1) on carbon/epoxy, glass/epoxy,
glass/polyester, carbon/polyester, and Kevlar/polyester composites [63,64]. They observed
mechanical behaviors of carbon fibre/epoxy composites are more sensitive to loading rate.
The dynamic modulus and strength for the glass/epoxy composite were about twice the static
value. Barre et.al investigates the strain rate effect on fibre reinforced polymer composites,
they observed strength and elastic modulus increases with increasing strain rate [65].
Similarly Peterson et al. [66] found 50–70% increase in the elastic modulus and strength with
increase in strain rate. Split Hopkinson pressure bar also used during tensile test for the high
strain rate analysis of fibre reinforced polymer composites [67].
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Fig: 11 (a) Stress-strain curve at different strain rate (b) Absorbed energy under stress-strain
curve [67]
The stress–strain curves of the tested composites under different strain rates are presented in
Fig.11 (a), the material shows a load rate dependency. Nonlinearities behavior was observed
form the stress–strain curves with increased strain rate.
2.4.2 Responses of stress-strain behavior to environments
Stress-strain curve can analysed on the basis of materials behavior and its deformation. Now
it’s a big challenge for these materials to improve the resistance under different
environmental conditions as temperature, moisture, alkali treatment and the loading
conditions. Under different loading conditions as tensile, compression, flexural and
interlaminar shear test the materials exhibit different failure mechanism. Theory of elasticity
can be used for the analysis of tensile strength to calculate the elastic modulus and strength.
Different models have been demonstrated on the basis of theory of elasticity for brittle and
ductile materials. Fig.12 represents one stress-strain curve where the compression values
were not affected by any types of materials defects [73]. The importance of polymer
composites arises largely from the fact that such low density materials can have
unusually high elastic moduli and tensile strength [68-72].
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Fig 12: Different regions of a typical strain softening curve. The displacement, rather than
strain, is used, to avoid implications of violating basic principles [73].
The curve reveals that stress increases during the loading condition and it starts damage in the
process zone leads to large displacement and called as strain softening zone. Elastic zone also
observed when materials under undamaged conditions [74].
Large difference between elastic modulus of reinforcement fibre and the matrix resin in fibre
reinforced polymer composites results in interfacial shear yielding on the sides of fibre axis
[75-79]. Thermosetting resins are usually used in applications for critical components of
aerospace structure due to its good glass transition temperature, yield strength and modulus
properties. The bulk matrix has high yield strength than the vicinity of the interfacial matrix
region where a plastic zone was developed. In this case materials behave in brittle in manner
under tensile loading. For microstructural understanding an extensive research have
confirmed that yield region was present in the surrounding of the breaking point of fibre
[80]. Johnson et al. [81] have demonstrated using photoelasticity that the sequence of events
involves ﬁbre fracture, which propagates into the matrix and delays the stress transfer back to
the ﬁbre through shear which shown in Fig.13. The shear stress can then initiate debonding
which can propagate back towards theﬁbre -break and away from it. Kettle et al. [82] have
demonstrated that all of these micromechanisms from debonding to

transverse matrix

cracking are function of the strength of the interfacial bond.

2.5 Microstructural and micro-interfacial characterization
The absorbed water particles in polymer matrix composites are known to have major
effects on their final performance of composite structures especially in their long-term
utilization. The combination of developing hygrothermal forces and residual stresses
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with each other may be sufficiently large enough to influence the failure of laminated
composite and thus, should not be neglected in modern design analysis and lifetime
estimation. Fiber reinforced polymer composite structures are expected to experience a
range of hygrothermal environmental conditions during service life. Since absorbed
moisture can change the stress state and deteriorate the interface, understanding of
hygrothermal behavior is critical for predicting structural performance.
It is necessary to obtain a stable interface region in glass fibre/epoxy composites to optimised
its specific valuable properties under different environmental conditions.. Other
reinforcements are also subjected to different sizing treatment during its working periods. To
understand the basic principle behind this various characterization processes are employed
now a days [84]. These instruments are very sensitive in nature which are included as nearinfrared fourier transform infrared spectroscopy (NIR-FTIR), attenuated total reflection
fourier transform infrared spectroscopy (ATR-FTIR), ultraviolet (UV) reflection, solid-state
nuclear magnetic resonance (NMR), dielectric relaxation measurements, positron annihilation
lifetime

spectroscopy

(PALS), electrochemical impendence spectroscopy (EIS),

fluorescence, and molecular simulations [85] etc. Fourier transform infrared spectrometry
(FTIR) and atomic force microscopy are particularly useful methods for the study of silane
coupling agents adsorbed or bounded to glass surfaces [86]. However, very small amount of
coupling agent is normally applied to the glass surface and the presence of strong bands from
the substrate often makes the IR detection of the silane characteristic bands difficult.

2.5.1 Micro-characterization of interfaces
As it’s a difficult task for obtaining the clear picture of interfacial characterization in the fibre
reinforced polymer composites various macroscopic approaches are reported. These includes
flexural test, fibre pull-out test, fragmentation test, transverse tensile test which are the main
focusing study on fibre /matrix interface region. During environmental exposures it’s very
difficult to identify the clear reasons for failure of these materials. Matrix properties are very
sensitive to environmental conditions which control the overall mechanical response.
Characterizations of the laminates are influenced by matrix properties and fibre/matrix
interfacial bonding. As fibre reinforced undergoes various sizing treatment on the surface,
the bonding between fibre and matrix plays crucial role. The FTIR measurement is employed
to the sample.
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Fig 13. FTIR spectra of different sizing agents/epoxy resin before and after boiling water aging [87].

Fig 13 represents the FTIR spectra of T300 sizing/5228, CF-1 sizing/5228 and CF-2
sizing/5228 undergoing boiling water. There is no chemical transformation observed in the
composite in the FTIR spectra under these conditions. It can only be reveals that chemical
reaction does not have any effect on these samples during boiling water treatment [87].
The mechanical behavior of composites depends on the ability of interface to transfer stress
from the matrix to the reinforcement fiber. The physical properties of polymer materials
depend decisively on frequencies of molecular excitation through the relaxation time
that depends on temperature [88]. The durability and integrity of these materials are totally
depends upon the several failure modes observed during fractography testing. Scanning
electron microscopy is very useful technique to understand the failure modes and the reason
behind the materials failure. Hahn et. al [89] conducted a study to describe CFRP composites
to study their interfacial properties and the effect of hygrothermal analysis using Atomic
Force Microscope (AFM). Hygroscopic treatment is found to progressively reduce the height
variation in between fiber and matrix showing the swelling of matrix by absorption of
moisture. The fiber/matrix interface is susceptible to mechanical strength and thermal
behaviour as revealed by the debonding. This debonding can be easily detected by AFM
which is shown in Fig 14.
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Fig 14. AFM topography images of the same cross-section area of AS4/VRM34 using
Tapping Mode (a) and contact mode (b). The scan size was30*30 µm [89].
It is seen that the Tapping Mode and contact mode AFM images in Fig. 14 exhibit nearly
similar surface proﬁles. The height proﬁle along the section analysis lines for the two images
also looks equivalent to each other, signifying the consistency of the topography images of
composite cross-section obtained by Tapping Mode.

Fig 15: AFM micrograph reveals plastic deformation results in the formation of permanent
indentation on the surface of the sample [90].
The leading characterization methods are compared with each other with relating to the
information that can be gained, and also with reference to applicability to polymer surface
and interface study. Exact Tg calculations require steady baselines before and after the
transition as the curing exotherm interferes with the upper base line. The suitable alternatives
for the measurement of Tg, is temperature modulated DSC (TMDSC). TMDSC utilizes a
modulated temperature ramp. The origin for the modulation signals and evaluation, including
the phase lag, is derived from electrical signal modulation in the electronics and
telecommunications field. TMDSC mathematically de-convolutes the response into two
kinds of signals, an in-phase and an out-of-phase response to the modulations, as well
as producing an average heat flow. The advantages of TMDSC include improved resolution
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and sensitivity and the ability to separate overlapping phenomena. With thermal analysis
methods, average macroscopic properties of the multiphase materials can be determined as a
function of time and temperature. Raman spectroscopy is one of the important method
the

study

determination

of
of

composite micromechanics,
stress

and

strain

along

since

it allows

the

for

point-to-point

the fibre/matrix interface in a range of

systems. Moreover, the stresses and strains in the fibres and interface can be mapped
at all levels of strain prior to overall catastrophic failure. The Raman method allows the
determination of the variation of the interfacial shear stress along the fibre/matrix
interface, whereas the micromechanical test technique gives a single-point value obtained
only through failure of the fibre/matrix interface.
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3.1Materials
Fibres: In this research work three types of fibres reinforcement were used for the
fabrication of laminate for fibre reinforced polymer matrix composites. These fibre
reinforcements are E-Glass fibre, high-modulus Carbon fibre and Kevlar-49 fibres and they
were selected for their potential use in structural engineering application. E-Glass fibres
with nominal diameter of 14µm were supplied bySaint Gobain Bangalore,India. High
modulus carbon fibres with nominal diameter of 7µm were supplied byNikunj Bangalore,
India. Kevlar-49 fibres, the nominal diameter of 5µm were supplied from Shah-Tool
Limited Mumbai,India were used. Different mechanical properties of these reinforcements
are given in the tables.
Table-1 Physical and mechanical properties of glass fibre
Property

E-glass

Diameter (μm)

5-25

Density (g/cc)

2.54

Elastic modulus at 25°,kg/mm2

7700

Tensile strength (GPa)

2.4

Young’s modulus(GPa)

72.4

Coefficient of thermal expansion 10-6°C

5

Table-2Mechanical Properties of high-modulus carbon fibre
Property

High strength

High modulus

2300

Intermediate
modulus
2600

Tensile
strength,MPa
Tensile
modulus,GPa
Compression
strength,MPa
Compression
modulus,GPa
Short beam shear
stress,MPa

145

180

210-250

1600

1800

900

135

150

190-230

120

120

80
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1420

Table-3 Mechanical properties of Kevlar-49 fibre.
Tensile strength (MPa)

3024

Tensile elongation (%)

2.48

Tensile modulus (GPa)

121.9

Tensile strain,%

2.5

Coefficient of thermal expansion (10-6°C)

-2.0 (Kevlar 29)

Matrix: The epoxy resin used is diglycidyl ether of Bisphenol A (DGEBA) and the hardener
is Triethylene tetra amine (TETA) supplied by Atul Industries Ltd, Gujarat, India under the
trade name Lapox, L-12 and K-6 respectively.Some properties of the epoxy resin used in the
study are provided in the table-4. The volume fraction of fibres is 60%. The ratio of epoxy
and hardener is taken as10:1.
Table-4 Mechanical properties of epoxy resin.

Property

Epoxy

Tensile strength (GPa)

0.11

Tensile Modulus (GPa)

4.1

Strain at failure %

4.6

Poisson’s ratio

0.3

Density g/cm3

1.162

Nano-fillers- In the present investigation Al2O3 nano-fillers are used for the fabrication of
fibre reinforced polymer nanocomposites.Al2O3 nano nano-fillers used with a diameter of
30nm.
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Fabrication Technique:
The laminated composites has been prepared by hand lay-up method with 16 layers of
woven fabric cloth of reinforcement and then placed in a hot press. Then the curing of the
laminate has been carried out at 60°C temperature and 20 kg/cm2 pressure for 20 minutes.
The laminates were then removed from the press and kept at room temperature for 24 hours.
The test specimens have been cut from the laminates using diamond tipped cutter as per
required standard.

Environmental Conditions: Fibre reinforced polymer matrix composites were
subjected to different environmental conditions during its service life. The main exposures
are temperature, moisture, UV radiation and many more. In present work selected
environmental conditions were used to evaluate the environmental durability and integrityof
different FRP composites. Considering temperature, this was divided into various sections
to cover a range of temperature environment as low and ultra-low temperatures, above and
below-glass transition temperature (Tg), above and below ambient temperature, prior
thermal conditions, post curing hardening and thermal cycle conditions.
Table 5: Temperatures Effect:

Environmental Condition (Temperature)
Above and
below
Ambient

Above and below Glass
transition
temperature(Tg)

Thermal
cycling

+50,50,+100
and -100

+60,+100,+150,+200,+250 Different
durations of
moisture
ingression
with 4hr
ultra-low
temperature

Low and
ultra-low
temperatures
-20,-40.-60

Table 6:UV radiation treatment:

Environmental condition(UV radiation)
Without treatment samples

30 days, 60 days treatment with moisture
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Table 7-Fibre reinforced epoxy composites with nano-fillers
Fibre reinforced polymer matrix composites(addition of nanofillers)
Al2O3(nano particle)

3.2Experimental Methods
3.2.1Flexural Test(Short beam shear test)
Instron 5967 is a servo hydraulic-control and signal conditioning electronics instrument for
material testing applications. It has fine position adjustment thumbwheel with 0.004mm
resolution for precise positioning of crosshead while testing. Specimen protect also applied to
the specimen outside a set threshold-protecting to overcome unwanted damage. Bluehill 3
software helps to get the data from the attached computer.
The test coupons of different sizes were cut from the laminates for physical and mechanical
characterization. ILSS testing were conducted on an Instron 5967 test apparatus using threepoint bend jig according to ASTM: D2344-13.
The flexural methods are applicable to polymeric composite materials. A testing machine
with controllable crosshead speed is used in conjunction with a loading fixture. It is a three
point flexural test on a specimen with a small span, which promotes failure by inter-laminar
shear.The shear stress induced in a beam subjected to a bending load, is directly proportional
to the magnitude of the applied load and independent of the span length. Thus the support
span of the short beam shear specimen is kept short so that an inter-laminar shear failure
occurs before a bending failure.
This test method is defined by ASTM D 2344, which specifies a span length to specimen
thickness ratio of five for low stiffness composites and four for higher stiffness composite.
This test has an inherent problem associated with the stress concentration and the non-linear
plastic deformation induced by the loading nose of small diameter.
With these variations the result signifies that the parabolic distribution of shear stress across
the thickness of the specimen predicted by simple beam theory could be very well in the
regions between the loading andsupport cylinder and the specimen fail in a shear mode. With

45

these modifications ASTM D 2344 may yet become a technically acceptable as well as
popular shear test method.
3.2.2 Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) has been a well accepted tool for many years in the
examination of fracture surfaces. For analysis of composite fractography, SEM by JEOLJSM 6480 LV with the acceleration voltage of 15 kV was used. Cleaned, small in size and
conductive samples are used during testing in SEM. The top surface of the specimens was
coated with platinum using a sputter coater. The coating is used to make the surface
conductive for scanning and prevents the accumulation of static electric charge for clear
images during the microscopy. During the test samples are little tilt around 15-20° to drawn
attractive and clear images of different failure modes.
The prominent imaging advantages are the great depth of field and high spatial resolution and
the image is relatively easy to interpret visually.
Principle: A finely focused electron beam scanned across the surface of the sample generates
secondary electrons, backscattered electrons, and characteristic X-rays. These signals are
collected by detectors to form images of the sample displayed on a cathode ray tube screen.
Features seen in the SEM image may then be immediately analyzed for elemental
composition using EDS or WDS. The electrons that are emitted from the specimen surface
have a spectrum of energies. Secondary and backscattered electrons are conventionally
separated according to their energies. When the energy of the emitted electron is less than
about 50eV, it is referred as a secondary electron and backscattered electrons are considered
to be the electrons that exit the specimen with energy greater than 50eV. A critical point in
understanding the formation of SEM images of fracture surfaces, and their interpretation, is
an appreciation of the factors that affect this excited volume of electrons in the specimen. To
understand the different failure mechanisms in FRP composites, photomicrographs were
taken using a SEM. There is a dramatic change in the structure and properties of the
composite when exposed to high and lowtemperatures.
3.2.3 Differential Scanning Calorimetry (DSC)
The DSC measurements were performed on a Mettler-Toledo 821 with intra cooler, using the
STAR software with Temperature Modulated DSC (TMDSC) module. The temperature
calibration and the determination of the time constant of the instrument were performed by
standards of In and Zn, and the heat flow calibration by In. The underlying heating rate of
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10°Cmin-1 was used. In order to calibrate the heat flow signal, a blank run with an empty pan
on the reference side and an empty pan plus a lid at the sample side was performed before the
sample measurements. Standard aluminum pans were used. The experiments were performed
in the temperature range from 25°C to 150°C.
Principle: Differential scanning calorimetry (DSC) is a thermoanalytical technique in which
the amount of heat required to increase the temperature of a sample and reference is
measured as a function of temperature and time. Both the sample and reference are
maintained at nearly the same temperature throughout the experiment.
3.2.4 FTIR-ATR Spectroscopy analysis
FTIR analysis was performed in FTIR spectrophotometer interfaced with IR microscope
operated in reflectance mode. The microscope is equipped with a video camera, a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detector and a computer controlled
translation stage, programmable in the x and y directions. The spectra were collected in the
4000cm-1 to 550 cm-1 region with 8 cm-1 resolution, 60 scans and beam spot size of 10µm100µm. The spectral point-by-point mapping of the interface of the epoxy cured composites
was performed in a grid pattern with the use of computer controlled microscope stage. Since
the surface of the film was not perfectly smooth and its thickness was not uniform care
should be taken to mount the sample such that a major portion of the plane was in the same
focal plane. The FTIR imaging was performed in AIM-800 Automatic Infra red Microscope
(SHIMADZU). There are certain limitations of refraction and reflection at the fibre surface in
the spectroscopy that will finally affect the FTIR spectra of glass/epoxy composites. Due to
this only a small percent of light reaches the detector. It is difficult to separate these optical
effects from the samples.
Principle: In infrared spectroscopy, Infrared radiation is passed through a sample. Some of
the infrared radiation is absorbed by the sample and some of it is passed through
(transmitted). The resulting spectrum represents the molecular absorption and transmission,
creating a molecular fingerprint of the sample. Like a fingerprint no two unique molecular
structures produce thesame infrared spectrum. This makes infrared spectroscopy useful for
several types of analysis. Infrared spectroscopy is useful in the region to get structural
information for organic compounds. This region is divided into two parts i.e. the functional
group region 4000-1300 cm-1 and 1300- 650 cm-1 finger print region. Most of the functional
groups give absorption bands in the high frequency part of the spectrum, which give small
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number of bands. The FTIR image analysis suggests that there is a variation in the chemical
structure of the matrix from the fiber to the bulk polymer.
3.2.5 Atomic force Microscopy (AFM)
The surface polished specimens of glass/epoxy and carbon/epoxy composites were exposed
in a thermal conditioning environment at˚C50f

or different time period. After thermal

conditioning the specimens were put in desiccators to protect them from moisture and dust.
The specimens were taken out of the desiccators periodically and then scanned by
VeecoDinnova atomic force microscope.
Principle: The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to
scan the specimen surface. The cantilever is typically silicon or silicon nitride with a tip
radius of curvature on the order of nanometers. When the tip is brought into proximity of a
sample surface, forces between the tip and the sample lead to a deflection of the cantilever
according to Hooke’s law. AFM has become a useful tool for characterizing the topography
and properties of solid materials since its advent. Besides topography information, the phase
lag of the cantilever oscillation, relative to the signal sent to the cantilever’s piezo driver, is
simultaneously monitored giving information about the local mechanical properties such as
adhesion and viscoelasticity. Phase imaging is a powerful tool that provides nanometer-scale
information often not revealed by other microscopy techniques.
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Chapter- 4
Results and Discussion
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4.1Effect of high temperature on mechanical response of materials:
Assisted with viscoelastic nature
Theories and thoughts
A judicial selection associated with fiber reinforcement, polymer resin matrix, and the
interface/interphase offer unique physical and mechanical properties. However, a proper and
uniform load transfer across the interface region between fiber and matrix is also animportant
concern in composite material. High temperature has the unwilling effect on the valuable
properties, leading to premature failure and fracture of the material. A number of potential
solutions have been proposed to conquer these limitations.Polymer matrix compositesbehave
in ductile manner at room temperature may become brittle at low temperature and show
viscoelastic behavior at elevated temperature. The thermal aging behavior of epoxy resin is of
unique importance due to their expanding use in structural application where elevated
temperature is a common environmental condition. The location of failure and mode of
failure dependent on the thermal and mechanical stresses present in the materials as well as
the threshold load factor of the matrix to failure. It’s a big challenge to give a conclusive
statement on the effect of temperature on the fibre reinforced polymer composite material.
The present investigation outline the fabrications and characterization of glass fibre/epoxy,
carbon fibre/epoxy and Kevlar fibre/epoxy composites subjected to above glass transition
temperature(Tg) and below glass transition temperatures(Tg). Moreover, interlaminar shear
strength, fractography, thermal and chemical analysis of the composite samples are
determined. The loading rate sensitivity of fibre reinforced polymer composites at different
temperatures has been also studied.

4.1.1 Introduction
With ever increasing advances in science and technology, FRP composite materials have
shown great potential for various high performance structural applications. Their outstanding
strength to weight ratio, fatigue resistance, corrosion resistance and lower manufacturing
costs makes them superior than the conventional metals. Today aircraft, automotive, marine,
chemical, construction and electrical industries are manufacturing most of their components
with fibre composites [1-2]. Glass fibres and carbon fibres are primarily used as
reinforcement in polymer matrix.There are previous investigations available about the
degradation of FRP under high and low temperatures [3], high and low strain rates [4-6],
50

humidity [7], UV radiations [8], alkaline and high pH environments [9]. During the service
period the combined effect of these harsh environmental conditionings is more deleterious on
FRP composites. Most of the FRP components are subjected to different temperature and
different rate of loading simultaneously. But there is a lack of literature in synergistic effect
of temperature and loading rate on FRP composites. The impact response and mechanical
properties of glass fibre/epoxy composite is significantly altered by temperature excursion.
Differential thermal expansion of fibre and matrix at elevated temperature can degrade the
interface which leads to the lower interlaminar shear strength of the composite [10]. At low
temperature most polymer matrix behaves in brittle manner and do not allow the relaxation of
residual stresses or stress concentration [11]. These residual stresses at cryogenic temperature
may result in larger debonded interfaces. Interlaminar shear behaviour can be used to
characterize FRP composite materials. Loading rate has a significant effect on the
interlaminar shear strength of polymer composite and rate of loading can possibly change the
failure mode [12]. Nardone et al [10] studied the effect of temperature on mechanical
properties of GFRP and CFRP composite. The aim of the current investigation is to present
the variation of mechanical properties of glass fiber/epoxy composite under the synergistic
effect of temperature and rate of loading. GFRP composites were fabricated by compression
molding press. The composite specimens were subjected to different temperatures. 3-Point
bend test and 4-point bend test were conducted in order to characterize the mechanical
behavior of laminated composite and to determine the influence of loading rate on
interlaminar shear strength.To understand the interactions between various failure
mechanisms in the fiber, matrix and fiber/matrix interface, microscopic analyses were
conducted.

4.3.2 Experimental section
4.3.2.1 Material selection and fabrication technique
The required E-glass, carbon and Kevlar fibres and epoxy polymer matrix purchased from the
following sources: Saint Gobin Limited Bangalore, India, Nikunj Bangalore India, ShahTools Industries, Mumbai, India and ATUL India Private Limited respectively.

Processing of the laminates
After curing, the laminate was cut into the required size for 3-point bend (Short- Beam Shear)
test by diamond cutter. All the specimens were then dried in oven to remove moisture and
other

volatile

entities.

The

specimens
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were

then

exposed

to

different

temperature.Conditioning temperatures are divided into 2 batches as above glass transition
temperature

and

below

glass

transition

temperatures.

Testing

temperatures

are

+60°C,+100°C,+150°C,+200°C and +250°C temperatures. Tests were performed in-situ
inside the environmental chamber of INSTRON5967. The samples are kept inside the furnace
from room temperature to testing temperature with a holding time of 10 min. All the samples
were tested at different loading rates ranging from low to high loading rates (1-103) mm/min.
Six-seven samples are tested in each loading speed to obtain the consistency in the results.
For comparison with the results one batch samples are tested at ambient +28ºC temperature.

4.3.2.2 In-situ conditioning and characterization
Flexure strength: Universal testing machine with environmental chamber
Instron 5967 is a servo-control and signal conditioning electronics instrument for material
testing applications. It has fine position adjustment thumbwheel, with 0.004mm resolution for
precise positioning of crosshead while testing. Specimen protect also applied to the specimen
outside a set threshold-protecting to overcome unwanted damage. Bluehill 3 software helps to
get the data from the attached computer. The test coupons of different sizes were cut from the
laminates for physical and mechanical behavior characterization. Interlaminar shear strength
(ILSS) testing were conducted on an Instron 5967 test apparatus using three point bend jig
according to ASTM 2344-10, shown in Fig 18. The dimension of the ILSS specimen was
45×6×4 mm3. The results were then compared with the data obtained from unconditioned
specimens. The flexural methods are applicable to polymeric composite materials. The shear
stress induced in a beam subjected to a bending load, is directly proportional to the magnitude
of the applied load and independent of the span length. Thus the support span of the short
beam shear specimen is kept short so that an inter-laminar shear failure occurs before a
bending failure.
This test method is defined by ASTM D 2344, which specifies a span length to specimen
thickness ratio of five for low stiffness composites and four for higher stiffness composite.
The short beam shear (SBS) tests were performed on the composite samples at different
temperature to evaluate the value of inter-laminar shear strength (ILSS). The loading
arrangement is shown in a span length of 40 mm. The tests were performed with five
increasing crosshead speed ranging from 1, 10,100, 200,500 and1000 mm/min at different
temperature. For each point of testing 4 to 5 specimen were tested and the average value was
taken.
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Where P=maximum load, b=width of specimen, t=thickness of specimen

Scanning electron microscope (SEM)
The scanning electron microscope (SEM) has been a well-accepted tool for many years in the
examination of fracture surfaces. The prominent imaging advantages are the great depth of
field and high spatial resolution and the image is relatively easy to interpret visually. To study
the different failure mechanisms of the tested samples SEM analysis was carried out using a
JEOL-JSM 6480 LV SEM. The samples were loaded onto the sample holder and placed
inside the SEM, adjusting the working distance and hence the spot size the chamber was
closed and vacuum was applied.

4.3.3 Results and Discussion
4.3.3.1 In-situ testing
3-point bend test (Glass fibre, Carbon fibre and Kevlar fibre)
Interlaminar Shear Strength Study (ILSS) with temperature variation
Glass fibre/epoxy composites
In-situ SBS tests were performed at five different temperatures (+27°C, +60°C, +100°C,
+150°C, +200°C and +250°C). At each temperature the testings were carried out at varying
cross head velocities (1,10,100,200,500 and 1000 mm/min). Fig. 16 Illustrates the
interlaminar shear strength of 3-point bendtested specimens at various temperatures and
loading rates and load-displacement curves. It is evident from the figure that the glass
fibre/epoxy composite is loading rate sensitive at ambient temperature. Further as the testing
temperature increases from ambient temperature to elevated temperature the loading rate
dependency decreases and as the temperature approaches to glass transition temperature the
composite becomes loading rate insensitive. So the temperature at which the composite is
loaded decides its loading rate sensitivity.
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(A)

Fig.16. (A)Variation of ILSS with loading rates of glass fibre/epoxy composites with 3-point
short beam shear test at different temperatures (a) Load-displacement curve of glass
fibre/epoxy composites at +60°C temperature (b) load-displacement curve of glass
fibre/epoxy composites at +100°C temperature (c) load-displacement curve of glass
fibre/epoxy composites at +150°C temperature (d) load-displacement curve of glass
fibre/epoxy composites at +200°C temperature (e) load-displacement curve of glass
fibre/epoxy composites at +250°C temperature.
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ILSS of glass fibre/epoxy composites at +60°C temperature increases with the increasing
loading rate from 12 to 14MPa with a transition at the 200mm / min and 500mm/min loading
rate. In contrast to this, the ILSS values at ambient (+27°C) temperature decreases from 20 to
18 MPa with a transition at 200mm/minas shown in Fig.16. The ILSS values decrease with
increasing temperatures. Thedecrease in the ILSS can be attributed to the formation of
microcracks at interphase due to differential thermal expansion at the interface.Here the
material state and properties of the epoxy matrix slightly unstable in nature. In this state large
scale motion of main backbone chain is impossible. Above a glass transition temperature the
ILSS values sharply decrease as compared to ambient temperatures. At this decomposition
temperature, it starts decomposing with different phases as combustible gases, decomposing
and smokes [17, 18]. This may attributed as matrix behaves viscoelastic in nature. The main
backbone chains possess much greater freedom of motion, thus the epoxy matrix is in
rubbery state. Now the response to applied stress is much more pronounced and is effected on
the fibre/matrix interface region [19-21]. It also observed that glass fibre/epoxy at ambient
and at +100°C temperature for 3-point bend test shows a decrease of ILSS values with a
transition at 200 mm/min, but the ILSS values decrease from 20 to 5 MPa.
Fig.16 (a), (b) represents the load-displacement curve of the glass fibre/epoxy composites
below Tg temperatures. As +60°C temperature (Fig. 16(a)) shows the load drops sharply after
the peak load, to stable crack propagation. 1000mm/min curve carries the maximum load
whereas the low loading rate as 1mm/min carries the minimum load. As +100°C temperature
(Fig. 16 (b)) very close to glass transition temperature shows ductility in the high and low
loading rates, i.e. at 1000mm/min and 10 mm/min whereas other loading rates follow the
brittle to ductile transition. Fig. 16(c), (d) and (e) shows load-displacement curve of glass
fibre/epoxy composites above glass transition temperatures. At +150°C temperature
maximum load carried at high loading rates. At +200°C temperature shows the mixed
transition of the material with the loading rates, but at +250°C temperature maximum curves
shows the brittle behaviour of the materials as matrix faces the charring effects.

Fractography analysis
In order to establish a better comprehend interfacial study the broken samples of 3-point bend
test at different temperatures and loading rates have been examined by scanning electron
microscopy (SEM). Flexural stress with flexural strain curves of glass fibre/epoxy composites
is plotted in Fig.20 at 200mm/min loading speed.With increase in temperature the strain to
failure increases. At ambient temperature Fig.20 A shows interfacial debonding between fibre
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and matrix resin. Because of this failure mode the ILSS values may decreases at 200mm/min
and 500mm/min loading speed. The results show that loading rate has a significant effect on
the response of failure modes. The maximum stress increases somehow with strain, but it
falls sharply after yielding. This morphology associated with slow fracture, in which just
need of enough energy to propagate the crack in the resin matrix [24, 25].
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Fig.17: (a,a’) Scanning electron microscopy images of 3-point bend tested glass fibre/epoxy
composites at 200mm/min and flexural stress with flexural strain curve at ambient
temperature, (b,b’) at +60°C temperature, (c,c’) at +100°C temperature, (d,d’) at +150°C
temperature, (e,e’) at +200°C temperature, (f,f ‘) at +250°C temperature.
Fig.17 (b, b’) shows the fibre imprint failure mode which plays dominant role at +60°C
temperature. As fibre/matrix interface region was not strong enough to transfer the load to the
fibre, the stress-strain curve shows very first yielding as compared to ambient temperature
sample. Sliding of bunch of fibre in the matrix region was observed at +100°C temperature as
shown in Fig.17 (c, c’). In case of above glass transition temperature matrix failure plays
dominant roles for the variation of fibre/matrix interfacial bond strength. Fig.17 (d,d’) shows
toughened matrix near the fibre/matrix interface region at +150°C temperature. At +200°C
and +250°C temperature resin rich area plays dominant role for the change in ILSS values. In
all the cases the ILSS values were changing with increasing loading speed.

4.1.3.2 a Carbon fibre/epoxy composites
Interlaminar shear strength (ILSS) with temperature
In order to predict the short-term and long-term mechanical behavior of carbon fibre/epoxy
composites at high temperatures, it is necessary to have a clear understanding of bahvior of
ILSS with temperature at different loading rate.
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Fig 18: Interlaminar shear strength with loading rate of carbon fibre/epoxy composites at
+27°C, +60°C, +100°C,+150°C and +200°C.
Fig.21 represents the interlaminar shear strength (ILSS) with loading rate curve at different
temperatures. The ILSS values at ambient (+27°C) temperature decreases from 32 to 25 MPa
with a transition at 200mm/min. The ILSS values decreases with increasing temperatures. But
ILSS values increases with increase with loading rates. The reason may be due to weak
bonding between fibre and matrix at high temperature. Without conditioning samples(at
+27°C) carbon fibre have a proper bonding with matrix because presence of high bond
strength carbon atom in the basal plane. This increases modulus values along the fibre axis.
As the temperature increases, the basal plane layers get disturbed and low modulus values are
obtained where weak Van der Waals forces are present. This may be the reason for low in
ILSS as the temperature increases in case of carbon fibre/epoxy composites.
Fig.19 represents the load-displacement curve of the carbon fibre/epoxy composites above
and below Tg temperatures. At ambient temperature (+27°C) carbon fibre/epoxy composites
are failed by brittle in nature except at 500 and 1000mm/min. At +60°C temperature the load
drops ductile manner after the peak load, showing little unstable crack propagation.
1000mm/min curve carry the maximum load whereas low loading rate as 1mm/min carry the
minimum load. At +100°C temperature very close to glass transition temperature shows
ductility in the high and low loading rates i.e. at 1000mm/min and 10 mm/min whereas other
loading rates follow the ductile to brittle transition. At +150°C temperature maximum load
carried at high loading rates. At +200°C temperature shows mixed transition of the material
with the different loading rates.
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Fig. 19 Load-displacement curve of carbon fibre/epoxy composites above and below glass
transition temperatures as +60°C temperature, +100°C temperature,+150°C temperature and
+200°C temperature.

4.1.3.2b Fractography study
The fracture surfaces for the carbon fibre/epoxy composites at different temperature have
been studied by the SEM and the results are shown in Fig.20. Riverline markings are
observed on the broken matrix surface at without conditioning samples (at+27°C)
temperature.
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Fig. 20: represents the different failure modes observed at different temperatures and the
stress-strain behavior of corresponding temperatures at 200mm/min loading speed (a) at
ambient (+27°C) temperature (b) at +60°C temperature (c) +100°C temperature (d) +150°C
temperature (e) +200°C temperature.
Matrix fracture failure mode obtained at +60°C temperature which may be the reason for
weak bonding between carbon fibre and epoxy matrix.

In this case the delaminations

resistance of these materials may be low because of which specimens delaminate rather than
translaminar failure. Stree-strain curve at this temperature shows high strain to failure values,
although matrix fail but the fibres are intact with matrix which governs some load at this
loading speed. As the temperature increases close to glass transition temperature at +100°C
matrix shows small microcrack on the surface. Sometimes this microcracking referred to as
ply splitting. At this failure mode carbon fibre have low strength transverse to the fibre axis.
Thus material behaves ductile failue mode at this temperature. But at above glass transition
temperature i.e +150°C and +200°C temperature fibre fracture plays dominant role in case of
carbon fibre/epoxy composites. When matrix crack approaches to the broken fibre region the
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shear stress leading to the fibre/matrix interface region which induing weak adhesion.
However, with increasing loading rate this mechanism will act to blunt the crack propagation.
Microscopically carbon fibre shows crenulations and radial pattern appears on the fibre ends
[28].

4.1.3.3a Kevlar fibre/epoxy composites
Interlaminar shear strength with loading rate study
At ambient temperature the shear strength value was more as compared to treated one. This
may be attributed by failure of Kevlar fiber in fibrillation manner. FRP composites generally
contains microvoids, microcracks with statically distributed sizes and damage sites. A weaker
of interfacial bond may result in a low flexural strength of the laminate. But with increasing
loading speed show higher shear strength for almost all loading speed. At lower cross head
speed the polymer gets more time for relaxation due to which, there is less gross plastic
deformation, thus resulting in enhancement of ILSS values [6].The failure in tension brings
into play the covalent bonding along the axis, which ultimately leads to chain scission and /or
chain sliding or a combination thereof. However, they have poor properties under axial
compression, torsion and in the transverse direction. Kevlar fiber have the distinction value of
the highest tensile strength-to-weight ratio of any commercially available reinforcement fiber
[22]. This fiber excel is in composite toughness or damage tolerance. The lower the stress
concentration factor, the greater the resistance of the laminate to crack propagation. The
structural integrity losses at higher cross head speed increases the crack density. Accordingly,
the transverse, shear strength and stiffness are very low. The transverse stiffness of this fiber
is similar to that of an isotropic polymer at low temperature. Damage tolerance includes both
the ability to resist penetration during impact and the retention of properties after a given
level of impact. Along with good impact resistance and damage tolerance, fiber has high
fracture toughness or resistance to crack propagation.
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Fig 21: (a) Interlaminar shear strength (ILSS) values with loadin rate curve at different
temperature of Kevlar fibre/epoxy composites (a’) load-displacement curve of without
conditioning samples (+27°C) at different loading rates.

Fig.22 Load-displacement curves (a) at +60°C temperature(b) at +100°C temperature (c)
at+150°C temperature (e) +200°C temperature
64

From the experimental results, it is found that ILSS values are more at ambient temperature.
The research showed that the rising of the laminate strength at ambient

temperature

depended mainly on the fiber/matrix interface strength. There is a slight improvement in
shear strength with each loading speed was observed. The more percentage of interfacial area
here are strongly affected at these temperature. Kevlar fiber show high strength under axial
tension. The specimens were first tested at ambient temperature at different loading rates.
Thereafter, high temperature treatment was followed with the same loading rates. There is a
slow drop in ILSS value at 200mm/min,may be due to less adhesion level at this loading
speed.The variation of ILSS here is the net result of interfacial interaction shows in SEM. At
temperature is likely to change the chemistry at the fiber/matrix interface region. At this
temperature the polymeric matrix becomes stiffer and stronger but also less ductile. These
phenomena may impart better adhesion at the interface.

4.1.3.3b Fractography Study(SEM)
Considering the influence of high temperature on the fracture micromechanisms in
composites; the matrix and high radial expansion coefficient of fiber causes residual tensile
stresses in the matrix. Regarding the fracture morphology of interlaminar (intralaminar)
fracture at very each temperature, resin embrittlement doesnot play dominate role and thus
decrease of ILSS value observed as compared to ambient temperature. Fig.23 represents fibril
fracture of fibre end, thin riverline marking, toughened matrix, matrix roller and fibre
imprints observed at ambient, +60°C,+100°C,+150°C,+200°C temperatures treatment of the
samples. Local failure may initiate along a line defect, such as fiber and spread into the
surrounding matrix. This phenomena leads to important fractographic features as riverlines.
This is most valuable features for crack growth directions which observed sharply on SEM
images. The convergences of pairs of planes from the tributaries of the rivers, ultimately
converging into one crack therefore, the direction of riverlines markings is the direction of
crack propagation of the matrix plane [23].One of the most important phenomena of matrix
fracture is the process by which multiple fractures initiates along the crack front, begin to
propagate on several slightly different planes, and the subsequently converge onto one plane.
The morphology of the matrix rollers is strongly dependent on the matrix type, interface
strength which observed in SEM. As the matrix toughness increases the rollers become more
elongated, exhibiting increasing plasticity. This may be the reason for increase of ILSS value
in each loading speed. The stressing conditions and the environments that a composite is
subjected play a key role in determining its loading failure process [24-27].
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Fig.

23:

Different

failure

modes

observed

at

ambient

temperature,

+60°C,

+100°C,+150°C,+200°C temperatures.
At +100°C micrograph represents the toughened matrix conditions of the woven fabric
Kevlar/epoxy composites. Highly oriented aramid fiber fail in a fibrillar fashion. Fibrillar
fracture also observed, signifies that the fracture surface is not transverse to the axis but runs
along a number of planes of weakness parallel to the fiber axis, its axial tensile modulus
increases but the shear modulus decreases. Examination of the fiber ends of a compression
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fracture shows further evidence of the microbucklingshown failure mechanisms. The
fractographic features shown on the fiber ends exhibit the morphology particular to laminate
compression failure. Across each individual fiber end is a line, which represents the neutral
axis of the fiber as it undergoes bending. Microbuckling may occur on several planes giving
rise to series of steps on the fracture surface, each step being a multiple of half the buckling
wavelength.During failure involving compressive stresses, fibrillation occurs, which results
in a large degree of new surface area. This fibrillation process results in high-energy
absorption during the process of failure.

4.1.3.4a 4-point bend test(Glass fibre/epoxy composites)
Interlamianr shear strength with Loading rate study
Fig. 24 represents the glass fibre/epoxy composites at different temperatures with different
loading rates subjected to 4-point fixture bend test. Fig. 24(A) illustrates ILSS verse loading
rates at different temperatures compared with ambient samples. It can be seen that ILSS value
changes significantly with temperatures and loading rates.
Curve shows for 4-point bend test very less percentage of change in ILSS values. However,
the values obtained in above Tg shows significantly high percentage of change in ILSS
values. The reason may be due to increase in crack density in the epoxy matrix. As increase
in crack density more number of cracks overlaps into each other, forming larger cracks [22,
23].In case of 4-point bend test, at +60°C temperature the ILSS values increases from 1 to 2
MPa with increasing loading speed and for ambient samples it follows a similar trend as ILSS
increases from 13 to 14 MPa with increasing loading rates. When the specimen subjected to
+150°C temperature, 200°C temperature and +250°C temperatures.
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(A)

Fig.24(B) Variation of ILSS with loading rate of glass fibre/epoxy composites tested with 4point bend test at different temperatures. (a) Load-displacement curve of glass fibre/epoxy
composites at +60°C temperature (b) load-displacement curve of glass fibre/epoxy
composites at +100°C temperature (c) load-displacement curve of glass fibre/epoxy
composites at +150°C temperature (d) load-displacement curve of glass fibre/epoxy
composites at +200°C temperature (e) load-displacement curve of glass fibre/epoxy
composites at +250°C temperature.
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At 4-point bend test this follows the same trend. Fig.24(c), (d) and (e) displays the specimen
subjected to +150°C temperatures, +200°C temperatures and +250°C temperatures
respectively. It observed that ILSS values decreases with increasing temperature. As this
temperature is above glass transition temperature (Tg), epoxy matrix behaves viscoelastic in
nature. The specimen don’t show any loading rate sensitivity during the 4-point bend test
It can be seen that nearly all values in 3-point bend test exhibit an important linear
relationship with the values of 4-point bend test. In particular, the values obtained well below
glass transition temperature (Tg),
The ILSS behaviour of the glass fibre/epoxy at 3-point bend test, significantly affected by
temperatures and loading rates, while the 4-point bend test less remain largely unaffected with
loading rates. To further understand the failure behaviour of composites, two more aspects will
be investigated.

4.1.3.4b Fractography analysis
Fig. 25 (A) represents the scanning electron microscopy image at ambient temperature. (A’)
represents the stress-strain curve at 200mm/min. Here toughened matrix plays dominant role.
It is at the interfacial region between fibre and matrix where stress concentration develop
because of difference in the thermal expansion coefficient between the reinforcement and the
matrix phase due to loads applied to the structure and the time of curing shrinkage. As stress
concentration is very small in case of four points shear test toughened matrix plays the role of
adhesion between fibre and matrix. Here stress-strain curve shows no significant change in
load carrying capacity. The debonded interfacial regions appear to be nucleated by thermal
stress is demonstrated in Fig 25(B) at +60°C temperature. The sharp fall in stress-strain curve
shows small variation in failure to strain which shown in Fig. 25(B’). When temperature
increases very close to the glass transition temperature matrix changes its behaviour. Cusps
formation was observed at +150°C temperature which shown in Fig.25(C) and
simultaneously Fig.25 (C’) also represents the ductility in the curve.
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Fig.25: (A,A’) Scanning electron microscopy images of glass fibre/epoxy composites tested
at 4-point short beam shear test at 200mm/min and flexural stress with flexural strain curve at
ambient temperature, (B,B’) at +60°C temperature, (C,C’) at +100°C temperature, (D,D’) at
+150°C temperature, (E,E’) at +200°C temperature, (F,F’) at +250°C temperature.
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Fracture of fibers in Fig. 25(D) during processing / in service is generally an undesirable
feature. Fracture in fibers, as in bulk materials, initiates at some flaw(s), internal /on the
surface. In general, because of the high surface to volume ration of fibers, the incidence of a
fiber flaw leading to fracture is greater in fiber than in bulk material [26, 27]. Very
frequently, a near surface flaw such as a microvoids/ or inclusions is responsible for the
initiation of fracture of fibre. Above glass transition temperature at +200°C temperature small
riverline marking was observed in epoxy matrix shown in Fig.25 (E). Riverline marking
ultimately converging into one crack and shows to direction of failure. But as matrix behaves
in viscoelastic in nature, these cracks got arrested and no significant change in ILSS values
observed at this temperature. Stress-strain curve at +200°C temperature also signifies more
strain to failure than the other testing temperature shown in Fig. 25(E’).
Resin rich region was observed in Fig.25 (F) at +250°C temperature of glass fibre/epoxy
composites. This failure mode will tend to be largest at ply interface region. Resin rich
region can help to blunt stress concentrations and inhibit damage growth. Fig.25 (F’)
represents the stress-strain curve at +250°C temperature. This curve shows ductile to brittle
failure mode. Ultimately, resin-rich region will imbue a site with locally low stiffness and
strength, and at regions of high stress, it can act as an initiation site for failure.
One major problem in glass fiber is that of failure due to static fatigue. According to the
chain-bundles model, if a fiber fractures, the matrix translates the load to the
neighbouringfibres in the composite. The stress concentrations at the broken fiber ends,
unless dissipated properly, may induce failure in adjacent fibers and precipitate catastrophic
failure of the composite.

4.1.3.3 Spectroscopy Analysis (FTIR-ATR)
FTIR-ATR spectroscopy was used to verify the occurrence of surface oxidation of the
samples

through

the investigation of a functional group change. In addition, structural

changes in the matrix after high temperature conditioning were investigatedby following
ester group formation and chemistry changes of both epoxy polymer

and fibre

reinforced composite samples shown in Fig.29. In the carbonyl region (1750–1700 cm-1), a
sharp peak formed at 1715 cm-1 with a shoulder peak at 1735 cm-1corresponding to
carboxylic acid and ester groups, respectively [11].
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Fig 26: FTIR-ATR spectroscopy results of glass fibre/epoxy and carbon fibre/epoxy
composites subjected to high temperatures.
The reactivity of some commercial epoxy resins has been increased by the presence of ether
bonds that, even when separated from the epoxide ring by the methylene group, have a great
activating effect on the epoxide group. Because of this reactivity, the epoxide groups can be
opened not only by available ions and active hydrogens but also by tertiary amines. Each
primary amine group is theoretically capable of reacting with two epoxide groups. In the case
of bifunctionalresins, it is expected that the epoxide group is opened by the primary
amines. When the remaining secondary hydrogen combines with a new epoxy molecule, a
branch point is formed. The rate at which the branching or the linear growth of the polymer
occurs depends on the relative rate of the epoxide group with the hydrogens of the primary or
secondary amines.
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Fig. 27: Curing reaction of epoxy matrix resin.

4.1.3.4 Glass transition Study(TMDSC)
The glass transition temperature behavior at high temperature are illustrated in Fig.31
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The physical cause of glass transitions of polymer are place change of molecular groups.
Since the glass transition temperature (Tg) corresponds to a mobility change in a polymer and
has a definite free volume associated with it, the jumping frequency of a segment is same
magnitude for nearly all polymers. The Tg value usually decreases at high temperature. But
the changes are not very significant. This is may be increase of cross-link density of matrix
which decreases the molecular mobility of the polymer. Another reason behind this, it may be
due to presence of thermal stresses in the epoxy resin matrix which going to degradae the
bonding at the interface region. The covalent bond is going to replace by weakest bond. Glass
fibre/epoxy composites are very weak in nature as compared to carbon fibre/epoxy
composites. During the increase in Tg value matrix undergoes viscoelastic in
behavior.Molecules are likely to unstable in nature at this stage. Because of this interfacial
bond strength getting weak leads to change in Tg values. In the TMDSC measurement, the
structure through the Tg region is nearly in the quasi-equilibrium state.

Summary and Conclusions
The loading rate sensitivity of glass fibre/epoxy composites at low and high temperatures at
different fixture modesare reported here to deconvolute stress concentration and thermal
factors. Four-point bend tests showed that the interlaminar shear strength is not affected by
loading rate while epoxy matrix was affected by temperatures as it goes through its glass
transition temperature. These observations are crucial for explaining the loading rate
sensitivity of glass fibre/epoxy at high temperatures.Considering interlaminar shear strength
and delamination behavior, the tested laminate characterized by SEM to reveal various failure
modes. The present study may possibly reveal the following conclusions:
During 3-point short beam shear test the ILSS values at ambient (+27°C) temperature
decreases from 20 to 18 MPa with a transition at 200mm/min. The ILSS values decreases
with increasing temperatures due to the presence of curing stress between the fibre/matrix
interface regions. In case of 4-point short beam shear test ILSS value changes significantly
with temperatures and loading rates.
Above glass transition temperature the ILSS values sharply decreases as compared to ambient
temperatures. At this decomposition temperature, epoxy starts decomposing with different
phases as combustible gases, decomposing and smokes. This may attributed as matrix
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behaves viscoelastic in nature as the main backbone chains of polymer possess much greater
freedom of motion.
From fractographic point of view various fibre failures plays dominant role in below glass
transition temperatures whereas matrix failure plays above glass transition role. One general
point observed from flexural stress- flexural strain curve was strain to failure in 3-point bend
tested samples was smaller as compared to 4-point bend tested samples.
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4.1.1a AFM Study of thermally conditioned samples
Theories and Thoughts
The characterization of fractographic features associated with fibers, matrix and also
interface/interphase has been emphasized here to analyze the surface topographical
contoursacross the glass fiber and epoxy matrix. Atomic force microscope (AFM) and
Scanning electron microscope (SEM) were performed to characterize the micro-failure
features (like micro-voids, small matrix and interfacial cracks ) and structural
homogeneity/integrity of composites. AFM study showed that thermal conditioning has
resulted non-homogeneous degree of cross-linkingreflected by the height-scan images. The
uneven post-curing may adversely affect the stress transmissibility integrity of interphase
region, which may eventually lead to changes in thermophysical, mechanical and chemical
characteristic of fibrous composite. Scanning micrograph indicates the increase in cusp
thickness due to increase in plasticity of resin matrix.
4.1.1a.1 Introduction
Polymer composite technology is based on taking advantage of the stiffness and strength of
high performance fibers by dispersing them in a matrix, which acts as a binder and transfers
forces to the fibers across the fiber/matrix interface. Severe environmental exposure affects
physical and mechanical properties of polymer composite materials resulting in an
undesirable degradation (1). An interfacial reaction may impart various morphological
modifications to the matrix microstructural in proximity to the fiber surface (2).The
interfacial adhesion and mechanical properties can be improved by increasing the fiber
surface roughness particularly on the nanometer scale (3).As a result, extensive research has
been devoted to the study of microstructural assessment of GFRP composite.The work
represented here has identified both surface and interphase properties interms of topography,
fractography,adhesion and stiffness characterized by AFM,SEM the nanometer scale,which
are essentially for the understanding of the macromechanical response to fracture. Special
emphasis is placed on the local characterization of the fiber surface topography, interphase
mechanical properties and adhesion features. The nanoscale crosslinking process of the epoxy
resins near fiber surface influenced by the thermally conditioning treatment is analyzed by
AFM and SEM.
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4.1.1a.2 Experimental
The fracture surfaces of advanced polymer composites fibers were studied. The composites
were treated to above glass transition temperature subjected to 3-point bend test until failure
for a certain period of time. Then they were characterized with SEM and AFM techniques.
E-glass reinforced epoxy polymer composite was fabricated by hand lay-up method. The
composite panels were cut into small pieces which were made into a plug with the cross
section exposed for polishing. Polishing steps covers all the grinding papers followed by
cloth polishing and then 1μm alumina particles for micropolishing subjected to 30 min for
each samples. Thermal conditioning was conducted by placing the specimen as prepared at
+60°C for 1 hr in oven. After treatment the specimens were taken out and scanned by AFM.
AFM demonstrates resolution of fraction of a nanometer by feeling the surface with a
mechanical probe. These images in contact mode with a conducting P(n) doped silicon tip
were obtained with a SPMLab programmed Veecodilnnova multimode Scanning Probe
Microscope. The scans were taken at scan rates of 1 Hz. Images are taken to analyze the
surface topography in micro and sub-micron levels. However, 3D micrographs can be
obtained from the analysis.SEM
4.1.1a.3 Results and Discussion
The AFM height–images scans of untreated glass fiber reinforced composite are shown in
Fig 29 (a) and (b). Remarkable failure modes can be observed between the untreated and
thermal conditioning GFRP composites. As shown in Fig 29(a) the failure of fibers seems to
be occur.
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(a)
(b)
Fig 29: AFM topography images of untreated GFRP composites (a) line analysis of image
(b) 3D image analysis
In untreated sample, the failure of fibers may be due to either by over loading or extensive
strain. In PMC, the fibers have greater strain-to-failure. Stress concentrations from matrix
cracks and fiber/matrix debonding can also promote fiber breakage which shown in Fig 29(a).
If a fiber fracture occurs, the matrix translates the load to the neighboring fibers in the
composite. The stress concentration at the broken fiber ends, unless dissipated properly, may
induce failure in the adjacent fibers and tends to catastrophic failure.High stress concentration
is expected to develop in the matrix near the fiber ends and the voids created by the broken
fiber (4). Because of this the fiber/matrix interactions in the vicinity of fiber fracture also
pompous.The three-dimensional morphological characteristics of fiber fracture are shown in
fig 29(b).
After thermal conditioning at below glass transition temperature (+60°C) for 1hr, the
interface/interphase region is likely to affect which shown in height image analysis (Fig 30).
The height distance between two peaks was 4.15μm. The sharp fall of graph near the peak
showsdegradation of interface/interphase region. Between these two peaks the matrix plays
dominate role for failure. As the non uniform degree of cross linking of matrix increases,the
chain network as a whole becomes like to uneven. This should shift the tendency from a more
localized shear banding mode to a more homogeneous diffuse shear yielding mode. The
thermal misfit strain can also result in debonding effects at the interface region (5).
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(a)

(b)
Fig 30: AFM topography image of treated GFRP interphase failure after treatment.
The SEM imagesof thermal conditioning of GFRP composite are shown in Fig 31. It is found
that the cusps are formed with increasing manner. This may be due to, plasticity of the epoxy
matrix at high temperature. The cusps resulting from the microcracks are thicker and have
undergone greater deformation than the room temperature. The increase in cusp thickness
implies fewer microcracks have formed because of increase plasticity (6).

Fig 31: SEM micrograph matrix failure of GFRP composite after treatment.
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In Fig 32: shows the adhesion level at the interface region. The sharp decrease of the graph at
the 1st peak shows the presence of weak interface at one side of the fiber whereas, there is
increase of the 2nd peak point gives strong interface region. The failure may initiate from a
weak or defective fiber/matrix interface and consequently reduce ultimate performance. The
anisotropic and heterogeneous character of composites naturally results in a large possibility
of failure modes (7). It was found that the improved interfacial adhesion was strongly related
to the hydroxyl, ether, or aromatic groups on the fiber surface, while surface structure had
little influence on the interfacial adhesion, interlaminar shear strength and the failure
behavior.

(a)

(b)

(c)

Fig 32: AFM topography image of treated GFRP adhesion failure after thermal conditioning
treatment.

The delamination failure mode is known to be major life-limiting failure process in a
composite laminate. Delamination can induce stiffness loss, local stress concentration and
local stability that can cause buckling failure. There is some deviation also occur on the fiber
surface. The frail in adhesion strength relative to fiber is attributed to weak covalent bonding
between silane coating of the fiber and the polar group of the matrix (8).
It is more reasonable to consider that true contact area, in nanometer/atomic scale, played a
dominant role in an efficient molecular interactions which is directly associated with interface
adhesion and in true interphase fracture behavior.
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4.1.1a.4 Conclusion
The study presented here has identified both surface and interphase properties interms of
topography, fractography and adhesionwhich are mostly characterized by AFM technique.
Failure of fiber fracture due to extensive strain can be visualized by height image mode
analysis. The increase in degree of cross-linking density by thermal conditioning resulted in
reduction of the free volume of matrix.The resulted shrinkage of matrix because of greater
cross-linking and loss of volatile matters has been indexed by the fall of height scan images
of AFM. The increase in cusp thickness implies fewer microcracks have formed because of
increasedbrittleness.The results reveal a unique view to the fractography study of GFRP
composites. Potential work along this line will be able to achieve more information regarding
failure and fracture of interface/interphase of polymer composite.
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4.1.1b Effect of above ambient and below-ambient temperature on FRP
composite materials with different loading rates.
Theories and Thoughts
The present investigation intends to study the influence of crosshead velocity and in-situ
environmental conditioning i.e. high temperature and cryogenic temperature on
micromechanical performance of glass fiber/epoxy, carbon fiber/epoxy and Kevlar
fiber/epoxy polymer composites. 3-point short beam shear tests were conducted on the
conditioned specimens to evaluate the interfacial properties and failure modes which are
related to mechanical properties of the composites. The effect of crosshead velocity (within
the range 1-103 mm/min) on the interlaminar shear strength (ILSS) of all the three composite
systems at different temperatures was studied. The glass transition temperature (Tg) of
conditioned samples were measured by differential scanning calorimetry (DSC) in the
temperature range of 25°C to 150°C temperature. At 1 mm/min loading rate, for both
glass/epoxy and carbon/epoxy composites maximum increase in ILSS value was about
85.72% with respect to ambient, while for kevlar/epoxy composite 31.77% reduction in ILSS
was observed at -100°C temperature.

4.1.1b.1 Introduction
In present century, fibre-polymer composites are the promising and reliable materials in
different high performance and structural applications. Their superlative properties such as
high specific strength and stiffness, high fatigue endurance, good corrosion and abrasion
resistance, make them prime choice material in various industries such as aerospace, marine
and automotive[1]. During their manufacturing and service periods the materials are exposed
to various environments and loading conditions. The performance of these materials is
governed by the response of their constituents i.e. fibre, matrix and the existing
interface/interphase, in that particular environment. The sizing of fibres generally influences
the chemistry and character of the interface/interphase and might generate structural gradient
in the polymer matrix. Their susceptibilities to degradation are dependent on nature of
environments and each of the constituent’s responses differently and uniquely. Among the
three constituents, the interface/interphase has very critical role to play on the performance
and reliability of fibre reinforced polymer (FRP) composites [2].Under low temperature
environment or cycling from room temperature to low temperature with applying loads
microcracks may generate and propagate in the polymer matrix and/or at the fibre/matrix
interface [3].Various structural damages suchﬁber/matrix
as
int
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erfacial debonding and

potholing or delamination result in degradation of mechanical properties of FRP composites
[4]. Cryogenic conditioning stimulates the formation of rows of cups due to coalesce of
transverse microcracks that originate longitudinal cracks along the fibre. Potholing or
localized surface degradation, micro cracking and delamination, are some of the more
dramatic phenomena that can occur as a result of cryogenic cycling. At elevated temperature
differential thermal expansion of fibre and matrix may leads to the formation of microcracks
at the fibre/polymer interface [5].The fibre matrix interface also becomes susceptible to
aggressive reactions under the exposure of high temperature environment, which can leads
to degradation of both the fibres and the matrix.
Interlaminar shear strength is one of the most important mechanical properties of laminated
composite which is also an indicative of fibre/matrix interfacial bond strength if all the other
parameters are remains constant. Three point short beam shear test can be used to
qualitatively evaluate apparent interlaminar shear strength of the laminated composites [6].
For short beam shear test, it is assumed that the specimen is subjected to pure shear loading
but the effects of stress concentration cannot be eliminated completely. In a short-beam test,
the low span-to-thickness ratio (typically, L / h = 4 or 5) minimizes bending stresses, allowing
through-thickness shear stresses to dominate, and promoting interlaminar shear failure at the
neutral plane [7].For a valid short beam shear test the specimen should fail under
delamination mode through mid-plane, but due to the effects of stress concentration and
material constraints, the origin of delamination may shift from the mid-plane to either upper
or lower interlaminar planes. Further the variation of loading rate makes the stress
distribution more complex and the failure of the composite includes various damage modes
separately and/or interactively. Since the fibres are usually much stronger than the
matrix, one may postulate fibre/matrix debonding and matrix failure as the two primary
mechanisms of failure initiation [8]. Delamination and matrix cracks are intrinsically
associated in the composite materials primarily under bending loads. Further, the interaction
between these two damage modes constitutes a complex damage mechanism that has not
been addressed at a realistic level [9]. One of the most frequent damage mechanisms is the
delamination between the adjacent plies of the laminate. Many FRP composite components
have tapered thickness, curved shapes, and plies with different orientations, which will also
make the delamination grow with a mode mix that depends on the extent of the crack. Thus,
delaminations generally grow in mixed-mode [10]. The toughest challenge faced by material
scientists is to assess and ascertain its behavioural log in a range of loading rates. The
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heterogeneity and responses of multiple distinct phases to varying loading conditions are
most often complex and far away from comprehensive conclusion. The less substantial
durability data related to the loading rate sensitivity of FRPs in conjunction with
environmental exposures has created more confusion in using high factors of safety, and thus
led to increased cost and weight of the composites [11, 12]. The endurance on durability and
tailorability is most often underrated. Continuous crack growth usually occurs at low
temperature and high strain rates, which promotes the brittle failure of the polymeric
composite materials.
The rapid advancement of these fibre-polymer composites outstripped the understanding of
appropriate failure analysis techniques. Researchers have investigated the interlaminar shear
strength response of fibre-polymer composites at different environmental conditionings.
Interlaminar shear strength of unidirectional graphite composites were decreased by 30 %
under the exposure of elevated temperature [13]. Investigations on CFRP and GFRP sheets,
which are exposed to 600 °C reported, that the residual tensile strength and stiffness severely
degraded when the composite is exposed to a temperature, higher than the decomposition
temperature of polymer resin and further increase in environmental temperature would not
lead any further reduction in the aforesaid properties [14,15]. Effect of thermal environment
on the residual mechanical performance of graphite-fabric epoxy composite was evaluated
for constant 170°C temperature for 120, 240 and 626 h prior to flexural testing [16].
Unidirectional CFRP composite that had been aged at -196 ˚C for 555 h with half of the
failure load undergone about 20% degradation in tensile strength compared to that at room
temperature [17]. Some studies on strain rate sensitivity of glass/epoxy, carbon/epoxy, and
kevlar/epoxy composite systems have been shown that the mechanical behaviour of these
systems is strain rate sensitive [18-23]. Shokrieh et al. studied the in-plane shear failure
properties of unidirectional glass/epoxy composites at various stroke rates from 0.0216 to
1270 mm/s [24]. The dynamic shear strength response showed an increase of approximately
37% over the measured quasi-static value. Al-Salehi et al. obtained the lamina in-plane shear
properties at various rates of strain on glass/epoxy and Kevlar/epoxyﬁlament wound tubes
with winding angles ±55° and ±65°, under internal hoop loading [25]. The results obtained
from ±55° specimens indicated that with increasing strain rate from 1 to 400s-1, the shear
strength is increased by 70% for glass/epoxy, and 115% for Kevlar/epoxy materials. There is
significant amount of literature available on the effects of temperature on mechanical
properties of FRP composites but according to author’s knowledge scarcely information
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regarding the effects of temperatures on interfacial behavior (ILSS) in polymeric composites
at different loading rates and temperature has been published to date.
The aim of the present study is to provide in-depth analysis of interlaminar shear test and
failure mechanisms of glass fibre/epoxy, carbon fibre/epoxy and Kevlar fibre/epoxy
composites under different temperatures and crosshead velocity. Different high and low
temperature conditioning were performed using Instron with environmental chamber
providing additional information regarding in-situ failure of laminate composites. Following
the test, the fracture surfaces of the samples were scanned under SEM to understand the
dominating failure modes. Microstructural assessments can also reveal the response of each
constituent viz. fibre, matrix resin and the interface/interphase; under temperature and
mechanical loading. This paper comprehensively presents the mechanical behaviour and
structural changes in fibrous polymeric composite systems during the mechanical loading
under high and low temperature service environment.

4.1.1b.2 Materials and Experimental Methods
4.1.1b.2.1 Materials
Present investigation includes three types of woven fabric reinforcement in epoxy resin i.e.
glass fibres, carbon fibres and, kevlar fibres. The epoxy resin used is diglycidyl ether of
Bisphenol A (DGEBA) and the hardener is Triethylene tetra amine (TETA) supplied by Atul
Industries Ltd, Gujarat, India under the trade name Lapox, L-12 and K-6 respectively.Some
properties of these reinforcements and epoxy resin used in the study are provided in the table1. The volume fraction of fibres is 60%. The ratio of epoxy and hardener is taken as10:1. The
laminated composites has been prepared by hand lay-up method with 16 layers of woven
fabric cloth of reinforcement and then placed in a hot press. Then the curing of the laminate
has been carried out at 60°C temperature and 20 kg/cm2 pressure for 20 minutes. The
laminates were then removed from the press and kept at room temperature for 24 hours. The
test specimens have been cut from the laminates using diamond tipped cutter as per standard.

4.1.1b.2.2 Experimental methods
3-point Short-beam shear test
The Short-beam shear tests are frequently applied to polymeric composite materials to
evaluate the apparent interlaminar shear strength of the composite system. A testing machine
with controllable crosshead speed is used in conjunction with a three-point loading fixture.
The shear stress induced in a beam subjected to a bending load, is directly proportional to the
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magnitude of the applied load and independent of the span length. Thus the support span of
the short beam shear specimen is kept short so that an inter-laminar shear failure occurs
before a bending failure. This test method is defined by ASTM: D2344-13, which specifies a
span length to specimen thickness ratio of five for low stiffness composites and four for
higher stiffness composite. The SBS tests have been conducted as per ASTM: D2344-13 with
an Instron-5967 testing machine with span to thickness ratio 5 for glass fibre/epoxy and 4 for
carbon fibre/epoxy and Kevlar fibre/epoxy composite systems.

Fig 33: (a) Schematic representation of 3-point short beam shear test. (b) Experimental set up
for 3-point short beam shear test (c) Instron machine used for the test.
Fig 33 (a) represents the schematic view of 3-point short beam shear test (b) glass fibre/epoxy
specimen failure during shear test and (c) represents the Instron testing machine with furnace
and Dewar. 3-point short-beam shear tests were performed on a 30KN capacity Instron
testing machine. The specimens were tested at room temperature, high temperature and low
temperature. The shear testing at -50˚C and -100˚C temperature was conducted with
specimens by spraying of liquid nitrogen in an environmental chamber where temperature
was controlled by temperature controller, liquid nitrogen flow from dewar by controlling the
pressure, whereas for high temperature˚C(+50
and +100˚C) specimen heated by
environmental chamber by heating option. The in-situ tests have been performed on the
samples at different temperatures viz; +50° C, +100° C, -50° C and, -100° C inside the
environmental chamber of Instron-5967 with 10 minutes holding time to evaluate the interlaminar shear strength (ILSS). The tests were performed with six crosshead speeds viz; 1,
100,200, 500,700 and 1000 mm/min. For each point of testing 5 to 6 specimens were tested
and the average value was taken. The ILSS is calculated from the following expression of
equation (1).
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ILSS= 0.75*F/bt

(1)

Where, F=maximum load, b=width of specimen and, t=thickness of specimen

4.1.1b.2.3 Scanning electron microscope (SEM)
The scanning electron microscope (SEM) has been a well-accepted tool for many years in
evaluation of fracture surfaces. To study the different failure mechanisms of the tested
samples micrographs of the failure samples was carried out using a JEOL-JSM 6480 LV
SEM at 20 KV. For better identification of failure modes the fracture surfaces are tilt around
15˚-20˚. Prior to SEM, the top surface of the specimens were coated with platinum using a
sputter coater. The coating is used to make the surface conductive for scanning and prevents
the accumulation of static electric charge for clear images during the microscopy.

4.1.1b.2.4 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry measurements were made using a DSC 821 (MettlerToledo Instruments, India) with intra cooler, using STAR software. The temperature
calibration and the determination of the time constant of the instrument were performed by
standards of In and Zn, and the heat flow calibration by In. The underlying heating rate of
10˚Cmin-1 was used. The samples were referenced with an empty pan with a 50 mL/min
nitrogen stream. The samples were heated to well above their bulk Tg for at least 5 min,
cooled to well below the Tg and then heated (usually at 1°C/min) with a modulation rate of
1°C/min. The reported Tg was taken as the maximum of the derivative of the heat capacity
curves.

4.1.1b.3 Results and Discussion
4.1.1b.3.1 Glass fibre /epoxy composites
Interlaminar behavior
The variation of ILSS for glass/epoxy composite system in-situ conditioned at +50° C, +100°
C, -50° C and -100° C temperatures, and tested at 1, 100, 200, 500, 700, and 1000 mm/min
loading rates, is shown in Fig 34. It is clearly evident from the figure that the above-ambient
and sub-ambient temperature exposure alters the ILSS values and further at each temperature
the ILSS is loading rate sensitive phenomenon, and the results are listed in Table 1. The ILSS
values at -100º C temperatures are better as compared to other conditioning temperatures but
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as the loading rate increased the ILSS decreased. The maximum ILSS for glass/epoxy
composite is about 38.37 MPa, obtained at -100° C temperature and 1 mm/min loading speed,
with an increase of 85.72% than the ILSS value (20.66 MPa) obtained at ambient temperature
at 1 mm/min as shown in Fig.38. Greater value of shear strength at low loading speed can be
attributed to longer relaxation time resulting in improved interfacial integrity of the
composite material. Higher crosshead speed during testing minimizes the relaxation process
at the crack tip. This could be the reason for reduced ILSS values at higher crosshead speed.
At -50° C temperature, initially the ILSS decreases from 1 mm/min to 200 mm/min and then
increased with further increase in loading rate. The slight fall in the value at 200 mm/min
conditioning could be related to the lower degree of cryogenic compressive stresses at
fibre/matrix interface.
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Fig.34: Variation of ILSS with loading rate for glass/epoxy composite system at different
temperatures.
At +50º C and +100º C temperatures the ILSS increased with increasing loading rate. The
reason may be the induced thermal stresses in the matrix region. Thermal stress induced
micro-cracks in the polymer matrix and/or, at the fibre/matrix interface may possibly grow
without blunting at a steady state. Some microcracks turn to potential cracks at low loading
rates and cause significant reduction in interlaminar shear strength of the composite system
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while as the loading rate increases the time available to propagate the microcracks is less.
This can be attributed to higher ILSS at higher loading rates at these above-ambient
temperatures. The effects of microcracks and fibre breakage can nucleate the other form of
damage such as delamination hence degradation in the thermomechanical properties of the
composite occurred [26]. This interfacial separation caused by the delamination may lead to
premature buckling of the laminates at high temperature. The life-limiting failure process
(delamination) induces stiffness loss, local stress concentration and local instability in the
laminate. Further the effect of temperature on the ILSS is shown in Fig.35 at 1mm/min
crosshead velocity; percentage change in the ILSS values under the exposure of different
temperature is also shown in table-1.
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Fig.35: Interlaminar shear strength of glass/epoxy composite at 1 mm/min for different
temperature.
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Table-1: Percentage change in ILSS with temperatures at 1 mm/min.

Material

Loading
speed

Glass fibre
reinforced
1mm/min
polymer
composites
(GFRP)

Testing
ILSS
temperature(°C) (MPa)

Change in
(%)

25

20.66

+50

11.0

46.75( )

+100

2.63

87.27 ( )

-50

27.94

35.23 ( )

-100

38.37

85.72 ( )

Failure fractography
To better comprehend the interfacial behavior and failure mechanisms of above ambient and
sub ambient conditioned glass fibre/epoxy composites, the fracture surfaces after short beam
shear tests have been examined by scanning electron microscopy (SEM). SEM micrographs
of fracture surfaces are shown in Fig 36. The fracture surface of matrix at -100° C (Fig. 36 A,
A’) includes extensive riverline markings and fibre imprints. The convergence of pairs of
planes from the tributaries of the rivers into one crack, form a trace markings known as river
lines. Therefore the direction of crack growth is the direction in which riverlines converge.
As multiple crack initiation and growth of riverlines shown in Fig 36 A. In Fig. 36A’ fibre
imprint refers to fibre matrix debonding. Here we also observed delamination failure modes
on the laminate. At -50° C a significant difference in interfacial microstructure is observed
which is shown in Fig. 36B, B’. The appearance of the cusps at relatively high magnification;
cusps size is similar to that of the fibre spacing. However, the size of cusps is larger than
particularly those which develop with in resin rich regions. These failures do not display a
complete fibre matrix debonding from the fibre surface [27]. At high temperature, the resin
exhibits greater plasticity, and cusps resulting from the microcracks are thicker and
undergone greater deformation than at room temperature as shown in fig.36C, C’ and Fig.36
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D, D’. The increase in cusps thickness implies fewer microcracks formed because of the
increased plasticity.

Fig 36: Scanning electron microscopy (SEM) images of the glass fibre/epoxy composites: (A,
A’) at -100˚C temperature (B, B’) at -50˚C temperature (C,C’) at ambient temperature (D,D’)
at +50˚C temperature (E,E’) at +100˚C temperature
At +50° C temperature the matrix region consist few large cusps whilst the matrix between
packed fibres consist a large amount of small cusps (Fig.39 D, D’). At +100̊C, the SEM
micrographs show significant loss of polymer matrix between the fibres which affects the
overall integrity of the composite system. These matrix dominated damages result in lower
ILSS of glass/epoxy at +100° C.

4.1.1b.3.2 Carbon fibre /epoxy composites
Interlaminar behavior
The interlaminar shear behaviour of woven fabric carbon fibre/epoxy composite with loading
rate at different temperature is shown in Fig.40
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Fig.37: Variation of interlaminar shear strength with different loading rates at different
temperatures for carbon fibre/epoxy composite system.
Interlaminar shear strength (ILSS) is one of the most important interfacial properties for
composites. To better understand the interfacial strength between the carbon fibre/epoxy
composites, three-point short beam shear test method was used to evaluate the interlaminar
shear strength of the composites. It is readily observed that at -100˚C temperature the carbon
fibre/epoxy composites possess better ILSS compared to other testing temperatures. At 100˚C temperature the variation of ILSS with loading rate is shown in fig.37. It can be seen
from fig.6 that the as the rate of loading increases the ILSS of the composite also increases
upto 500 mm/min but, after 500 mm/min shear values decreases because microcrack density
has exceeded the critical crack density for delamination. The energy release rate
monotonically decreases as the delamination failure grows [28]. Thus ILSS value decreases
with increasing loading speed after 500mm/min. As shown in Fig.37 at -50˚C temperature
lower shear values were observed as compared to that of ambient temperature due to thermal
presstress on the matrix resin. Here matrix behaves as brittle in nature which reduces the
effective strain to failure and it is the source of matrix cracking [29]. But at 200mm/min the
shear value decreases with loading rate. From the relaxation behavior the thermal presstress
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would vanish after sufficient period of time. But with increasing loading speed the shear
value shows no significant changes due to some microcracks behaves less dangerous since
their stress concentrations are small. The laminates failed by very little delamination or no
delamination because of low crack densities. However at high temperature
˚C +50
and
+100˚C there is a significant change in ILSS values with loading speed. These results are
probably due to the shear band propagation in matrix resin at high temperature. Here crack
propagation in matrix resin prone to by crack jumping (unstable or stick-slip) mode at slow
loading rate. Yield stresses decreases with decreasing strain rates and increasing temperature,
stick-slip crack growth may be attributed to plastic deformation at the crack tip prior to crack
initiation [30]. Thus stress intensity factor is dependent on temperature and time. The size of
the crack jump increases as the temperature approaches to glass transition temperature of the
resin matrix. Thus shear value increases with increasing loading speed. But the ILSS value
decreases with other testing conditions. At the vicinity of a glass transition temperature (Tg)
viscoelastic processes decreases the modulus owing to unfreezing of molecular motion. At
decreasing temperature due to thermal contraction a tighter packing and thus higher bond
strength exist. As carbon fibre exhibit good interaction to matrix, they constitute good
adhesion between fibre/matrix interface regions. When the force rises to a significant
fraction of the force required to break a strong bond and threatens to break the
backbone of the molecule, a domain unfolds. Thus, it could avoid the breaking of a strong
bond in the backbone [31]. Hence ILSS value increases with increasing loading speed. Matrix
ductility increases the critical loads for delamination onset and delamination resistance in the
composite laminates. At this temperature it is very difficult to find the delamination failure
mode. Further the effect of temperature on the ILSS is shown in fig.38. The results shown
were obtained at 1 mm/min crosshead velocity. Percentage change in the ILSS values under
the exposure of different temperature is also shown in table-3 for carbon/epoxy composite
system.
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Fig.38: Interlaminar shear strength of Carbon/epoxy composite at 1 mm/min for different
temperature.
Table-3: Percentage change in ILSS with temperatures at 1 mm/min loading speed

Material

Loading
speed

Carbon
fibre
1mm/min
reinforced
polymer
composites
(CFRP)

Testing
ILSS (MPa) Change in
temperature(°C)
(%)
25

30.84

+50

5.99

80.57( )

+100

2.08

93.25 ( )

-50

24.13

21.75 ( )

-100

31.72

85.72 ( )
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Failure fractography
The fracture surfaces for the carbon fibre/epoxy composites at different temperature have
been studied by the SEM and the results are shown in Fig.39.

A

A’

B

B’

C

C’

D

D’

E

E’

Fig 39: Scanning electron microscopy (SEM) images of the carbon fibre/epoxy composites:
(A, A’) at -100˚C temperature; (B, B’) at -50˚C temperature; (C,C’) at ambient temperature;
(D,D’) at +50˚C temperature; (E,E’) at +100˚C temperature.
As the shear load increases the cusps steps become deeper following shallow cusps on the
surface at -100˚C temperature as shown in Fig.39 A, A’. This failure mode begins to
dominant these cusps become more erect and closely spaced. At -50˚C temperature fibre
dominated fracture surface was observed in Fig.39 B, B’. Here the tilt cusps can be used to
deduce the crack growth direction. A plastic deformation zone ahead of the crack tip may be
formed by this matrix deformation and matrix microcracking. This deteriorates integrity of
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the materialand can results in low strength at high loading rate. Fig.39 C, C’ shows the
fracture surface of carbon fibre/epoxy composites at ambient temperature. These micrographs
report good fibre/matrix strength and cohesive fracture in the matrix. Microscopically carbon
fibre shows crenulations and radial pattern appears on the fibre ends [28]. At high
temperatures matrix dominant failure modes were observed as shown in Fig.39. Matrix
yielding in Fig.39 D, D’ and extensive loss of matrix at +100° C can be observed in Fig.39 E,
E’. Presence of these damage modes result in deterioration in the structural integrity of the
composite system in high temperature environment.
4.1.1b.3.2 Kevlar fibre/epoxy composites
Interlaminar behavior
The effects of temperature on ILSS of Kevlar fibre/epoxy composites are shown in Fig.43.
Here the specimens are subjected to insitu testing at high and low temperatures. It is readily
observed that at ambient temperature the specimens possess better ILSS compared with other
conditioning temperature.
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Fig.40: Variation of ILSS with loading rate for Kevlar/epoxy composite system at various
temperatures and loading rates.
The variation of ILSS here is the net result of good adhesion at interface by physical and
mechanical bonding at the interface. The ILSS value increases with increasing loading rate
but reduction of ILSS value occurred may be due to less post curing effect. The thermal
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conditioning is likely to change the chemistry at the fibre/matrix interface. The unique
chemistry and morphology of Kevlar fibre is also manifested by the composite behaviour
[32]. The bond between the fibre and the surrounding matrix can be weakened by exposure to
active environments.
At high temperature residual stress effects are negligible, mechanisms such as fibre/matrix
debonding and matrix ductility become important. As the temperature increases the
substantial segments of polymer chains have enough energy to surmount local barriers which
hinders molecular motions and begins to move. Here deformation refers to change in shape
without change in volume. A ductile tearing mode of failure may result when large-scale
shear yielding occurs at a crack tip. Still at high temperature (close to glass transition
temperature) molecular motion is so extreme that even chain entanglements are no longer
effective in restricting molecular segmental flow [33]. This change in flow behavior of
polymer is due to decrease of the degree of chain interpenetration. In addition to the enhanced
flow, confinement effects on the chain conformation can perturb the interfacial properties and
ultimately the long term stability of the material [34]. So there is presence of weak interface
at high temperature. The weak interface readily allows crack deflection. Here the composites
can sustain a large deflection by permitting the absorption of more energy. At low
temperature a noticeable improvement of shear value was observed compared to high
temperature. The result may be attributed to the development of greater amount of shrinkage
compressive stress. The fibre/matrix debonding is dominant for the low temperature
conditioned Kevlar/epoxy composites. Further the effect of temperature on the ILSS is shown
in Fig.41. The results shown were obtained at 1 mm/min crosshead velocity. Percentage
change in the ILSS values under the exposure of different temperature is shown in table-4.
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Fig.41: Interlaminar shear strength of Carbon/epoxy composite at 1 mm/min for different
temperature.
Table-4: Percentage change in ILSS with temperatures at 1 mm/min.

Material

Loading
speed

Kevlar
fibre
1mm/min
reinforced
polymer
composites
(KFRP)

Testing
Testing
ILSS (MPa) Change in
temperature(°C) temperature(°K)
(%)
25

298.0

7.05

+50

323.15

2.46

65.10 ( )

+100

373.15

0.69

90.21 ( )

-50

223.15

6.65

5.67 ( )

-100

173.15

4.81

31.77 ( )
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Fractography Study
The scanning photomicrograph Fig 42 A, A’ shows the good adhesion between fibre and
matrix in the unconditioned laminates. This strong interface may not permit a large deflection
during fracture. The nature of this interface bond is not only significant for the strength and
stiffness of the composites but it also controls the mechanism of damage and its propagation.
In fig 42 B.B’, the fibres show longitudinal splits which is known as fibrillation.
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Fig 42: Scanning electron microscopy (SEM) images of the Kevlar fibre/epoxy composites:
(A, A’) at -100˚C temperature (B, B’) at -50˚C temperature (C,C’) at ambient temperature
(D,D’) at +50˚C temperature (E,E’) at +100˚C temperature
Further, identification of local crack growth directions by examining these fibres is almost
impossible. For the specimen tested at ambient temperature, a fibre/matrix debonding
microstructure is shown on the Fig.42 C, C’. These composites display a complex matrix
debonding from the fibre surface. A considerable amount of surface debris which has been
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ground into the fracture surface is shown in Fig.42 D, D’. At +50
˚C temperature the
fractography shows fibre matrix debonding along with fibre fibrilliation. A resin rich region
associated with undulation and interstitial sites exhibit riverlines which provide information
about the local crack growth direction and scale of plastic deformation. Kevlar fibre,
themselves fail in shear, leading to the formation of kink banding within the fibre. Fig.42 E,
E’ represents the matrix ductility failure with fibre failure of Kevlar fibre/epoxy composites
at high temperature.

Thermal analysis
Glass transition temperature (Tg) of all the samples is evaluated and summarised in Fig 46 .
For glass/epoxy composite, the higher glass transition temperature is recorded for the samples
exposed to -100°C temperature and the lower Tg value for +50°C temperature conditioned
specimen (see Fig.46(a)). For carbon/epoxy composite specimens, exposure to +100°C
temperature leads to significant increase in Tg as compared to ambient specimen (25°C
temperature), while no significant change in Tg were observed for +50°C, -50°C, and -100°C
temperature conditioned specimens (see Fig.46(b)). For Kevlar/epoxy composite, the higher
glass transition temperature is observed for the samples exposed to +50°C temperature and
the lower Tg value for the specimens tested at ambient temperature (see Fig.46(c)).
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Fig 43: Comparison of glass transition temperatures of glass fibre/epoxy composites at
different conditioning temperature. (a) Glass fibre/epoxy composites (b) Carbon fibre/epoxy
composites (c) Kevlar fibre/epoxy composites
It is interesting to note that epoxy- based composites made with carbon fibre exhibit high
glass transition temperature as compared to other epoxy based composites. The structure of
the degraded material during conditioning of the carbon fibre is maintained by extensive
inter-chain bonding between the polymer chain through C=O and N=H groups [35]. Within
the low temperature conditioning range the glass transition temperature for the carbon fibre
composites were found to be lower than that of glass fibre and Kevlar fibre epoxy
composites. This might be attributed to unstable wetting of carbon fibre by epoxy resin at low
temperature.
4. Conclusions
The influence of sub-ambient and above-ambient temperature and loading rate on the
interlaminar shear strength of glass fibre/epoxy, carbon fibre/epoxy and Kevlar fibre/epoxy
composite laminates has been studied. Considering interlaminar shear strength and
delamination behavior, the tested laminate characterized by SEM to reveal various failure
modes. The present study may possibly reveal the following conclusions:
Delamination is the life limiting failure process in a composite material. It induces great loss
of stiffness, local stress concentration, and buckling failure of composite material. At -100°C
temperature glass fibre/epoxy laminates shows better ILSS value but decreases with
increasing loading speed. At +50º C and +100º C temperatures the ILSS increased with
increasing loading rate. It is readily observed that at -100˚C temperature the carbon
fibre/epoxy composites possess better ILSS compared with that of the other testing
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temperature. But after 500 mm/min shear values decreases because microcrack density has
exceeded the critical crack density for delamination.
Furthermore, for Kevlar fibre/epoxy composites at ambient temperature the specimen possess
better ILSS compared with other conditioning temperature. The variation of ILSS here is the
net result of good adhesion at interface by physical and mechanical bonding at the interface.
Different failure modes such as different types of cusps on the matrix region, riverline
marking, fibre/matrix interfacial debonding, plastic deformation of matrix and fibre fracture
were observed for the composite specimens failed after the exposure to different aboveambient and sub-ambient temperature.
It is found that the type of fibres and matrix present in the composites influences the amount
of heat required and the glass transition temperature. This brings out that the microstructure
of the fibre/matrix within the composites found to be influencing the amount of thermal
energy absorbed by the materials and consequently affect the mechanical properties.
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4.2 Effect of low temperature on mechanical response of materials with
different loading rates
Theories and Thoughts
At low temperatures, there is little thermal energy available and molecular motion is inhibited
in the polymer matrix. Thus fibre/matrix interface degrades the interfacial bond strength,
resulting in loss of microstructural integrity. Consequently, the relaxation and creep rates of
polymers are highly sensitive to temperature. The interaction of a fibre with matrix materials
depends strongly on the chemical/molecular features and atomic composition of the fibre
surface layers as well as its topographical nature. The present study contains the low
temperature effects on glass fibre/epoxy polymer composites at different loading rates.

4.2.1 Introduction
The cryogenic applications of polymer composites are recently drawing attention in various
fields as new development in aerospace applications where storage and transportation of
cryogenic liquids are required, transport vessels and components in spacecraft where low
thermal contraction is necessary [1-3].Glass ﬁber reinforced polymer (GF RP) woven
laminates are usually used for the insulation of superconducting magnet coils operating at
cryogenic temperatures [4,5].Exposure to these cryogenic temperatures may cause
delamination, microcracks and strain in matrix which may significantly reduce the stiffness
and integrity of the material [6-8]. At cryogenic temperatures, due to difference in coefficient
of thermal expansion between the fibre and the matrix phase, microcracks initiate and
propagate through the laminates composites [9, 10]. Therefore, knowledge of the resistance
to different failure modes of woven fabric composites laminates at cryogenic temperatures is
essential to the materials scientist and designer analyst.To achieve the often-promise
capabilities of polymer composites, the properties of the interfacial region between fibre and
matrix must be controlled. The variation in interlaminar shear strength with loading rates
is an important issue in the design of classes of polymer composite materials used in
different structures subjected to suddenly applied loads at low temperatures.Interlaminar
loading rate sensitivity is an importance concern, as it related to the loss of integrity of the
material at low temperatures. The effect of varying loading rate on mechanical properties of
fibre- reinforced polymer composites has been investigated and reported a variety of
contradictory observations and conclusions [11-15].Mechanical properties of polymers are
strongly sensitiveto temperature and strain rate [16,17].At low temperature the matrix
material behaves as brittle in manner and do not allow relaxation of residual stresses or stress
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concentration to take place [18, 19].The generic behaviour of polymers must arise from the
chainlike structure of the polymer molecules, but detailed insights into the underlying
processes have beenhard to come by [20]. Delamination failure mode is known to be the
major life-limiting failure process in a composite laminate [21].The fibber/matrix interface
has always been considered as a crucial aspect of polymer composites as well as polymer
nanocomposites [22].The response of fibre/matrix interface within the composite plays an
important role in determining the gross mechanical performance, because it transmitting the
load from the matrix to the fibres, which contribute the greater portion of the composite
strength. Better the interfacial bond better will be the ILSS, de-lamination resistance,fatigue
and corrosion resistance.
The aim of this investigation was to study deformation and mechanical behaviour of glass
fibre/epoxy composites subjected to 3-point short beam shear test at low and ultra-low
temperature with different loading speeds. The laminates were tested at ambient (+27°C)
temperature and at (-20°C,-40°C,-60°C) temperatures using liquid nitrogen gas in an
environmental chamber installed on an Instron testing machine. Testing was carried out in
different loading covering low to high medium speeds. Following the test the fracture
surfaces were scanned under SEM microscope.A need probably exists for an assessment
of mechanical performance of such potentially promising materials under the influence
of changing environment and loading speed. Using fractography study to characterize the
onset and growth of failure modes has become generally accepted method.

4.2.2 ExperimentalWork
4.2.2.1 Materials
The material system selected for this work was E-glass fibre/epoxy polymer composites
fabricated by hand lay-up method followed by compression moulding process.Diglycidyl
ether of Bisphenol A (DGEBA) as epoxy and Triethylene tetra amine (TETA) as hardener
supplied by Atul Industries Ltd, Gujarat, India under the trade name Lapox, L-12 and K-6
respectively.The volume fraction of fibres is 60%. The ratio of epoxy and hardener is taken
as10:1. The laminated composites has been prepared by hand lay-up method with 16 layers of
woven fabric cloth of reinforcement and then placed in a compression moulding process.
Then the curing of the laminate has been carried out at 60°C temperature and 15 kg/cm2
pressure for 20 minutes. The laminates were then removed from the press and kept at room
temperature for 24 hours. The test specimens have been cut from the laminates using
diamond tipped cutter as per ASTM D2344-13 standard.
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4.2.2.2 Low temperature conditioning and characterization techniques
3-point short-beam shear tests were performed on a 30KN capacity Instron testing machine.
The shear testing at –low and ultra-low temperature was conducted with specimens by
spraying of liquid nitrogen in an environmental chamber attached with Instron 5967 where
temperature was controlled by temperature controller, liquid nitrogen flow from dewar by
controlling the pressure. The in-situ tests have been performed on the samples at different
temperatures viz; 25° C, -20° C, -40° C and, -60° C temperature inside the environmental
chamber of Instron-5967 with 10 minutes holding time to evaluate the inter-laminar shear
strength (ILSS). The tests were performed with six crosshead speeds viz; (1, 10, 100,300,
600, and 1000) mm/min. For each point of testing 5 to 6 specimens were tested and the
average value was taken. The broken parts were observed under Scanning Electron
Microscope (SEM) for the fractographic analysis.
For analysis of composite fractography, SEM by JEOL-JSM 6480 LV with the acceleration
voltage of 15 kV was used. Cleaned, small in size and conductive samples are used during
testing in SEM. the top surface of the specimens were coated with platinum using a sputter
coater. The coating is used to make the surface conductive for scanning and prevents the
accumulation of static electric charge for clear images during the microscopy. During the test
samples are little tilt around 15-20° to drawn attractive and clear images of different failure
modes.

4.2.3 Results and discussion
4.2.3.1 Mechanical Study
Interlaminar shear strength with temperatures
Variation of ILSS with different loading speeds at different temperatures of glass fibre/epoxy
composites are shown in Fig 44(a). In thecurrent study, glass fibre/epoxy composites
subjected to low and ultra-low (27°C, -20°C,-40°C,-60°C) temperatures at different loading
speeds. It can be illustrated that, at low temperature the glass fibre/epoxy composites shows
loading rate sensitivity. At -60°C temperature maximum ILSS value was obtained and it
increases with increasing loading speed with a transition 10mm/min. At low loading speed (1
to 100)mm/min it increases 2.48% (max), at medium loading speed (100-600)mm/min it
increases 1.96% (max) whereas, at high loading speed (600-1000)mm/min it increases 3.24%
(max). At -40°C temperatures low ILSS values obtained as compared to -60°C temperature
but it increases with increasing loading speed with the transition at 100 mm/min. At low
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loading speed (1-100) mm/min it decreases 10.30% (max), at medium loading speed (100600) mm/min it increases 5.18%(max) and at high loading speed (600-1000) mm/min it
increases 5.6% (max). Similarly at -20°C temperature glass fibre/epoxy composites also
shows loading rate sensitivity. At low loading speed (1-100)mm/min it decreases 9.32%
(max), at medium loading speed it increases 8.88% (max) whereas at high loading speed
(600-1000) mm/min it increases 4.51% (max).In comparison to ambient temperature the
ILSS value decreases 6.29% (max) with increases loading speed. This might be attributed to,
at increased cross-head speeds or decreased temperatures crack propagation becomes
unstable in the epoxy matrix resin [23,24]. Temperature and deformation rate control the
process occurring at a crack tip. For unstable crack propagation, epoxy polymers matrix show
crack arrest (slip-stick) behaviour which arises from adiabatic heating and plastic
deformation at the crack tip, hence the ILSS value increases with increasing loading speed.
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Fig 44: (a)Interlaminar shear strength with different loading rates of glass fibre/epoxy
composites at 25°C, -20°C,-40°C and -60°C temperature (b) Flexural stress vs Flexural strain
at 1mm/min loading speed.
Fig 44(b) represents the stress-strain curve of the glass fibre/epoxy composites at low and
ultra-low temperature at 1mm/min loading speed. Here at -20°C temperature the composite
fails in brittle manner whereas other conditioning temperature shows ductile failure mode. At
ultra-low temperatures the fibre/matrix interface is very resistant, limited debonding will
occur and local stress concentrations near the fibre ends will be quite high. Thus matrix
cracks will thus be able to transverse to the fibre direction from this single flow. As a result, a
tendency of brittle failure was observed.

4.2.3.2 Fractography study
Figs 45-48 shows SEM micrographs of broken mechanical tested samples of 25°C, -20°C,40°C and -60°C temperatures at different loading rates. Different failure modes were
observed during the insitu 3-point short beam shear test. Flexural stress-strain curve was
plotted to analyse the failure behavior of material at different loading speeds. At ambient
temperature different failure modes are observed with different loading speeds as shown in
Fig. 45. Ply splitting region (A), fibre imprint (B) and fibre pull out (C)are plays dominant
roles in 1000mm/min, 100mm/min and 1mm/min respectively. At high loading speed ply
splittingdevelops because of excessive out-of-plane or interlaminar stresses generated at the
111

fibre/matrix interface. Here matrix failure occurred in some extent ductile manner. In contrast
to this, at low and medium loading speed, matrix has sufficient time to transfer the stress to
fibre and interface region and laminate fails in little brittle manner.
At ultra-low(-20°C) temperature the failure modes are delamination (A), debonding (B) and
brittle fibre fracture (C) at 1mm/min, 100mm/min and 1000mm/min respectively shown in
Fig. 46. Here the stress strain curve shows brittle to ductile transition with increasing loading
speeds.Brittle failure or catastrophic crack growth in matrix starts when a critical stress field
at the crack tip is exceeded. This is due to small specific heat at low temperatures, small
deposition of inelastic deformation energy leads to an appreciable temperature rise. Under
certain conditions adiabatic heating is high enough to reach a secondary dispersion region of
a polymer where enhanced plastification occurs [25]. The fracture energy is increased by
these processes.
Fig 47 represents SEM micrographs of glass fibre/epoxy composites subjected to -40°C
temperature. Different failure modes are observed such as cusps (A), matrix tearing (B) and
fibre/matrix interface failure (C) at 1mm/min, 100mm/min and 1000mm/min respectively.
Here stress-strain curve shows ductile failure mode with increasing loading speeds. Cusps are
usually generated from microcracks which are plays dominant role at low temperature.The
occurrence of an adiabatic transition depends on the crack velocity and on the thermal
diffusivity. In an adiabatic state, however, the heat transfer from the thermally active zone
(i.e. plastification zone at a crack tip) to the passive zone (elastic bulk material) is negligible.
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Fig 45: Fractography analysis of glass fibre/epoxy composites at ambient (27°C) temperature
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Fig 46: Fractography analysis of glass fibre/epoxy composites at ambient (-20°C) temperature
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Fig 47: Fractography analysis of glass fibre/epoxy composites at -40°C temperature

113

Flexure stress (MPa)

750

1000mm/min
600

B

A

450

100 mm/min 1mm/min

300

150

at -600C temperature
0
0.00

0.01

0.02

0.03

0.04

C

0.05

Flexural strain(mm/mm)

Fig 48: Fractography analysis of glass fibre/epoxy composites at -60° temperature
A further factor which influences the fracture processes is the fibre/matrix interfacial
strength. Fig 48 shows different failure modes where fibre/matrix adhesion or interfacial
strength plays dominant role. Scanning electron microscope shows toughened matrix (A),
strong interfacial bonding (B) and fibre fracture (C) at 1000mm/min, 100mm/min and
1mm/min respectively.Stress-strain curve represents the mixed failure modes with different
loading rates which solely depend upon the failure modes observed.This parameter dictates
whether fibre/matrix debonding or fibre fracture controls the failure processes and material
toughness.
Crack often initiates from delamination region or microcracks at the matrix ends and
propagate in the matrix until they are arrested by some other failure modes present in the
resin matrix. Failure can then propagate through a number of mechanisms, such as in-plane
delamination, fibre fracture, riverline marking and toughened matrix. Which mechanisms
plays dominate roleis still under matter of discussion.

4.2.4 Conclusions
Based on the results from 3-point bend test, mechanical behavior of glass fibre/epoxy
compositessubjected to low and ultra-low temperature, is critically dependent upon the
loading rate during the test.Maximum ILSS value was obtained at -60°C temperature; it was
probably because of the unstable crack propagation occurred in the matrix with increasing
loading speed.For unstable crack propagation, epoxy polymers matrix show crack arrest (slipstick) behaviour which arises from adiabatic heating and plastic deformation at the crack tip,
hence the ILSS value increases with increasing loading speed. Various failure modes were
obtained at different temperatures which are responsible for the alternation of the mechanical
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properties. Stress-strain curve and various failure modes observed during testing at different
loading rates solely depend upon the temperatures. This parameter dictates whether
fibre/matrix debonding or fibre fracture controls the failure processes and material toughness.
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4.3 An assessment of high and low temperature on prepreg glass
fibre/epoxy composite materials
Theories and Thoughts
As with any engineering materials, polymer composites can be exposed to diverse range of
environmental conditionings. Weather and radiation factors that contribute to degradation in
plastics include temperature variations, moisture ingression, sunlight exposure, oxidation,
microbiologic attack, and other environmental elements. At high temperatures, there is
sufficient thermal energy available to the molecules of polymer to allow easy rotation,
movement, and disentanglements. Aim of this present investigation related to study the
effects of high and low temperature on prepreg glass fibre/epoxy composites.

4.3.1 Introduction
Over the past years, prepreg glass/epoxy composites have been successfully used as
precursors in the manufacture of high-performance composites such as airplane components,
fishing rods, motor vehicles, sporting goods and water skies [1-3]. The epithet prepreg refers
to a preimpregnated lamina (viscoelastic material) comprised of aligned fibers embedded in
an uncured or partially cured resin.The development and experimental characterization of
these marvelous materials, held together primarily through Vander Walls interactions and
entanglements, have been the focus of significant research over the past decades. Despite the
challenges and expenses inherent in polymer composite processing, applications remains a
major topic of interest due to their potential for high strength to weight ratio, specific strength
and structural integrity. These properties are translatable to the macroscale through the
incorporation of glass fibre reinforcement into epoxy matrix resin and composites. However,
these materials while subjected to certain environmental conditions that may prove damaging
to installed wraps. These include moisture, UV radiation, thermal effects, alkalinity, humidity
and underwater [4, 5]. At high and low temperature exposure plays a dominant role during its
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short term and long term service life.The interface between the fibre reinforcement and
matrix resins can increase resistance to fracture, join materials of different character, make
them deform more easily and provide motility. While they represent only a tiny fraction of
the overall volume, interfaces are essential for the integrity and durability of the overall
composite material [6].
During their service period it comes across many type of loading rates as static to dynamic
with wide range of loading rates (striking rates).Few literatures have addressed the
mechanical behavior and fractography at different temperatures [7, 8, 9].

Regarding

chemistry of this composite materialHuang et al [10] present the degree of impregnation of
prepreg through NIR spectra, describing the flow of resin matrix through fiber tows.
Grunenfelder et al [11] addressed the effect of voids on both autoclave and VOB precede
laminates they observed that the high pressures during autoclave processing were sufficient to
restrain the void formation. Boey et al [12]studied use of high pressure of up to 7000KPa by
means of isostatic presswithout vacuum application the reduction of void levels as
3%.Considering all the research works we followed autoclave curing cycle for the fabrication
of composites materials which was discussed in experimental part. On the other hand we
knowsevere environmental exposure affects physical and mechanical properties of polymeric
composite materials resulting in an undesirable degradation. As the material is heterogeneous
and anisotropic in nature, damage and degradation of material often be strongly influenced by
local processes. The anisotropy contributes to more complexity in the assessment of the
damage mechanisms and in their impact on the composite responses.An aggressive progress
isneeded, specifically in the aerospace industry to tailor thermal expansion together with the
low material density.Optimization of structural component through improving the prepreg
composite material the resin and the fiber is a challenge for the material scientist as well as
the process engineer. Therefore, scaling concepts need to be applied in the development of
new products to aid the formulation and processing of these heterogeneous, anisotropic and
viscoelastic material.Okoli [13] studied the 3-point bend test of glass/epoxy laminates with
increasing strain rates to find a relationship between energy to failure and strain rate. They
reported a change in failure modes observed as strain rate increased. Shah Khan [14] studied
the resistance of glass fiber reinforced polymer composites with increasing loading rates(2 to
1000 KN/sec) and compressive strain rates (10-3/sec to 102/sec).They found that in-plane
elastic modulus and strength increases with strain rate and then decreased at higher strain
rates. In the present study 3-point bend tests were conducted on glass/epoxy laminates at
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increasing loading rates to ascertain the relationship between ILSS and loading rate. Very
limited work has been devoted related to ILSS with loading rate, which is the fundamental
knowledge to understand the reliability and structural applications of GFRP composites.To
meet this challenge, researchers and designers must give way to new paradigms, guided by
microstructural characterization of complex phenomena that are discovered and then reported
in a timely way.

4.3.2 Experimental procedure and processing
4.3.2.1 Experimental details
Glass/epoxy (GFRP) prepreg composites which contain the reinforcement as E-glass fiber
and matrix as epoxy were prepared. After synthesis of GFRP prepreg composites it was
planned to cure with autoclave following the cure cycle shown in Figure 1. GFRP prepreg
consists of 60 wt% E-glass fiber and 40 wt% matrix epoxy with a 0/90º weave. The prepreg
material used in the testing was the epoxy prepreg made by HEXCEL, supplied by Hindustan
Aeronautics Limited (HAL) having specification Hexply 913-37%-7781-1270, containing a
proprietary curative and glass cloth filter with a 0/90º weave. This prepreg is unique as it can
be stored at room temperature for 24 days.

4.3.2.2Processing of the laminates
Glass/epoxy composite laminates were cured by autoclave method following 5 steps of the
cure cycle which shown in Fig 49. Here first dwell time at 75ºC for 45 minutes. Whereas
second time at 135ºC for 65 minutes. Here pressure is 2.5 bar and vacuum is 0.8 bar. After
curing, the laminate was cut into the required size for 3-point bend (Short- Beam Shear) test
by diamond cutter. Then stability test was done for the composite laminates. Here the
laminates were weighed. One batch of sample was treated with +50 ºC temperature for
thermal conditioning whereas another batch for -50ºC for cryogenic treatment tests. For
comparison one batch for ambient +28 ºC temperature testes sample. The samples were kept
inside the furnace at +50ºC temperature and allowed to stay at that temperature for 10 min as
soaking period. Similarly for cryogenic temperature the samples were kept at -50º C
temperatures and allowed to stay at that temperature for 10 min as soaking period with help
of blowing liquid nitrogen gas.
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Fig 49: Curing cycle for glass/epoxy composite followed within autoclave
The GFRP prepreg laminates were then cured by autoclave. The material manufacturer’s
recommended cure cycle was employed for autoclave processing which is shown below.
1. Heat from room temperature to 30°C at 1-2ºC/MIN
2. 1st Dwell at 75ºC±5ºC for 45 MIN
3. Heating rate 1-2ºC/MIN
4. 2ndDwell at 135°±5ºC for 65 MIN
5. Cooling rate 2-5ºC/MIN
The cured panels fabricated from cure cycle outlined above were subjected to conditioning.

4.3.2.3 Characterization equipment and procedures
Flexure strength: Instron 5967 with environmental chamber (insitu
testing)
Instron 5967 is a servo-control and signal conditioning electronics instrument for material
testing applications. It has fine position adjustment thumbwheel with 0.004mm resolution for
precise positioning of crosshead while testing. Specimen protect also applied to the specimen
outside a set threshold-protecting to overcome unwanted damage. Bluehill 3 software helps to
get the data from the attached computer.
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The test coupons of different sizes were cut from the laminates for physical and mechanical
characterization. ILSS testing were conducted on an Instron 5967 test apparatus using threepoint bend jig according to ASTM: D2344-13 shown in Fig 50

Fig 50: Instron 5967 with environmental chamber used during the in-situ testing of sample.
The dimension of the ILSS specimen was 60× 40×4 mm3. Thirty six specimens were tested
from two conditions panels with six loading speed (3 specimens each) for each test. The
results were then compared with the data obtained from unconditioned specimens. The
flexural methods are applicable to polymeric composite materials. A testing machine with
controllable crosshead speed with environmental chamber is used in conjunction with a
loading fixture. The shear stress induced in a beam subjected to a bending load is directly
proportional to the magnitude of the applied load and independent of the span length. Thus
the support span of the short beam shear specimen is kept short so that an inter-laminar shear
failure occurs before a bending failure.
This test method is defined, which specifies a span length to specimen thickness ratio of 5 for
low stiffness composites and 4 for higher stiffness composite. The loading arrangement is
shown in a span length of 40 mm. The tests were performed with 6 increasing crosshead
speed ranging from 0.1, 1, 100, 300, 800 and1000 mm/min at different temperatures. For
each point of test 3 specimens were tested and the average value was taken. ILSS was
calculated by equation (1)
𝐼𝐿𝑆𝑆 = 0.75 ∗ 𝑃/𝑏𝑡

(1)

Where, P = maximum load, b = width of specimen, t = thickness of specimen
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Scanning electron microscope (SEM)
The scanning electron microscope (SEM) has been a well accepted tool for many years in the
examination of fracture surfaces. The prominent imaging advantages are the great depth of
field and high spatial resolution and the image is relatively easy to interpret visually.To study
the different failure mechanisms of the tested samples micrographs of the failure samples was
carried out using a JEOL-JSM 6480 LV SEM. The samples were loaded onto the sample
holder and placed inside the SEM, adjusting the working distance and hence the spot size the
chamber was closed and vacuum was applied.

4.3.3 Results and discussions
4.3.3.1 Mechanical properties (3-point bend test)
Fig 51(a) represents the short beam shear test curves based on different loading rates. The
ILSS vs. crosshead speed curves gives different ILSS values at different speed of loading. It
was found that ILSS values depend on working temperature of the material. Here we
considered 3 modes of loading phase while correlating with interlaminar shear strength,
Mode A (1 to 500) mm/min, Mode B (500 to 1000) mm/min and Mode C (0.01 to 1000)
mm/min.

Fig 51(a) Loading rate with ILSS of GFRP samples at different temperature.
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When the specimen at ambient subjected to 3-point bend test the ILSS values increases with
increasing with loading rate in each loading phase. In contrast to this, when the specimen
treated with +50°C temperature, the strength had decreases in each modes of loading speed
but the ILSS value is more than ambient temperature. In Mode A, it decreases by 16.14%
(Max.), Mode B 9.75% (Max) and Mode C 6.05%(Max) was observed. This may be due to
spreading of process zone (PZ) in large depth (softer resin) in epoxy resin matrix resin which
leads to increase in degree of fiber bridging. In this condition, fiber/matrix debonding is
critical and also exhibit increased deformation which shown in Fig 51 at low and high
loading rates. When sample is loaded there is widespread microscopic damage arises
throughout the laminate. Large damage can be sustained to a critical value at which failure
occurs by the propagation of cracks. These cracks are much more complex in nature than
cracks in homogeneous materials. The failure of a composite involves the fractures of the
load-bearing fibers and the matrix as well as a complex combination of cracks propagated
along the interfaces [15]. Thus ILSS values decreases in every mode of loading.
While at -50°C temperature, the ILSS values increases by 51.09% (max.) inMode A, in Mode
B it decreases by 18.12% (max) again in Mode C it decreases by 3.72% (max). There is a
noticeable decrease of ILSS values in higher cross head speed. In contrast to above, at
ambient temperature ILSS value is increased by 27.07% (Max.) in Mode A, in Mode B it
decreases by 16.42% again in Mode C it is increased by 8.37%.
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Fig 51(b) Loading speed with ILSS curves of glass/epoxy composite at different temperature
The reason behind the reduced values of ILSS at low temperature after Mode A loading
duration (medium cross head speed), loading time is less than the mechanical relaxation time
i.e. time is not sufficient for plastic deformation to take place at the crack tip thus matrix
becomes brittle and fracture strain decreases. Thus fiber/matrix bond strength is well tailored
and it is unusual for bare fibers to be exposed. From fractographic prospective of sample
reveals that failures manifest from matrix microcracking to fiber fracture and fibers pull-out
which shown in Fig 51(b). However, increased high cross head speed (Mode B) the fracture
stress and strain increases and matrix become more tough and ductile. Here fracture starts to
preferentially occur at fiber/matrix interface region. Heat capacity at matrix is less, thus an
appreciable temperature rise occurred in front of the crack tip even small value of inelastic
energy at low temperature. It is anticipated as by existing of adiabatic heating i.e. unstable
crack propagation [16]. In this state, rate of heat generation is lower than for its removal
(thermally active zone to passive zone). Thus ILSS value decreases at higher cross head
speed which shown in Fig 51(b). This may also be hypothesized of preexistingmicrocracks,
notches, debris i.e. with a stable element (low-energy crack growth). This fracture may be
arrested and then reinitiated, or may lead to initiation and growth of secondary mode of
failure.
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4.3.3.2 SEM fractographic analysis
The failed specimen surfaces were viewed under SEM to study how changing failure modes
affect the ILSS value as loading rate increased. Identification of the cause of fracture through
fractography has become a standard investigation technique. The large depth of focus and the
fact that the actual surface can be examined make the SEM, an important tool for research
and for failure analysis. Microscopic material failure is defined in terms of crack propagation
and initiation. Such methodologies are useful for gaining insight in the cracking of specimens
and sample structures under well-defined global load distributions [17]. Microscopic failure
considers the initiation and propagation of a crack. Fig (52, 53, 54, and 55) shows impact
fracture surfaces of the prepreg composites from which progressive changes in the locus of
failure can be clearly identified as a result of change in test temperature for a given loading
condition.

-50 degree 1mm/min

800mm/min

.
Fig 52: Matrix micro cracking and brittle fracture of fiber at-50 degree at 1mm/min and
800mm/min
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-50 degree 1000 mm/min

Fig 53: Cleavage marking and fiber/matrix debonding at -50 degree 1000mm/min
Fig(53) shows uniform propagation of matrix microcracking at -50ºC temperature. The locus
of failure is not exactly at the interface region but is significantly above it. However, there is
some fiber imprint are visible on the surface. This is because of development of internal
residual tensile stresses in the matrix resin at low temperature. As matrix behaves as brittle
manner at low temperature the molecular motion will be abysmal; molecular motion will be
small and re-orientation modes will be relatively simple [18]. Similarly the deportment of
interface region of glass/epoxy at low temperature doesn’t undergo any significant change
which tends to high adhesion bond strength. Thus very tiny interfacial failure observed at low
loading speed (Mode A). Here cohesive failure of the bulk matrix plays the dominant role. At
higher crosshead speed 800mm/min brittle failure of fiber observed. Brittle fibers have low
fracture strain and low energy absorbing capability [19].Fibers can fracture early at the weak
cross section point, which is not necessarily the direction of crack propagation.
At low temperature (-50°C temperature) when specimen subjected to 1000mm/min cleavage
marking on the matrix surface and fiber pull-out observed. As the applied loading rate
increases 1000mm/min the fracture proceeds, the broken fibers will likely pullout from the
matrix which observed in SEM micrograph. When the matrix behaves as brittle, the energy of
fracture is fairly low and there is little step marking formed during failure, which is refereed
to cleavage marking [20]. The characteristic feature of cleavage fracture is flat facets which
generally are about the increasing size of 9.22μm to 20.6μm. Cleavage fracture represents
brittle fracture occurring in the matrix region, which shown in Fig 54.These are indications of
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the absorption of energy by local deformation. The direction of the river pattern represents
the direction of crack propagation. Quasi-cleavage fracture is related but distinct to cleavage
fracture. It is observed chiefly low temperature. The term quasi cleavage is used because the
facets on the fracture surface are not true cleavage planes. Quasi-cleavage fractures often
exhibit dimples and tear ridges around the periphery of the facets [21].

Ambient 1mm/min

Ambient 800mm/min

Fig 54: Scanning electron micrograph at ambient 1mm/min and 800mm/min shows steps and
welts as well as matrix cracking respectively.
+50 1mm/min

800mm/min

Fig 55: Thermal conditioning sample at 1mm/min and 800mm/min showing fiber/matrix
debonding and macromatrix cracking.
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In contrast to the foregoing phenomena, fracture surface of ambient samples subjected to
1mm/min, 800mm/min and 1000mm/min was shown in Fig (54) display fiber pull-out, steps
and welts, tiny nodules on the matrix surface, matrix cracking, and progressive interfacial
debonding. In addition, there are significant changes in the morphology of the matrix
fracture. Besides that, other important matrix fracture is scraps and ribbons. When multiple
microcracks are formed and begin to propagate in several planes, and they subsequently
converge onto one plane. Ambient temperature signifies the beginning of the steps and welts
as well as macromatrix cracking. Both the things are parallel to the fracture propagation
direction. This failure mode was observed at low loading speed. The steps are identified by
toughened matrix or smooth region, while welts are identified by ribbons. If the crack planes
overlap before they coalesce to form scarp [22]. When the loading rate increases 800 mm/min
density of crack plane increases and macomatrix cracking plays the dominant role.
Above discussions associated with matrix failure modes at high as well as low temperature,
which are responsible for integrity and durability of polymer matrix composites.
Fig (55) shows fiber/matrix debonding as well as cohesive failure of matrix at low and high
loading rate respectively at +50º C temperatures. Damage initiation for cohesive failure
observed at the matrix resin where severity of stress state occurred.

4.3.4 Conclusions
In this investigation, an experimental study was carried out on the failure of GFRP
composites in thermal and cryogenic environment. Parameters such as temperature and
loading rate were considered to assess and evaluate mechanical behavior. The present study
may possibly reveal the following conclusions:
The percentage of ILSS value decreases during above-ambient temperature testing in every
mode of loading rate ranges because of thermal conditioning effect which leads to spreading
of process zone in the matrix resin which impart high fiber/matrix debonding.
In contrast to, at sub-ambient temperature the percentage of ILSS value increases in Mode A,
phase and decreases in Mode B and C due to unstable crack propagation (adiabatic heating)
at the crack tip. This yield matrix microcracking to fiber fracture and then fiber pull-out.
In comparison when a virginal sample is tested the percentage of ILSS value increases in
each mode of loading speed which may be due to preexisting stable element (low-energy
crack) which divulge steps and welts along with matrix cracking in the matrix region.
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The load carrying capacity and the strain at yield increases with increasing the loading rate in
each environmental conditioning treatment.
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4.4 Thermal cycle on interlaminar shear strength of FRP composites.
Theories and Thoughts
Polymer composite materials are ultra-light anisotropic and heterogeneous infrastructural
materials, a popularly introduced in the last few years in wide range of applications.
However, their exceptional durability and integrity of mechanical performances, they are
vulnerable to aggressive natural environmental conditioning factors such as harsh
temperature variations, moisture, UV radiation and some cyclic exposure. It is widely
accepted that special caution needs to be observed when using these materials to manufacture
mechanically critical airframe components inside a full-scale structure. Carbonﬁbre
reinforced plastics (CFRP) are currently the most used composites in the aeronautical
industry (for example in the Boeing 787 and the currently in development Airbus 350 XWB).

4.4.1 Introduction
Widespread application spectrum of FRP’s 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
bridges [1]. The behaviour and performance of advanced structural FRP composites cannot
be explained only in terms of specific properties of its constituent fibre and matrix
but the existing interface/interphase between fibre and matrix has great significance as
well [2, 3]. The presence of moisture at the

interface

can

modify

the

interfacial

adhesion thereby affecting the mechanical performance of the FRP composites. During
thermal cycling differential coefficient of thermal expansions and residual stresses is a main
cause in FRP composite material. The behavior of the interfacial contact between fibre and
matrix is strongly influenced by the presence and nature of residual stresses[4].A very large
thermal expansion mismatch may result in debonding at the fiber/matrix interface and/or a
possible matrix cracking due to thermal stress [5-7].The fiber/matrix interface is likely to
affect the overall mechanical behavior of fiber-reinforced composites. The present
investigation related to study the thermal cycle effects on glass fibre and carbon fibre/epoxy
composites laminates.
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4.4.2Materials and Methods
4.4.2.1 Materials
The material system selected for this work was E-glass fibre/epoxy and carbon fibre/epoxy
polymer composites fabricated by hand lay-up method followed by compression moulding
process. Diglycidyl ether of Bisphenol A (DGEBA) as epoxy and Triethylene tetra amine
(TETA) as hardener supplied by Atul Industries Ltd, Gujarat, India under the trade name
Lapox, L-12 and K-6 respectively.The volume fraction of fibres is 60%. The ratio of epoxy
and hardener is taken as10:1. The laminated composites has been prepared by hand lay-up
method with 16 layers of woven fabric cloth of reinforcement and then placed in a
compression moulding process. Then the curing of the laminate has been carried out at 60°C
temperature and 15 kg/cm2 pressure for 20 minutes. The laminates were then removed from
the press and kept at room temperature for 24 hours. The test specimens have been cut from
the laminates using diamond tipped cutter as per ASTM D2344-13 standard.
4.4.2.2 Methods and characterization techniques
Universal Testing machine
3-point short-beam shear tests were performed on a 30KN capacity Instron testing machine.
The thermal cycling testing in presence of moisture and low temperature was conducted with
specimens with an ultra-low environmental chamber. Moisture absorption was conducted in a
multifunctional chamber of humidity. The thermal cycle divided into 3 cycle as half-cycle,
full-cycle and one and half-cycle. In half cycle we only consider samples exposed to moisture
for 24 hr and then suddenly transferred to ultra-low chamber at -20°C for 4 hr. In case of fullcycle specimens again exposed to moisture for 48 hr and then immediate transfer to at -20°C
temperature. Again in one and half cycle anain the half cycle treatment was repeated for the
test. The tests were performed with six crosshead speeds viz; (1, 10, 100,200, 500, and 1000)
mm/min. For each point of testing 5 to 6 specimens were tested and the average value was
taken. The broken parts were observed under Scanning Electron Microscope (SEM) for the
fractographic analysis.

Scanning electron microscope(SEM)
For analysis of composite fractography, SEM by JEOL-JSM 6480 LV with the acceleration
voltage of 15 kV was used. Cleaned, small in size and conductive samples are used during
testing in SEM. the top surface of the specimens were coated with platinum using a sputter
coater. The coating is used to make the surface conductive for scanning and prevents the
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accumulation of static electric charge for clear images during the microscopy. During the test
samples are little tilt around 15-20° to drawn attractive and clear images of different failure
modes.

4.4.3 Results and Discussion
4.4.3.1 Interlaminar shear strength study (ILSS)
Fig 56. shows the interlaminar shear strength study with loading rate of glass fibre/epoxy
composites. There is a sign of decrease of ILSS value was observed at each increasing
loading speed. The reason may be due to presence of high residual stress in composite
material. Due to poor adhesion between glass fibre and epoxy matrix during these thermal
cycle testing, debonding plays dominant role for the deadhesion. The misfit strain between
fibre and matrix also result in debonding at interface region [4].
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Fig.56 Interlaminar shear strength with loading rate at different thermal cycle of glass
fibre/epoxy composites.
The ultra-low temperature conditioning cause differential contraction and increases resistance
to debonding by mechanical debonding. Because of this the ILSS values increases with
increasing loading speed.
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Fig.57 Interlaminar shear strength with loading rate at different thermal cycle of carbon
fibre/epoxy composites.
In case of carbon fibre/epoxy composites there is a sign of increase of ILSS values with
increase in thermal cycle treatment but after one cycle it decreases which shown in
Fig.57.The reason may be due to presence of less residual stress in the interface region.

4.4.3.2 Fractography study(SEM)
Fig.58 represents fibre imprints, riverline markings and fibre/matrix debonding failure
modes. However, there is some fiber imprint are visible on the surface. This is because of
development of internal residual tensile stresses in the matrix resin at 0.5 cycle treatment. As
matrix behaves as brittle manner after moisture ingression the molecular motion will be
abysmal; molecular motion will be small and re-orientation modes will be relatively simple
[18]. Similarly the deportment of interface region of glass/epoxy at low temperature
treatment doesn’t undergo any significant change which tends to high adhesion bond
strength. Here cohesive failure of the bulk matrix plays the dominant role. At higher
crosshead speed 800mm/min brittle failure of fiber observed. Brittle fibers have low fracture
strain and low energy absorbing capability [19].Fibers can fracture early at the weak cross
section point, which is not necessarily the direction of crack propagation.
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(a)

(b)

(c )
Fig. 58 Different failure modes were observed in glass fibre/epoxy composites (a) fibre
imprint at 0.5 cycle treatment (b) riverline marking at 1cycle treatment (c) fibre/matrix
debonding at 1.5 cycle
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Carbon fibre/epoxy composites

(a)

(b)

(c)
Fig.59. Different failure modes are observed in carbon fibre/epoxy composites (a) fibre
fracture at 0.5 cycle treatment (b) toughened matrix at 1 cycle treatment (c) fibre/matrix
debonding at 1.5 cycle treatment.
In case of carbon fibre/epoxy composites fibre fracture, toughened matrix and matrix failure
failure modes were observed. As the applied loading rate increases 1000mm/min the fracture
proceeds, the broken fibers will likely pullout from the matrix which observed in SEM
micrograph. When the matrix behaves as brittle, the energy of fracture is fairly low and there
is little step marking formed during failure, which is refereed to toughened matrix [20]. The
characteristic feature of toughened matrix is flat facets. This fracture represents brittle
fracture occurring in the matrix region, which shown in Fig 59.These are indications of the
absorption of energy by local deformation. Quasi-cleavage fracture is related but distinct to
cleavage fracture. It is observed chiefly low temperature. The term quasi cleavage is used
because the facets on the fracture surface are not true cleavage planes.
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4.4.4 Conclusion
The percentage of ILSS value decreases during above-ambient temperature testing in every
mode of loading rate ranges because of thermal conditioning effect which leads to spreading
of process zone in the matrix resin which impart high fiber/matrix debonding.
In contrast to, at sub-ambient temperature the percentage of ILSS value increases in Mode A,
phase and decreases in Mode B and C due to unstable crack propagation (adiabatic heating)
at the crack tip. This yield matrix microcracking to fiber fracture and then fiber pull-out.
In comparison when a virginal sample is tested the percentage of ILSS value increases in
each mode of loading speed which may be due to preexisting stable element (low-energy
crack) which divulge steps and welts along with matrix cracking in the matrix region.
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4.5 Effect of UV treatment on loading rate sensitivity
Theories and Thoughts
The many concurrent chemical processes taking place in polymers exposed to UV radiation
result in several different modes of damage, each progressing at a different rate. It is usually
the critical first-observed damage process that determines the useful service life of the Fibre
reinforced polymer composite material. The basic mechanism for photo-initiated degradation
is the same for all polymer materials. Damage occurs when lightphotons interact with the
molecular

chains

that

make

up

the

polymer

structures.The shorter wavelengths

possessing higher photon energies are more strongly absorbed inmost polymeric materials,
and have a greater potential to break chemical bonds in thatmaterial. The objective of this
study is toinvestigate the above properties of glass fibre/epoxy laminated composites,
subjected to UVradiation attacks.

4.5.1 Introduction
Glass and carbon
ﬁbre

-reinforced epoxy resin composites have received considerable

attention and are widely used as structural materials in the construction, automotive, and
aerospace industries [1–3]. These composites offer a variety of distinct advantages, including
high speciﬁc strength and stiffness, corrosion and fatigue resistance and ease of handling and
fabrication. However, there are concerns with their long-term durability and performance
during their service life under harsh and changing environmental conditions. Ultraviolet
(UV) light from the solar spectrum combined with atmospheric oxygen is potentially
amongst the most damaging weathering conditions which affect polymers deleteriously, re
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ferred to as photo-oxidation [4–6]. UV light can be absorbed by the chromophoric groups
present in the polymers and the energy absorbed can cause the dissociation of the polymer
covalent bonds (mostly C–C and C–H) to produce free radicals, followed by molecular chain
scission and/or cross-linking. Chain cross-linking during photo-oxidation reactions reduces
molecular mobility and in turn results in excessive embrittlement of the polymer matrix,
which is mainly responsible for the formation of microcracks [7,8]. Photo-oxidation also
induces the formation of the UV-absorbing chromophores which impart discoloration to the
polymer if theyabsorb visible wavelengths. Furthermore, they can decompose tonew free
radicals, activating the auto-oxidative degradation process [8]. At an elevated temperature,
the oxidative reactions areaccelerated, which in turn results in rapid degradation. The aim of
this investigation related to study the loading rate sensitivity of glass fibre/epoxy and carbon
fibre/epoxy composites when subjected to UV radiation effects.

4.5.2 Materials and Methods
4.5.2.1 Materials
The material system selected for this work was E-glass fibre/epoxy and carbon fibre/epoxy
polymer composites fabricated by hand lay-up method followed by compression moulding
process. Diglycidyl ether of Bisphenol A (DGEBA) as epoxy and Triethylene tetra amine
(TETA) as hardener supplied by Atul Industries Ltd, Gujarat, India under the trade name
Lapox, L-12 and K-6 respectively.The volume fraction of fibres is 60%. The ratio of epoxy
and hardener is taken as10:1. The laminated composites has been prepared by hand lay-up
method with 16 layers of woven fabric cloth of reinforcement and then placed in a
compression moulding process. Then the curing of the laminate has been carried out at 60°C
temperature and 15 kg/cm2 pressure for 20 minutes. The laminates were then removed from
the press and kept at room temperature for 24 hours. The test specimens have been cut from
the laminates using diamond tipped cutter as per ASTM D2344-13 standard.
4.5.2.2 Methods and characterization techniques
Universal Testing machine
3-point short-beam shear tests were performed on a 30KN capacity Instron testing machine.
The thermal cycling testing in presence of moisture and low temperature was conducted with
specimens with an ultra-low environmental chamber. Moisture absorption was conducted in a
multifunctional chamber of humidity. The thermal cycle divided into 3 cycle as half-cycle,
full-cycle and one and half-cycle. In half cycle we only consider samples exposed to moisture
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for 24 hr and then suddenly transferred to ultra-low chamber at -20°C for 4 hr. In case of fullcycle specimens again exposed to moisture for 48 hr and then immediate transfer to at -20°C
temperature. Again in one and half cycle again the half cycle treatment was repeated for the
test. The tests were performed with six crosshead speeds viz; (1, 10, 100,200, 500, and 1000)
mm/min. For each point of testing 5 to 6 specimens were tested and the average value was
taken. The broken parts were observed under Scanning Electron Microscope (SEM) for the
fractographic analysis.
Scanning electron microscope (SEM)
For analysis of composite fractography, SEM by JEOL-JSM 6480 LV with the acceleration
voltage of 15 kV was used. Cleaned, small in size and conductive samples are used during
testing in SEM. the top surface of the specimens were coated with platinum using a sputter
coater. The coating is used to make the surface conductive for scanning and prevents the
accumulation of static electric charge for clear images during the microscopy. During the test
samples are little tilt around 15-20° to drawn attractive and clear images of different failure
modes.

4.5.3 Results and Discussion
Interlaminar shear strength with loading rate study
Fig.60 represents the variation of interlaminar shear strength with loading rate of glass
fibre/epoxy and carbon fibre/epoxy composites subjected to UV treatment in different time
duration.

Fig.60 Interlaminar shear strength with loading rate at different time exposure of UV
treatment (a) carbon fibre/epoxy composites (b) glass fibre/epoxy composites.
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From the above graph we found that in case of carbon fibre the ILSS value decreases with the
UV treated samples except 30 days of exposure. In case of glass fibre the ILSS value
decreases with increasing days of exposure for UV treatment. The untreated samples are
compare with treated samples. Carbon fibre/epoxy sample surfaces are less degraded as
comapred to glass fibre/epoxy composite samples. The decrease of ILSS may be due to
surface outgassing of the volatile materials which are resposible for shrinkage of the epoxy
matrix[9]. This shrinkage effect has a great impact on interfacial bond strength of the
composites materials. The shrinkage effect was less in carbon fibre/epoxy composites due to
high interfacial bond strength between carbon fibre/epoxy as compared to that of glass
fibre/epoxy.
Fractography Study
Glass fibre/epoxy composites
Glass fibre/epoxy shows different failure modes shown in Fig.61

(a)

(b)

(c)
Fig.61 (a) Bunch of fibre fracture (b) resin tearing (c) fibre fracture sliding failure modes
observed in glass fibre/epoxy composites at 30 days, 60 days and 90 days UV treatment of
samples.
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Fig.61 represents the various failure modes observed on glass fibre/epoxy composites. As
surface degradation occurred during this treatment, matrix failure dominant role for the
degradation of mechanical properties. UV light can be absorbed by the chromophoric groups
present in the epoxy matrix and the energy absorbed can cause the dissociation of the matrix
covalent bonds (mostly C–C and C–H) to produce free radicals, followed by molecular chain
scission and/or cross-linking. Chain cross-linking during photo-oxidation reactions reduces
molecular mobility and in turn results in excessive embrittlement of the polymer matrix,
which is mainly responsible for the formation of microcracks
Carbon fibre/epoxy composites
Carbon fibre/epoxy shows various failure modes during UV treatment at different interval of
time shown in Fig.62

(a)

(b)

(c )
Fig: 62 (a) steps formation on the matrix resin (b) deep riverline marking (c ) small cusps
formation failure modes are observed in carbon fibre/epoxy composites at 30 days, 60 days
and 90 days UV treatment of the samples.
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Cusps failure modes are clearly visible for the carbon fibre/epoxy composites under different
duration of treatments which shown in Fig.65. The appearance of the cusps at relatively high
magnification; cusps size is similar to that of the fibre spacing. However, the size of cusps is
larger than particularly those which develop with in resin rich regions. These failures do not
display a complete fibre matrix debonding from the fibre surface [27]. At high temperature,
the resin exhibits greater plasticity, and cusps resulting from the microcracks are thicker.
4.5.4 Conclusions
Interlaminar shear strength (ILSS) is one of the most important interfacial properties for
composites. To better understand the interfacial strength between the carbon fibre/epoxy
composites, three-point short beam shear test method was used to evaluate the interlaminar
shear strength of the composites. It is readily observed that at -100˚C temperature the carbon
fibre/epoxy composites possess better ILSS compared to other testing temperatures.Different
failure modes were observed which plays potential role during the failure of the samples.
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4.6 Effect of nanoparticles addition to evaluate FRP composites under
different environmental conditioning
Theories and Thoughts
The chain relaxation dynamics and glass transition of polymer nanocomposites (PNCs) are
profoundly influenced by the relative strength of the chain–particle interactions and the
morphology,

particularly

the

particle

dispersion

and

the interparticle spacing, lD.

Sufficiently strong particle–chain enthalpic interactions lead to permanent attachment of
chain segments to the nanoparticles. However, the performance of fibre-reinforced
composites, to a large extent, is controlled by the properties of fibre
−matri x interface. Good
interfacial properties are essential to ensure efficient load transfer from matrix to fillers,
which helps to reduce stress concentrations and improves overall mechanical properties.
Consequently, there is great interest in developing new concepts for improving the strength of
carbon fibre−matrix interface.Aim of this present investigation related to study the effect of
nanoparticles on the mechanical behavior of composites and its variation with loading rates.

4.6.1 Introduction
Functionlization of nanoparticles with polymer chains opens new avenues in nanostructure
materials and composites by tailoring the interactions of the nanoparticles with its constituents.
Polymer nanocomposites incorporating alumina nanoparticles are a novel class of composite
materials that are unique mechanical properties, while maintaining if not enhancing, the neat
polymer properties. When designing polymer nanocomposites as structural materials for use,
undergo different loading conditions such as static/quasi-static, creep, impact and fatigue [1].
Alumina/epoxy based polymer nanocomposites are widely used in aerospace applications, trigger to
meet high durability conditions that conventional composite materials compete to meet [2].
Nanostructures constitute a bridge between molecules and infinite bulk systems. The physical and
chemical properties of nanomaterial can differ significantly from those of the atomic-molecular or
the bulk materials of the same composition. Jacob and co-workers [3, 4] explored the assessment of
loading rate on the mechanical behavior of polymer composites. This is a summarization of the
published work related to the effect of strain rate on tensile, shear, flexural properties of composite
143

materials. The strain-rate sensitivity is less pronounced at higher conditioning time. It may be
assumed that the failure mechanisms are loading rate sensitivity phenomenon [5]. Hence, in recent
years introducing rigid nanofillers as alumina into epoxy resin to form polymer-matrix
nanocomposites has become a popular method for improving mechanical properties of epoxy-based
composites materials [6-10]. Zhao.Su. et al reported APTES-Al2O3/epoxy nanocomposites exhibits
increase in fracture energy at 10-15 phr due because of good adhesion level. Debonding, plastic
void growth and plastic deformation of matrix are the key reason of increase of fracture energy
[11].
Current interest in alumina/epoxy nanocomposites has been generated and maintained because
nanoparticles filled polymers exhibit unique combinations of properties not achievable with
conventional composites. In the present study, glass fiber reinforced composites filled with alumina
nanoparticle have been prepared. Alumina nanoparticle was well dispersed in epoxy polymer matrix
to achieved high mechanical performance. The results show that it is possible to improve the
interlaminar shear strength with the loading rate variations. Clearly, no follow-up work in this area
will be commendation for better understanding of effect of nanoparticle in FRP composites in
assessment of loading rate sensitivity.

4.6.2 Methods and experiments
Experiments were performed using alumina nanoparticles-epoxy based glass reinforced polymer
nanocomposites. Alumina particles with an average size of 10μm and < 50 nm were purchased from
Sigma Aldrich of was selected as the reinforcement materials. Experiments were performed using
samples that had fabricated as per ASTM standard 2344-10 having dimensions 60× 40×4 mm3.
Epoxy-alumina nanocomposites were prepared via magnetic stirrer and sonicatior methods. 1hpr of
alumina nanoparticles was added to epoxy at 70°C to reduce resin viscosity and then thoroughly
stirred on a magnetic stirrer for 10 min followed by sonicating with sonicater to break any
aggregates. The directionality of woven roving in GFRP composites was 0°/90°, and the fabric had
plain weave architecture. After curing, the laminate was cut into the required size for 3-point bend
(Short- Beam Shear) test by diamond cutter. Specimens were tested from two conditions panels
with six loading speed (3 specimens each) for each test in INSTRON (Model 5967). The results
were then compared with the data obtained from unconditioned specimens. The shear stress induced
in a beam subjected to a bending load, is directly proportional to the magnitude of the applied load
and independent of the span length. Flexure strain expression in BLUE-Hill software for 3-point
bend test is
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𝐸𝑥×𝑡×6

(SP) 2

Ex- Extension, t-thickness
𝑃×1.5×𝑆𝑃

Whereas Flexure stress expression is

w×t2

SP- Support span, P-load, w-width

Thus the support span of the short beam shear specimen is kept short so that an inter-laminar
shear failure occurs before a bending failure. The shear stress induced in a beam subjected to
a bending load, is directly proportional to the magnitude of the applied load and independent
of the span length. Thus the support span of the short beam shear specimen is kept short so
that an inter-laminar shear failure occurs before a bending failure. The specimens were
focused in JEOL scanning electron microscope. At the best compromise between the
tendency for the specimen to charge and to obtain optimum resolution, an accelerating
voltage of 15KV was used for all micrographs. To enhance the contrast, which was
particularly important for the relatively shallow topography of the basic longitudinal texture,
the specimen normal had to be tilted away from the incident electron beam toward the
collector by 20 to 25º. During experiments, various loading (striking) speed were performed
i.e. (1, 10,100,200,500) mm/min.

4.6.3 Results and Discussion
The alumina nanoparticles size has an effect on the loading rate sensitivity of the composites
when this is dispersed around epoxy polymer matrix. The relationship between the
interlaminar shear strength and loading rate of glass epoxy/alumina fiber reinforced
composites at room temperature is shown in Fig 63(a) and (b), where the change in stressstrain curve during both the experiments are plotted in Fig 64(a) and(b). The increase of ILSS
value with loading speed observed in 1% alumina/epoxy glass fiber reinforced composites at
room temperature. Indeed, the stress-strain curve of alumina/epoxy nanocomposites shows
ductile behavior which increases with increase in loading speed. Nevertheless, the most
striking result is that mirror, mist and hackle region observed in fractography analysis shown
in Fig 65. The increase of percentage value of ILSS with loading rate of alumina epoxy
nanocomposites in compared to epoxy glass fiber reinforced composites shown in Fig 63.
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Fig 63(a): 3-Point bend test data for ( ) alumina/epoxy glass fiber reinforced nanocomposites
( ) without alumina/epoxy glass fiber reinforced composites
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Fig.66(b): Load-displacemnt curve for glass fibre/epoxy composites was plotted with and
without nano-filler.
The improved in interlaminar shear strength (ILSS), which the nanocomposites exhibit, are
due to the behavior of the interfacial interaction zone (IZ) which surrounds the nanoparticle
[12, 13]. This is a region in which the structure and properties have been altered because of
presence of filler material. Formation of double layer at the interface region because of a
common surface, which is created by molecular mobility (physic-chemical bond) of matrix
affect the interfacial interaction zone. Thus with the low volume fraction of filler, which may
then affect the entire matrix due to their large surface to volume ratio, through an interaction
zone. The dispersed nanofillers are able to improve the ILSS vale with the loading rate to
maintain or even improve ductility because they are much smaller than the critical crack size
of polymer matrix and need not initiate failure with no decrease of strain-to-failure value. The
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loading rate sensitivity of the polymer composites was appeared to be nonlinear and
contradictory value at some point shown in Fig 63(b). This phenomenon may be attributed
by, weak adhesion, fiber/matrix debonding and matrix cracking visualise in fractography
result.

It seems that greater the strain rate and the loading velocity, the greater the

mechanical properties [14]. This mechanical behavior of composites depends on the ability to
interface (region of stress concentration develops) to transfer stress from the matrix to the
reinforcement fiber [15]. The mechanical behavior displayed by these nanocomposites is seen
in the stress-strain curves presented in Fig 64 (a),(b). In this graph GFRP laminates at various
loading rate at room temperature is compared with 1% alumina/epoxy nanocomposites that
displays ductile behavior increases with loading rate. When sample loading with
nanoparticles, there is a transition from brittle to ductile behavior is observed. And at other
loading speeds that don’t behave ductile manner, because of pre-existing flaws or, inclusions
which is the cause of damage and degradation of composite laminates [16]. First form of
damage in composite laminate is usually matrix microcracks which are transverse to the
loading direction [17,18]. Mechanical and fracture behavior of laminates strongly influenced
by loading rate, material microstructure and environmental conditions [19,20,21].
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Fig 64 (a): Average stress-strain curves for the woven GFRP composite with nanoparticles
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Fig 64 (b) Average stress-strain curves for the woven GFRP composite without nanoparticles

The much rougher fracture surface with fine mirror, mist and hackle marking appear in the
nanocomposites [22, 23]. This is an example of morphology of brittle tensile failure at a
microscopic level as shown in Fig 65 (a),(b). This shows nanoparticles dispersed glass/epoxy
composites which has been loaded in short beam shear test (flexural loading). Failure
initiated at the central region near upper face of glass fiber. At the marked “O” point where
small pin-head sized defect was located on the laminate surface. At the area immediately
adjacent to this becomes flat means fracture behavior is flat. A slow movement of fracture
surface observed in this region, it means enough energy for propagation of crack. As the
crack extends the propagation of crack speed increases producing rugged fracture
topography. This leads to formation of radial lines. These radial lines used to infer the crack
growth direction. The movement from featureless region to rugged region is referred as
mirror, mist and hackle development in the brittle matrix. This failure mode was observed at
1mm/min loading speed during the test. The relative proportions of this region are dependent
on loading condition, environmental parameters and toughness of the matrix. The interfacial
debonding observed in the mirror zone was not seen in the hackle zone. Figure 65 (c),(d)
represents scanning micrograph of without alumina nanoparticles glass fiber/epoxy polymer
composites. Matrix cracking and fiber imprint plays adverse effect on the interfacial shear
strength of the glass fiber/epoxy reinforced polymer composites.
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Fig 65:(a),(b) Scanning electron micrograph of epoxy resin and fiber of alumina/epoxy glass
fiber reinforced composites. Tilted 20°.

Fig 65 (c ),(d): Scanning electron micrograph of epoxy glass fiber reinforced composites.
Tilted 20°.

4.6.4 Conclusions
Polymer nanocomposites were synthesized, fabricated and tested with different loading
speed. When an interfacial interaction zone (IZ) exists between nanoparticles and polymer
matrix at room temperature, the percentage increase of ILSS value with loading rate was
obtained. Here the mode of yielding changing from brittle-to-ductile transition. Presence of
mirror, mist and hackle region in the polymer matrix around the edge of glass fiber require
both the understanding and integrity of composite material.

149

References
1. Naik N.K.: Mater Design, 2010, Vol.31, pp. 396-401.
2. Njuguna.J. and Pielichouski. K: Adv Eng Mater, 2003, Vol.5, pp. 769-778.
3. Jacob G.C., Starbuck J.M. Fellers. J.F., Simunovic. S., Boeman. R.G.: J.Appl.
Polym.Sci, 2005, Vol.96, pp. 899-904
4. Jacob G.C., Starbuck J.M. Fellers. J.F., Simunovic. S., Boeman. R.G., J.Appl.
Polym.Sci., 2004, Vol.94, pp. 296-301
5. Ray B.C.: Mater.Sci.Eng.A., 2004, Vol.379, pp. 39-44
6. Omrani. A., Simon. L.C., Rostami. A.A.:Mater.Chem.Phys, 2009, Vol.114, pp145150.
7. Zeng.K.Y, Lim.S.H, He.C.B: Mater.Sci. Eng.A, 2010, Vol.527, pp. 5670-5676
8. Wetzel. B., Rosso.P, Friedrich.K: Eng. Fract. Mech., 2006,Vol.73,pp.2375-2398
9. Wetzel.B., Haupert. F., Zhang.Q.M: Compos. Sci.Technol., 2003,Vol.63,pp.20552067
10. Quaresimin.M.,Salviato., M.,Zappalorto.M.: Composites Part
B.,2012,Vol.43,pp.2290-2297
11. Van Vliet.K.J., Schmidt. D.J.,Cebeci.,F.C.,Kalcioglu.L.,Wyman.S.G.,Ortiz.C.,
ACSNano, 2009, Vol.3 ,pp.2207-2216
12. Gamby.D. Nguyen.T.H.: Compos. Sci. Technol.,2007,Vol.67,pp.438-452
13. Khan.M.Z.S.,Simpson.G.,Gellert.E.P.:Composites Part A.,2000,Vol.31,pp.57-67
14. Wong.C.P., Sun.Y., Zhang.Z.,Moon.K.S.:J. Polym. Sci.Part B:Polym.Phys.
2004.Vol.42.,pp.3849-3858
15. Tjong.S.C.: Mater. Sci. Eng. R, 2006, Vol.53, pp.73-197
16. Singh.R.P.:Material letters,2004. Vol.58,pp.408-412
17. Ray. B.C.: J. Reinf.Plast. Compos.,2005, Vol.24, pp.1771-1776
18. Ray.B.C.: J. Reinf. Plast. Compos., 2006, Vol.25, pp.1227-1240
19. Ray.B.C.,: J. Colloid Interface. Sci, 2006., Vol.298, pp.111-117
20. Ray.B.C.:J. Reinf. Plast. Compos., 2006, Vol.25, pp.329-333
21. Ray.B.C.: J.Appl.Polym. Sci., 2006,Vol.100,pp.2289-2292
22. Vaia.R.A.,Maguire.J.F.: Chem. Mater., 2007. Vol.19, pp.2736-2751
23. Pitsa.D. and Danikas. M.G: Nano: Brief report and reviews. 2011,vol.6, pp. 497-508

150

4.7 Effect of strain rate and environment on the dynamic flexural behavior
of GFRP and CFRP composites
Theories and Thoughts
Large number of structural applications fibre reinforced composite materials are subjected to
low velocity static loading to high velocity dynamic loadings during its service period
producing different dynamic states of stress. Damage and degradation in composite
structures is a critical phenomenon starting from micro to macro failure by changing its
mechanical behavior.Focusing on dynamic failurebehavior of these materials in terms of its
mechanical testing andinterfacial characterization at different environmental conditions will
helpful for the designer analyst. Material characterization is needed to determine composites
malminates stiffnesses and strengths as a function of strain rate. Therefore, it is utmost
important to characterize these materials under relevant dynamic loading conditions and to
identify the appropriate failure criteria to apply in the design of dynamically loaded
structures.

4.7.1 Introduction
FRP composite materials have shown great potential for various high performance structural
applications. Their outstanding strength to weight ratio, fatigue resistance, corrosion
resistance and lower manufacturing costs makes them superior than the conventional metals.
Today aircraft, automotive, marine, chemical, construction and electrical industries are
manufacturing most of their components with fiber composites [1-2]. Fabio Nardone et al
[23]studied the effect of temperature on mechanical properties of GFRP and CFRP
composite. They have reported that for GFRP specimen the loss in mechanical properties for
the temperature range(-150C to +360C)was not significant but for CFRP specimen
(temperature range +200 to +700C) a decrease of 28.8 and 27.7% of ultimate tensile strength
and computed ultimate FRP tensile strain respectively were reported. P.K.Dutta et al [24]
studied the durability of FRP composites under low temperature and freeze thaw cycling.
They reported that increase in young’s modulus (E) and shear modulus (G) values controls
the flexural properties of composite at low temperature. Thermal cycling resulted in crack
growth which can be the obstacle in the applicability of FRP composite in such harsh
environment.M.Z. Shah Khan et al [25] studied the effect of compressive strain rate and
loading rate on mechanical properties of GFRP composite. Strength and modulus of woven
GRP composite for compressive loading in in-plane orientation were investigated. They
found that initially from 0.005/s strain rate both strength and modulus increased upto 1.0/s
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and then decreased with further increase in strain rate. For normal loading the modulus and
strain at maximum stress found unaffected with the variation of strain rate while the strength
were increased by approximately 20 % between the strain rates 0.1/s to 11.0/s. O.I.Okoli [26]
studied the effect of strain rate and failure modes on the failure energy of glass/epoxy
composites. Their experimental results suggest an increase in tensile, shear, and flexural
energy of 17%, 5.9%, and 8.5%, respectively, per decade increase in log of strain rate. At
quasistatic crosshead rates the failure includes the brittle failure with fiber pullout, while
brittle failure with substantial matrix damage is dominating failure mode as the crosshead
speed increases. The latter failure mode is more energy consuming suggesting an increase in
the energy absorption with the increasing crosshead rates.Ray B.C. et al. [27] found that the
ultra-low temperature (77K) conditioning results in substantial degradation in interlaminar
shear strength of glass/polyester composites while the same cryogenic conditioning
investigation [28] on glass/epoxy composite shown improvement in Interlaminar shear
strength. C. Kanchanomai et al. [29] studied the effect of loading rate on fracture behaviour
and mechanism of thermoset epoxy polymer. From the analysis of the load-displacement
curves at different loading rates they suggested that the displacement to fracture is decreases
with increasing loading rate and become stable after a rate of 100 mm/min. Dominating
failure mechanisms at low loading rates includes formation of shear lips, a stretched zone and
crack blunting while brittle fracture were observed for specimen tested at 10 mm/min or
higher. Delamination is also one of the most frequent life limiting failure mode in laminated
composites.
Aim of the currentinvestigation is to present the variation of mechanical properties of glass
fiber/epoxy composite under the synergetic effect of temperature and rate of loading. GFRP
and CFRP composites were fabricated by compression moulding press. The composite
specimens were subjected to thermal spike at different temperature.3-point bend test and 4point bend test were conducted in order to characterize the mechanical behavior of laminated
composite and to determine the influence of loading rate on interlaminar shear strength.To
understand the interactions between various failure mechanismsin the fiber, matrix and
fiber/matrix interface, microscopic analyses were conducted.
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4.7.2Experimental
4.7.2.1 Material and Methods
Woven fabric E-glass fiber and carbon fiber reinforced composite laminates were prepared by
hand lay-up technique. The polymer matrix used for the present investigation was DGEBA
epoxy resin with hardener (HY 951).The weight fraction of fiber and matrix were 60:40.
GFRP laminate include16 layers of the glass fiber cloth while the desired thickness of CFRP
laminates were achieved in 12 layers. The laminates were cured and 3-point bend test
specimens for the evaluation of interlaminar shear strength were extracted.
Rectangular specimens, 50mm x 6mm, were extracted from the prepared sheets of GFRP
composite material. In the case of the material exposed only to ambient temperatures, a Flow
CNC waterjet was utilized to extract the specimens. Specimen thickness was approximately
3mm, and was observed to vary slightly with each sheet of prepared material. As any
exposure to moisture may have disturbed existing properties in the sheets GFRP material that
were exposed to elevated temperatures, a conventional vertical bandsaw was used to extract
such specimens. Four unique specimen types of GFRP material resulted. In all cases, were
extracted such that the reinforcing fibers remained oriented along the length and width of the
rectangular specimen.
4.7.2.2 Temperature conditioning
Present investigation includes two types of woven fabric reinforcement in epoxy resin i.e.
glass fibres and carbon fibres The epoxy resin used is diglycidyl ether of Bisphenol A
(DGEBA) and the hardener is Triethylene tetra amine (TETA) supplied by Atul Industries
Ltd, Gujarat, India under the trade name Lapox, L-12 and K-6 respectively. Some properties
of these reinforcements and epoxy resin used in the study are provided in the table-1. The
volume fraction of fibres is 60%. The ratio of epoxy and hardener is taken as10:1. The
laminated composites has been prepared by hand lay-up method with 16 layers of woven
fabric cloth of reinforcement and then placed in a hot press. Then the curing of the laminate
has been carried out at 60°C temperature and 20 kg/cm2 pressure for 20 minutes. The
laminates were then removed from the press and kept at room temperature for 24 hours. The
test specimens have been cut from the laminates using diamond tipped cutter as per standard.
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4.7.2.3 Experimental Setup
A Hopkinson bar experimental apparatus was utilized to provide dynamic loading to the three
point bend specimens. In this case only an incident bar and striker bar were employed, as
compared to the traditional split Hopkinson bar which also utilizes a transmission bar. Alloy
7075 aluminum, 13mm in diameter, was used to construct both the 2m long incident bar and
the 150mm long striker bar. The configuration of the modified Hopkinson bar experimental
apparatus is depicted below in Figure (66) and figure (67), with the oscilloscope and load cell
amplifier also visible in figure.

Fig.66 Configuration of Experimental Apparatus.
The incident bar was machined such that the end contacting the specimen exhibited a 3mm
radius. A special 3 point bend loading fixture was designed and constructed to facilitate the
tests. This fixture incorporated a pair of moveable supports, each of which exhibited a 3mm
radius in contact with the specimen. A span length of 40mm between the two supports was
chosen for the current work. Furthermore, to acquire data relating to the force applied to the
specimen, a pair of PCB piezoelectronic load cells was integrated into the structure of the
loading fixture. This assembled fixture can be seen below in figure (70)and (71).

154

Load cells
Loading bar

Specimen

Fig.67: Loading Fixture, Specimen, and Incident Bar
In order to capture specimen displacement, 2D digital image correlation (DIC) was used in
conjunction with a Photron SA-X2 high speed camera, operating at a frame rate of 400k fps.
In this experiment only the midpoint displacement was required and hence only a small
portion of the specimen shown in figure 67 is considered which allow us to get a 128X8 pixel
at a framing rate of 400k fps. The field of view of the specimen along with the loading bar
considered in this experiment is shown in figure 68. The images were analyzed, correlating
displacement of a selected point near the center of thickness of each specimen. An
oscilloscope was used to collect load cell data, and also to trigger image acquisition of the
high speed camera.
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Fig.68 Loading arrangement and field of the camera system

Experimental Procedure
It should be noted that the use of strain gages, as typical in most Hopkinson bar experiments,
was omitted in the current testing. Strain gage data proved inappropriate for the current work,
as the impedance of the specimen was far too dissimilar from that of the specimen
impedance, preventing collection of useable data. As the specimen impedance was very low
as compared to that of the incident bar, the great majority of the incident wave was reflected
from the specimen. The sum difference between the incident and reflected waveforms,
interpreted as the strain wave transmitted through the specimen, did not exceed levels of the
expected noise present in the strain gage data. Otherwise, experiments using the modified
Hopkinson pressure bar apparatus were carried out in a typical fashion. For each test, the
striker bar is fully seated into the barrel of the gas gun. Some specified pressure was then
added to the tank of the gas gun. By rapidly opening a ball valve placed between the tank and
the barrel of the gas gun, this pressure was introduced to the backside of the striker bar, thus
propelling it to some initial velocity at impact with the incident bar. Loading rates were
varied by altering the tank pressure of the Hopkinson bar apparatus; pressure of 5psi, 10psi,
and 15psi were observed in the testing. Exhaustive interlaminar shear strength (ILSS) tests
were conducted, acquiring data only from load cells. Each specimen type was exposed to all
three loading rates, and to ensure consistency each unique test was repeated three times.
Subsequently, more concise tests were conducted utilizing 2D DIC to capture specimen
156

displacement. Using load data acquired from the load cells in conjunction with displacement
observed using DIC, stress-strain relationships could be plotted. Such testing was done for
each specimen type, exposed to each of the three loading rates described.
Data analysis
Maximum flexural stress
The stress for three-point bend spacemen can be calculated for any point on the loaddeflection curve by the following equation.

σ=
Where;

3PL
2bh 2

(1)

σ = stress at the outer surface at mid-spam (MPa)
p = applied force (N)
L = support span (mm)
b= width of beam (mm)
h = thickness of beam (mm)

According to the ASTM standard D7264, the maximum flexural stress for the specimen can
be obtained from load data and should be valid up to 2% strain. In our experiment the strain
before fracture are lower than2 %, hence calculating the maximum flexural stress using the
ASTM standard D7264 is valid.
Similarly the maximum strain at the outer surface also occurs at mid-span, and it may be
calculated as follows,

ε=
Where:

6δh
L2

(2)

ε= maximum strain at the outer surface (mm/mm)
δ = mid-span deflection (mm)
L = support span (mm)
h = thickness of beam (mm)

Finally, theinteerlaminar shear strength is calculated from the maximum shear stress. Using
elementary beam theory the maximum shear stress can be given as

τ=

3 P
4 Wt

(3)
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Where p is the maximum load, W and t are width and thickness of the specimen respectively.

4.7.3 Results and Discussion
4.7.3.1 Stress-strain
The flexural strain of the composites has been extracted from the midpoint point
displacement of the sample captured by DIC. To make visualization easy, images were
arranged in such a ways that the midpoint displacement of the specimen are arranged in
ascending order from top to bottom. A typical sequence of midpoint displacement for both
CFRP and GFRP is given in figure 69. But mainly we focused on GFRP composite
material.It is clearly visible that, the loading bar stays in-contact with the specimen until the
fracture initiated, after which visibly separated. Note that the framing rate of the experiment
was 400,000 frame per-second, which results in 2.5 μs between each images. The midpoint
displacement as a function of time extracted from the image is used to calculate the flexural
strain. A typical flexural strain as function of time plot is shown in fig 69.

Fracture
Fig 69 Typical mid-point deflection a) CFRPAMB at 300/s b) GFRP5_250 at 500 /s
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Fig70. Typical Strain-time plot for GFRP_AMB at different strain rate
GFRP and CFRP sample at ambient temperature subjected to 5 psi load is shown in figure
70,71.
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Fig 71: Typical Strain-time plot for CFRP_60s at different strain rate
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On the other hand, load data measured by the load cells are used to calculate the flexural
stress. A typical load time plot measured by the load cells are shown in figure 74.
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Fig.72 Typical load- time plot for CFRP_AMB at 276 /s

From the figure it is easy to find where the fracture happened and consistently the strain-time
plot also showed the same time at which the crack initiated. Finally the load time plot along
Eq. 2 is used to calculate the flexural stress of the sample.

4.7.3.2 Fractography Study
Matrix dominated failure properties
Fig. shows different matrix dominated failure mode at different testing pressures as 5 psi,
10psi and 15psi of glass fibre/epoxy composites.
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(a)

(b)

(c )
Fig:73 (a) Angles cusps formation on the matrix surface at 5 psi (b) Cusps formation
between the fibres spacing at 10 psi (c) Cusps in very small size at 15 psi.
From the above micrographs shows Fig.73. different failure modes which are responsible for
the initiation and propagation of crack. As delaminations failure modes are always driven by
fibre directions and interfiber spacing, cusps are usually generated between the fibres. We
can observed that the size of the cusps are the size of the spacing between the fibres. In case
of 5psi, the cusps are formed only on the matrix region and not have any uniform
size.However at 10psi cusps orientation becomes more alignment with the fibre axis as
compared to 5 and 15psi which leads to more local failure of the glass fibre/epoxy composite
material. During thermal spike treatment the samples are leads to development of thermal
stresses. Thus the presence of these thermal stresses could be the reason for the formation of
cusps in the matrix resin. This induces the addition of extra stresses between fibre and matrix
interface which weakening the interfacial region.
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Fibre dominated failure properties
However, we also observed the fibre failure modes which are responsible for the failure of
the components during dynamic testing shown in Fig.74

(a)

(b)

(c )
Fig:74 (a) Tension failure of glass fibre/epoxy at 5psi (b) deadhesion between fibre and
matrix at 10psi (c ) bunch of fibre failure at 15psi
The interfacial strength between glass fibre/epoxy matrix is usually quite poor. In this case
the fibres are tends to fracture individually at different points along their length which
observed in 5psi tested samples. Thus the failure surface are less flat and seems to be tension
failure on the fibre surface. In otherwords we can say tension failure of fibre leads to degree
of fibre brooming, tends to ply splitting. However in case of 10psi deadhesion between fibre
and matrix we observed.Here fibre/matrix interface strength plays prime role. When thermal
stresses generated on the matrix surfaces matrix cracks are formed due to coefficient of
thermal expansion etween fibre and matrix. In this condition shear stresses generated on the
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matrix surface which then parallel to the fibre axis and ultimately shear stress generated at the
interface region. This could be the reason for the deadhesion between fibre and matrix at
10psi. The bunch of fibre failure observed in 15psi tested samples.

4.7.4 Conclusions
A glass fibre/epoxy composite material was characterized over a wide range of strain rates,
from 104 to over 400 s-1 , at dynamic testing machine. Stress–strain curves to failure, midpoint deflection were observed. It was found that, for the range of strain rates investigated,
time was linearly varies with strain rate. In case of load-time curve we can observed the
crack intiation time with the strain rate. Various failure modes were also observed which are
responsible for the failure of these materials. Different types of cusps are formed in the
matrix region with different strain rate whereas different fibre fracture also observed in the
conditioned samples.
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Chapter 5
Summary and Conclusions
Concerns are expressed critically here regarding the environmental and experimental variants
on mechanical performance of FRP composites. During their service life, these materials face
many challenging environmental conditions which affect the durability and integrity of these
materials. In recent years, a concerted effort has been made by researchers and structural
designers to improve the environmental resistance and damage tolerance characteristics of the
polymer composites. The small changes nucleated at the fibre/polymer interface by
environmental exposures may quite often outcrop the possibility of weakest zone to challenge
the integrity of the composites. Different micro-characterization techniques and precise
modelling are to be ascertained time to time to predict the durability of the materials in the
long-term applications. In this research, some of the fundamental knowledge governing the
mechanical behavior response and subsequent load-bearing properties of these materials has
been identified. An explicit scientific explanation to better comprehend the theories of
environmental degradation is the need of the hour to utilize the promises and prospects of
fibrous polymeric composites to the fullest potential with minimum risk factors and
maximum environmental durability. The unprecedented failures of these materials during
service conditions necessitate a holistic approach to be more comprehensively comclusive on
environmental damage and degradation of polymeric composites. The influence of subambient and above-ambient temperature and loading rate on the interlaminar shear strength of
glass fibre/epoxy, carbon fibre/epoxy and Kevlar fibre/epoxy composite laminates has been
studied. Considering interlaminar shear strength and delamination behavior, the tested
laminate characterized by SEM to reveal various failure modes. The present study may
possibly reveal the following conclusions: Delaminations is the life limiting failure process in
a composite material. It induces great loss of stiffness, local stress concentration, and
buckling failure of composite material. At -100°C temperature glass fibre/epoxy laminates
shows better ILSS value but decreases with increasing loading speed. At +50º C and +100º C
temperatures the ILSS increased with increasing loading rate. It is readily observed that at 100˚C temperature the carbon fibre/epoxy composites possess better ILSS compared with
that of the other testing temperature. But after 500 mm/min shear values decreases because
microcrack density has exceeded the critical crack density for delaminations.Furthermore, for
Kevlar fibre/epoxy composites at ambient temperature the specimen possess better ILSS
compared with other conditioning temperature. The variation of ILSS here is the net result of
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good adhesion at interface by physical and mechanical bonding at the interface. Different
failure modes such as different types of cusps on the matrix region, riverline marking,
fibre/matrix interfacial debonding, plastic deformation of matrix and fibre fracture were
observed for the composite specimens failed after the exposure to different above-ambient
and sub-ambient temperature. It is found that the type of fibres and matrix present in the
composites influences the amount of heat required and the glass transition temperature. This
brings out that the microstructure of the fibre/matrix within the composites found to be
influencing the amount of thermal energy absorbed by the materials and consequently affect
the mechanical properties. Based on the results from 3-point bend test, mechanical behavior
of glass fibre/epoxy composites subjected to low and ultra-low temperature, is critically
dependent upon the loading rate during the test.Maximum ILSS value was obtained at -60°C
temperature; it was probably because of the unstable crack propagation occurred in the matrix
with increasing loading speed.For unstable crack propagation, epoxy polymers matrix show
crack arrest (slip-stick) behaviour which arises from adiabatic heating and plastic
deformation at the crack tip, hence the ILSS value increases with increasing loading speed.
Various failure modes were obtained at different temperatures which are responsible for the
alternation of the mechanical properties. Stress-strain curve and various failure modes
observed during testing at different loading rates solely depend upon the temperatures. This
parameter dictates whether fibre/matrix debonding or fibre fracture controls the failure
processes and material toughness. An attempt has been initiated here to compile and
comprehend scattered literature in focusing the importance of understanding the interfaces
with micro-techniques and advanced tools. Emphasis has also been given to interfacial
susceptibility to environmental variants and their deleterious effects on interfacial strength
and stability. The micro changes in the interfacial health may manifest a substantial variation
in properties and performances of FRPs.
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Critical Comments and Future scope of work
The interface of composite materials plays an important role to sustain the structural integrity
of the system. Thereby, its function is critical and decisive in stress transmissibility under
loading.The health of interphase/interface determines the reliability and durability of the
composite systems in the service life.The changes occurring at the interface are highly
sensitive and susceptible to degradations under different environmental conditionings. Since
the interphase is a region of chemical inhomogeneity, thus it provides an easy path of the
system for becoming more susceptible to thermal, chemical, thermochemical and
mechanochemical degradations.Sometimes migration and or attraction of polar adherents of
low molecular weight impurities from the bulk thermoset polymers onto adherents manifest a
weak boundary layer of high cross-link density. However, a high performance

composite

functions because a weaker interface or matrix stops a crack running continuously
between the strong brittle reinforcements. There are still scientific arguments about
whether the interface should be weak in shear or in tension. Whichever is correct, the
situation is not quantitative and we do not know how weak we can make the interface.
Improved interfacial properties reduce the effects of fatigue;however, failure is inevitable. If
reversible covalent bonds can formbetween the polymer network and the reinforcement
material, then interphase will be capable of healing, resulting in improved durability of the
composite.
Critical experimental investigation for an interface assessment
The fibrous composite is full of holes and channels. Liquids and gases percolate down these
and attack the fibres during service period causes premature failure. Their effects perhaps
mitigated if we know the exact location, size distribution and how many numbers they were
by the help of non-destructive testing. To obtain a clear picture of micro characterization of
interface, various techniques have been employed, as attenuated transform infrared
spectroscopy (ATR-FTIR), positron annihilation lifetime spectroscopy (EIS), and solid-state
nuclear magnetic resonance (NMR),Raman Spectroscopy.Concerning the micromechanical
analysis of fibre-matrix interfaces in composites, various linear relationships has been
proposed as interlaminar shear strength (ILSS), interfacial shear strength (IFSS) or the
capacity of the interface to transfer the stress from the matrix to the fibre. Fibre/matrix
adhesion involves very complex physical and chemical mechanisms. One of the most
important physical aspects is the geometry of reinforcing fibres, which influences adhesion
between fibre and matrix, stress transfer and local mechanisms of failure.In addition to
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chemical bonding, the fibre/matrix bond strength in shear is largely dependent on the
roughness of the fibre surface and the fibre/matrix contact area can be analyzed by AFM
which shown in Fig.75.

Fig: 75 Topography change of AS4/VRM34 exposed to 100% RH for different periods of
time. The vertical distance between the two selected points decreased from 130.7 nm before
treatment to 83.7 nm after 1495 h of hygroscopic treatment at 100% RH.
Chemically speciﬁc images (IR absorption) of the amine groups, H–N–H (top), and hydroxyl
groups, OH (middle), as a function of the curing time. The bar range from 1 to 0, indicating a
relative absorbance scale. Theoretical explanation by an interface modeling concept

Fig: 76 Unit cell FE model of glass fibre hybrid composites(a)aligned (b)misaligned fibres
The coated interlayer should improve compatibility between thefibre and the matrix by
forming a strong but tough link between both phases. The interphase thickness has been
evaluated as the thickness of the transition zone, where the matrix hardness increased and the
friction coefﬁcient decreases close to the ﬁbre surface. Various models were reported shown
in Fig. 76 for the easy evaluation of interfacial integrity of the materials.Optimisation of the
stress transfer capability of the
ﬁbre

–matrix interface region is critical to achieving the

required composite performance level. During curing stage compressive radial stresses are
build-up at the interface region. Assuming that the coefﬁcient of static friction at the interface
is non-zero, thesecompressive stresses will contribute a frictional component to the apparent
shear strength of the interface. Enormous efforts have been conducted for a comprehensive
understanding of the interphase properties so as to produce advantageous interactions and
maximize potential performances of the polymer matrix composites.
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