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Abstract 

Fiber reinforced polymer (FRP) composites are nowadays potentially used all around the 

globe as these are capable of substituting the conventional materials for applications 

starting from mini toys to large aerospace components. It is thus necessary and crucial to 

examine the durability, reliability and sustainability of these materials. The present 

exploration is based on the environmental durability of glass fiber/epoxy (GE) and 

nanofiller (nano-Al2O3, nano-TiO2) enhanced GE composites. The environmental 

durability of the composites was studied for their mechanical and thermal performance 

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

The tensile properties were studied at 50% and 70% volume fractions of reinforcement at 

different crosshead speeds viz. 1, 10, 100, 500, and 1000 mm/min at 25°C, 70°C, 90°C and 

110°C  temperatures. The effects of nano-filler (nano-Al2O3, nano-TiO2) incorporation on 

the mechanical and thermal behavior of GE composites at various loading rates were also 

carried out. The flexural tests of the nano-filler enhanced composites were studied at 

different elevated temperatures. The properties enhancement/alteration of nano-fillers 

embedded polymeric composites appears to be in-service temperature-sensitive 

phenomenon. The thermal properties of the composites were evaluated using dynamic 

mechanical thermal analyser (DMTA) and temperature modulated differential scanning 

calorimetry (TMDSC), chemical analyses by Fourier transformation infrared (FTIR) 

spectroscopy, fractography analyses were carried out using field emission scanning 

electron microscopy (FESEM) and morphology of the nano-fillers were studied by 

transmission electron microscopy (TEM). 

The tensile strengths of the investigated GE composites increase with the increase in 

crosshead speed at all test temperatures. At higher crosshead speed the response of the 

composite is primarily governed from the fiber phase and increase in load-carrying 

capacity can be attributed to fiber dominated mechanical response. Liquid nitrogen (LN2) 

conditioning for 0.25 h and 1 h caused an improvement of tensile strength up to 3.33% and 

7.3% respectively as compared to unconditioned GE composites. The percentage strength 

improvement was high (up to ~12%) when the specimens were tested at 1000 mm/min 

loading rate.  

The thermal-shocked specimens also exhibited higher Ultimate Tensile Strength (UTS) as 

compared to the unconditioned specimens. It can be stated that matrix hardening and 
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residual stress generation during the conditionings would generally govern to produce a 

higher load-carrying capacity of the composites.  

Addition of 0.1 wt.% nano-Al2O3 particles exhibited an improvement in the strength of 

nano-Al2O3/GE composites at all crosshead speeds. Similarly, 0.3 wt.% nano-TiO2 

enhanced composites showed maximum strength improvement. Exposure to elevated 

temperatures deteriorated the flexural properties of GE as well as nano-Al2O3 modified 

composites, as expected. However, the extent of degradation remained higher in case of 

nano-Al2O3 modified composites. Exposure to elevated temperatures improves the flexural 

properties in case of 0.3 wt.% nano-TiO2/GE modified composites as compared to the RT 

specimens. The increase in strength of the nano-filler enhanced composites was attributed 

to effective stress transfer from the matrix to fiber through well-dispersed and well-bonded 

fibre-matrix interfacial regions. The FESEM results on fracture surface morphology 

indicated crack bridging and good fibre-matrix interfacial bonding. On the other hand, 

agglomeration of nano-fillers took place at higher concentration of nanoparticles which 

showed poor strength. Exposure to high temperature would cause damage and 

degradation in the polymer phase of the composites revealed as matrix cracking, riverline 

markings, cusps, the flow of matrix, delamination of fiber from the matrix, fiber imprints 

etc. The DMTA results were correlated with the mechanical and thermo-mechanical 

behavior of the FRP composites. Addition of nano-fillers caused a reduction in the glass 

transition temperature. Finally, the Weibull design parameters were analyzed as a function 

of nano-Al2O3 content and different test temperatures. Weibull analyses responded a 

reasonable agreement with the experimental results. 

Keywords: Fiber reinforced polymer (FRP) composite; glass/epoxy(GE) composite; 

nano-Al2O3; nano-TiO2; environmental ageing; tensile properties; flexural behavior; 

elevated temperature; thermal shock; cryogenic conditioning; fractography; Weibull 

analyses, scanning electron microscopy 
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1 Introduction  

Preface 

In this chapter, the basic understanding of the field of FRP composite has been introduced. 

This chapter is having three sections i.e. 1.1 to 1.3. The first part describes motivations for 

the present investigations.  Secondly, the research objectives of the current work are 

presented. The last part comprises the organization of the thesis.  Further, the sections are 

divided into subsections and we have tried to discuss fiber reinforced polymer composite, 

the role of different environments (Rate of loading, temperature variation) on the 

mechanical behavior of FRP, Polymer matrix modification and optimization with nano-

fillers and Problems and prospects of nanofiller/polymer interface. 

1.1 Motivations for the current research 

1.1.1 Fiber reinforced polymer composite 

Fiber reinforced polymer (FRP) composites are nowadays gaining vast attention to the 

researchers due to their low density with high specific strength and stiffness. FRP 

composites find a wide range of critical and supercritical applications including 

automobiles, aerospace bodies, sporting equipment, marine structure, bridges, structural 

fields, storage tanks, pressure vessels, cryogenic tanks and so on [1]. During the in-service 

period, these novel materials novel are subjected to different environmental conditions and 

loading alternating from quasi-static to dynamic loading [2ï4]. Composites made up of 

FRP are usually anisotropic materials, so the damage and degradation are occurred due to 

these stresses which are complex correlating to numerous failures with nano or 

micromechanisms. It should be the prior importance to have a clear understanding of 

different nature of loadings that creates failure behavior of FRP composites which are 

subjected to be used in harsh and reluctant environmental conditionings. Due to the 

profound properties, from the last two decades, the research and development in the area of 

FRP composite are extensively increasing. It is not a new field of research, but yet 

researchers all around the globe havenôt come to a concluding remark that how reliable and 

durable is FRP. Inclining to the above facts that these materials are unprotected to some 

environmental parameters at the time of fabrication, storage and in-service period. The 

researchers throughout the globe are investigating the effects of various environmental 

parameters such as temperature (low, high, thermal shock, thermal spike, thermal cycling), 
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humidity, seawater, UV light and often a cyclic variation of above parameters such as 

hygrothermal and low orbit space environmental conditionings [5ï8]. But one of the 

hindrances is that extensive use of these composites for long term exposure degrades the 

performance and durability. Therefore, it is important to review the implications of harsh 

and hostile environmental parameters related to FRPôs performances under different nature 

of loadings and stresses. Undoubtedly the emerging fiber reinforced polymer (FRP) 

composites hold the structural world of the present century with a promise. Even though 

extensive applications of FRP are found from casual to supercritical fields, the findings and 

fundamentals in the science of this class of material are inconclusive and contradictory. 

The composite materials made up of FRPs gives numerous advantageous properties such 

as high specific strength and stiffness, lightweight, nonmagnetic properties, corrosion 

resistance, fatigue resistance, and ease of handling [9]. These FRP composites find an 

extensive sort of application in various sectors such as aerospace, automotive, sporting 

goods, marine, oil and water pipelines due to their ease of handling and usage, better 

mechanical properties, and lower manufacturing cost [1,10,11]. The overall properties of 

polymeric matrix composites (PMCs) are governed by fiber/polymer interface/interphase. 

The identity of an interface is determined by a three-dimensional area between the bulk 

matrix and bulk fiber [12]. Further, the morphological properties of the fiber and the 

diffusivity of elements in each component also have prominent effects [13], therefore 

between individual fiber/matrix composites, an exclusive interface region found. 

Laminated composites again attract attention towards its excellent in-plane mechanical 

properties, which are directly subjective to the properties of the reinforcing fiber. In 

contrast to in-plane behavior, the out of plane properties are limited by the response of the 

polymer phase [14,15] and the corresponding interface/interphase generated. 

The interface is a three-dimensional region in between the bulk matrix and the fiber in the 

FRP composite.  Interface study is important since it signifies the overall strength and 

stiffness of the composite. It is one of the most vital and essential parts of the FRP 

composite in stabilizing the reliability, sustainability and durability of this material. Its 

reliability and durability in several environmental conditions can be modified by the 

reaction of its components i.e. fiber, matrix and the fiber/matrix interface. The nature of 

interface can be characterized at the time of polymerization reactions which creates a three-

dimensional network at the epoxy prepolymer regions which control the eventual 

thermomechanical properties [16]. The mechanical behaviors of the FRP composites 
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depend upon the performance of the interface to transmit stress from the polymer matrix to 

the fiber phase. In the case of laminated FRPs, residual stresses develop at interface region 

at the time of curing due to the inherent non-homogeneous nature of the different 

constituent phases. These stresses unfavourably affect the dimensional strength and 

stability of FRP laminated composite and in the consequence premature failure, matrix 

cracking, delamination, warpage occurs [4,17ï23]. The addition of second phase nano-

sized particles into composites has been comprehensively important to significantly 

enhance the mechanical properties of polymer matrix composites by operative load 

transmission at nano-filler/matrix interface. The strength of the nano-filler/matrix interface 

is mainly affected by the properties and structure of any interphase area initiated in 

between the bulk polymer matrix and the reinforcement surface [24,25]. Different failures 

like the static and dynamic modes of failure of the composites are said to occur due to 

property mismatch of the constituents. But, the on-going research in this area is 

emphasizing the critical and crucial roles of interfaces and its changing nature because of 

its temperature and environmental susceptibility [5,16]. 

1.1.2 Role of different environments (Rate of loading, temperature 

variation)  on the mechanical behavior of FRPs 

During the fabrication, storage and in-service period these materials are exposed to 

numerous environmental conditions and loading ranging from quasi-static to dynamic rate 

of loading [2]. The environmental conditions can be temperatures [17] (low, high, thermal 

spike, thermal shock, freeze-thaw, and cyclic variation of temperatures), humidity [18], 

seawater exposure, UV light exposure, alkaline environment and maybe more uncertain 

and unprecedented if there is a cyclic variation of temperatures, hygrothermal environment 

and low earth orbit space environment. These environments lead to vulnerable damage and 

degradation of polymer matrix composites (PMCs). The mechanical performance of FRP 

composites is transformed by the interaction of its constituent materials, such as matrix, 

fiber and fiber/matrix interface with the in-service environmental conditions. In most of the 

structural applications, FRPs are impinging to the high-energy and high-velocity dynamic 

rate of loadings that may outcome with multiaxial dynamic states of stress. Thus, the 

response of the FRP composite is dependent on the state of stress applied and associated 

other variables [19ï21]. 
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In broad-spectrum, the deformation of the polymeric phase is governed by the motion of 

polymeric chains and their ability to slip over each other. Usually, thermoplastic polymers 

reveal a higher degree of deformation than the thermosetting cross-linked polymers. The 

cross-links existing in between polymeric chains limit their relative movement. Therefore, 

a higher stress need is required for deformation as compared to the thermoplastic. At low 

temperature, due to relatively less motion of the polymeric chains inter-chain slippage is 

limited. This is attributed to the enhancement in the strength of the polymers at lower 

temperatures. During cryogenic temperature due to freezing of polymeric chains, the 

hardening of the polymer phase begins that led to minor scale damages. On the contrary, at 

elevated temperatures mobility of polymeric chains increases, this makes it capable of 

deforming at lower stress levels. Therefore, the overall strength of the composite is 

decreased and strain to failure is increased at elevated temperatures. These materials 

possess poor resistance to fire, when susceptible to high temperatures. The damage and 

degradation at the interface can arise due to differential thermal expansion of fiber and 

matrix at high temperature and thereby a reduction in the overall strength of the composite. 

At higher temperatures, formations of microcracks were observed due to the differential 

coefficient of thermal expansion of fiber and matrix at the fiber/matrix interface [22]. The 

fiber/matrix interface also becomes sensitive to destructive reactions at the high-

temperature environment, which may lead to damage and degradation of both the fibers 

phase as well as the matrix phase in the composite [23]. 

1.1.3 Polymer matrix modification and optimization with nano-fillers  

(Nano-Al 2O3 and nano-TiO 2) 

In recent times, a variation of the polymeric phase of the composite by appropriate 

nanofillers is a trend to improve their mechanical and thermal properties [24ï27]. Usually, 

polymer matrix nanocomposites were fabricated by mechanical or chemical processes. The 

main aim of various processing techniques is to get homogeneous and uniform distribution 

of nanoparticles in the polymer matrix.  But the proper dispersion of nanoparticles in the 

polymer matrix is one of the challenging problems in these nanocomposites. The 

nanoparticles have an affinity to agglomerate among themselves and form clusters of 

micron size. This results in improper distribution of nanoparticles in the polymer matrix 

resulting in decreasing properties of the nanocomposites. The main perception after 

altering a polymer by incorporating nanofillers is to produce enormous high interfacial 

region. However, in context to laminated composites, these nanofiller modified polymer 
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matrices may be used along with the fibers to acquire higher electrical, thermal and 

mechanical (especially out-of-plane loading) performance. Also, optimization of the 

content of nanofillers is vital to a particular material system. There is always an optimum 

content at which one can get to achieve better stability in mechanical (i.e. strength, 

modulus and strain at peak load), thermal and electrical properties. Increasing nanofillers 

content beyond certain content may lead to agglomeration resulting reduction in the 

properties and performance of the composite material.     

Nanofillers addition to the polymer matrix certainly alters the strength of the resulting 

composite by effective stress transfer from the softer polymer matrix to the stiffer fiber 

through nanofiller/polymer interface. Segmental adsorption of polymer matrix on the filler 

surface due to the very high surface energy of the nanofiller alters the chemistry of 

polymer matrix in the close vicinity of the nanofiller [28ï30]. This affected three-

dimensional polymer region is called ñinterphaseò in the composite and has a substantial 

effect on the strength and overall behavior of the resulting composite [31,32].  

Alumina (Al2O3) is one of the highly rigid and stiff ceramic materials. It possesses very 

high thermal conductivity with good insulation properties. The dimensional stability for Ŭ- 

phase of nano-Al 2O3 fillers are quite excellent and higher hardness of these fillers provides 

an opportunity to be used in refractory products, ceramics, and rubber as reinforcement 

materials. It certainly improves the thermal fatigue resistance, fracture toughness, wear and 

creep resistance of the composites. Titania (TiO2) is a mineral composed primarily of 

rutile. Rutile is the most common natural form of TiO2 [33]. Thermodynamically, rutile is 

the most stable polymorph of TiO2 at all temperatures, exhibiting lower total free energy 

than metastable phases of anatase or brookite [34]. These nanofillers stand apart towards 

expansive excitement of materials specialists as nanomaterials for PMC to design a 

material with superior mechanical, thermal and electrical properties. 

To enhance the brittle behavior of thermosetting PMC, matrix modification is carried out 

by the dispersion of the second phase has drawn important attention over the years. The 

second segment generally includes of micron-sized soft organic (thermoplastic or rubber) 

or inorganic rigid particles. The addition of these second phase particles (can also be 

termed as fillers) may result in several toughening mechanisms like matrix microcracking, 

crack pinning, matrix shear yielding, rubber cavitation, crack deflection and particle 

tearing (soft particles) or bridging (rigid particles) [33,34]. On the contrary, the addition of 

soft particles tends to decrease in glass transition temperature (Tg) and even in overall 
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strength and stiffness of the composites [35]. By the addition of nanoparticles certainly 

decreases the growth and initiation of microcracking and might improve the damage limit 

of laminated FRP composites. The existence of nanoparticle in the FRP laminated 

composite significantly contributes to avoiding some more distinct lower scale damage 

mechanisms such as fiber pullout, fiber breakage, diffused intralaminar damage and 

diffused interlaminar damage [36]. 

1.1.4 Problems and prospects of nanofiller/polymer interface 

The interface region of the FRP composite materials creates an important character to 

sustain the structural durability of the composites. Thus, it is the function of critical stress 

transfer under loading. The strength of interphase/interface governs the durability of the 

composite materials in the service life. Several years of exploration have been focused on 

characterizing the molecular structure of the interface region and its relation to chemical 

and mechanical stability [37ï40]. The interface damage and degradation have been treated 

as the greatest damaging behaviors of PMCs. It is reasonably expected that the molecular 

structure is dynamic at the interfacial zone, which is quite different from the bulk polymer 

matrix. The changes taking place in the interface region are highly vulnerable to 

degradations in several environmental conditionings. Since the interphase is an area of 

chemical inhomogeneity, therefore it delivers an easy route of the composite system for 

becoming more susceptible to chemical, thermal, thermo-chemical and mechano-chemical 

degradations.  

1.1.5 Research Gap 

The incorporation of different nanofillers into the epoxy matrix enhances the thermal, 

physical and mechanical properties of the PMCs resulting in broaden the usage of the 

materials [40ï44]. The enhancement of mechanical properties is owed to the high specific 

surface area of nanoparticles which permits the almost full transfer of stress at 

matrix/interface to the strong fiber. The novelty of the present investigation lies in the fact 

that ñwhether does the environmental durability of glass fiber/epoxy composites retained at 

high temperature, liquid nitrogen conditioning and thermal shock environment? and how 

these glass/epoxy composites subjected to different environments are loading rate-sensitive 

or notò? The present investigation determines that the effect of nano-filler addition on the 

mechanical behavior of glass fiber/epoxy composite at various loading rates. ñWhether the 

addition of nano-Al2O3 and nano-TiO2 fillers into modified GE composites enhances the 
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mechanical and behavior or not? and the modified composites are loading rate-sensitive 

or notò?  

In a similar context combination of elevated temperature durability and effect of nano-filler 

addition on the mechanical performance of glass/epoxy composites is investigated.  

Generally, induced thermal stresses due to the difference in temperature and subsequent 

susceptibility of debonding at nano-filler/polymer interfaces have been attributed to this 

behavior. In this perspective, the surface-modified with nano-Al 2O3 and nano-TiO2 fillers 

exhibited improved resistance against the elevated temperature degradation as compared to 

that of control GE composites, signifying advantageous effects of tailored interfaces. 

ñWhether the strength enhancement mechanism remains valid at elevated temperature and 

whether the optimized nano-Al2O3 and nano-TiO2 fillers content determined from room 

temperature testing remains the optimized one at elevated temperatureò, these two 

questions have been tried to answer in the current investigation. 

1.2 Research Objectives 

Numerous environmental issues are encountered during the service period of these 

composites [7,16,45ï47]. Several matrix optimizations methods with nanofillers have been 

established. Furthermore, to remove agglomeration related problem a new method is being 

optimized. The main objective of the present exploration is to fabricate the FRP 

composites with and without the addition of nano-fillers (Al2O3 and TiO2) and assess the 

mechanical, thermal and morphological behavior at different harsh and hostile 

environments. 

The following stepwise investigations have been explored for the above-mentioned 

objectives; 

1. High-temperature tensile behavior at different crosshead speeds during the loading 

of glass/epoxy composites. 

2. Loading rate sensitivity of liquid nitrogen conditioned glass/fiber epoxy polymeric 

composites: An emphasis on tensile and thermal responses. 

3. Effect of loading rates of severely thermal-shocked glass fiber/epoxy composites. 

4. Mechanical and thermal behavior of nano-Al 2O3 enhanced glass fiber/epoxy 

composites at various crosshead speeds. 

5. Mechanical and thermal behavior of nano-TiO2 enhanced glass fiber/epoxy 

composites at various crosshead speeds. 
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6. Assessment of mechanical, thermal and morphological behavior of nano-Al 2O3 

embedded glass fiber/epoxy composites at in-situ elevated temperatures. 

7. Evaluation of mechanical, thermal and morphological behavior of nano-TiO2 

enhanced glass fiber/epoxy composites at in-situ elevated temperatures. 

1.3 Thesis Organization 

This thesis has complied with 5 chapters. The first chapter of the thesis represents the 

introduction to the current title including the motivation and objective of the research 

work.  

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

discussions on the dearth of literature related to the field.  

Chapter 3 represents the experimental procedure implemented in the present investigation. 

Where detail of the material used during the experiment is well explained. In addition to 

that fabrication of FRP composites, conditioning of composites at different environments 

and various macro and micro characterization details has been provided. 

Chapter 4 presents results and discussion of the experiments carried out. It is composed of 

three sections. The first section is again divided into three subsections. Section 4.1 

describes the results and discussion on the environmental durability of glass fiber/epoxy 

composites. The subsections 4.1.1 to 4.1.3 present results and discussion on the high-

temperature behavior, loading rate sensitivity at liquid nitrogen conditioning and effect of 

loading rates at severely thermal shocked environment respectively.  Section 4.2 highlights 

the effect of nano-filler addition on the mechanical behavior of glass fiber/epoxy 

composite at various loading rates.  The section is divided into two subsections as 4.2.1 

and 4.2.2; the tensile and thermal response of nano-Al 2O3 enhanced glass fiber/epoxy 

composites and mechanical and thermal behavior of nano-TiO2 enhanced glass fiber/epoxy 

composites are discussed in these subsections. Section 4.3 represents the elevated 

temperature durability and the effect of nano-filler addition on the mechanical performance 

of glass/epoxy composites. The subsection 4.3.1 describes the assessment of mechanical, 

thermal and morphological behavior of nano-Al 2O3 embedded glass fiber/epoxy 

composites at in-situ elevated temperatures and the subsection 4.3.2 represents the 

evaluation of mechanical, thermal and morphological behavior of nano-TiO2 embedded 

glass fiber/epoxy composites at in-situ elevated temperatures. In section 4.4 a comparative 
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assessment of the control GE and nano-filler enhanced GE composites were reported with 

different environments and loading rates.  

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

and also specify future research work to be focused on. 
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2 Literature Review 

Preface 

The relevant technical understanding of the current research and development of various 

types of FRP composites is summarized in this chapter. The chapter is comprised of five 

segments. The first part describes the important properties and imminent applications of 

FRP composites. The applications of FRP composites, their in-service behavior about 

numerous and structural modifications by addition of different nano-fill ers are discussed in 

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

end of the chapter.  

2.1 FRP composites: prospects and problems 

Since the exceptional innovation of macromolecules called as polymers by the Nobel prize 

winner German chemist Hermann Staudinger in the year 1953 [48], in recent days, the 

human civilization has become greatly dependent upon the usage of polymer-based 

materials. The excellent range of mechanical properties with their light weights as well as 

many other noteworthy benefits made the polymer-based materials a supreme choice. 

Further enhancement of their properties was possible by introducing the polymer-based 

composites where different reinforcing materials were added in the polymer matrix. Fiber 

reinforced polymeric (FRP) composite materials are nowadays globally one of the main 

counterparts of the metallic materials used for various structural and construction fields. 

FRP composites possess excellent properties such as high strength to weight ratio, low 

density, high specific stiffness, high endurance limit, high fatigue resistance, high 

corrosion resistance over conventional metallic materials [49]. These materials have an 

extensive field of applications in various sectors such as sporting goods, automotive, 

aerospace, marine etc.; low-temperature applications include cryogenic fuel distribution 

lines, cryogenic fuel tanks, cryogenic wind tunnels and different portions of the cryogenic 

turbo-pumps due to their ease of handling, lower fabrication cost and superior mechanical 

properties [50]. The laminated FRP composites possess excellent in-plane mechanical 

behavior. This property is mainly governed by the fiber phase [51]. In contrary to in-plane 

behavior, the out of plane performance is restricted to the reaction of the polymeric matrix 

phase [52ï54] and the corresponding interface/interphase. One of the main concerns in 

laminated FRP composite is the delamination of fiber and matrix phase due to the 

interfacial de-bonding. Superior interfacial properties can be imposed by proper alteration 
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of the polymer matrix and/or interface/interphase with the incorporation of different 

nanofillers. Inclusion of metal oxides (TiO2, Al2O3, ZnO, etc.), inorganic fillers (SiO2, SiC, 

etc.), carbonaceous based fillers (CNT, SWCNT, MWCNT, and graphene), metals (Fe, Al, 

etc.) and other materials (MoS2, WS2, nano clay, etc.) certainly improves the mechanical 

properties of the polymer matrix composites [26,40,42,43,55ï59]. Among various 

inorganic or metal-based nanofillers, nano-Al 2O3 is one of the most established nanofiller 

owing to its superior mechanical and thermal properties as well as low fabrication cost as 

those compared to the carbonaceous based nanofillers [60,61]. 

Modification of matrix through the interface is the most suitable method to obtain 

toughness of the resultant material. PMC can be altered by different micro and nano-sized 

fillers to improve its strength and toughness. The mechanical behavior strongly depends 

upon the different features of the type of reinforcement, distribution of reinforcement, 

shape and size of reinforcement and so on. However, the stability of laminated FRP 

composites is subjected to the residual stresses at the interfacial region and the proper 

transfer of stress from the matrix to fiber through the interface. The overall improved 

fracture toughness by matrix shear yielding and crack pinning mechanism is attributed to 

the reinforcement of polymer with micron-sized particles like rigid glass spheres [62]. Size 

of reinforcement particle and volume fraction has a vital role in changing the degree of 

toughening mechanism [63]. Several micro-mechanisms like microcracking, crack pinning, 

shear banding or matrix shear yielding, crack deflection, are stimulated owing to the 

incorporation of second phase particles in the polymer matrix [35,64ï66]. However, 

incorporation of soft rubber-like phase improves the fracture toughness of the material but 

in the meantime, the material loses its thermal strength (reduction in glass transition 

temperature) and stiffness.  

Due to the profound properties, from the last two decades, the research and development in 

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

yet researchers all around the globe havenôt come to a concluding remark that how reliable 

and durable is FRP. This is mainly because these materials are unprotected to some 

environmental parameters at the time of fabrication, storage and in-service period. The 

researchers throughout the globe are investigating the effects of various environmental 

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

humidity, seawater, UV light and often a cyclic variation of above parameters such as 

hygrothermal and low orbit space environmental conditionings [8,46]. But one of the 
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hindrances is that extensive use of these composites for long term exposure degrades the 

performance and durability [67]. Therefore it is important to review the implications of 

harsh and hostile environmental parameters related to FRPôs performances under static and 

dynamic loadings [2,68ï72]. Undoubtedly the emerging FRP composites hold the 

structural world of the present century with a promise. Even though an extensive 

application of FRP composites is found from casual to supercritical fields, the findings and 

fundamentals in the science of this class of material are inconclusive and contradictory. 

The ultimate failures of laminated composites are resulted due to the fiber failure but 

previous investigations [73,74] reported that this fiber fracture is dependent on the polymer 

matrix. This suggests that the modification of polymer matrix can alter their response in 

mechanical behavior. It is widely acknowledged around the globe that the addition of 

certain nano-fillers can enhance the polymer matrix dominated properties of conventional 

FRP composites. Also, in recent times extensive research is going on for further progress 

on the environmental durability of different nano-filler embedded FRP composites.  

2.2 Applications of FRP composites 

The widespread application spectrum of FRPs covers almost every type of advanced 

engineering structures. Their usage includes various components in aircraft, helicopters, 

spacecraft, boats, ships, offshore platforms and also in automobiles, chemical processing 

equipment, sports goods, and civil infrastructure such as buildings and bridges [75]. FRPs 

have wide application prospects in structural and civil engineering ranging from 

reinforcing rods, rebar and tendons, FRP manholes, storage tanks, sewage and drip 

irrigation pipelines, wraps for seismic retrofit of columns and externally bonded 

reinforcement for the strengthening of walls, tunnel segments, beams, slabs, bridge decks, 

portable FRP security cabins, internal reinforcement for concrete [76,77]. FRP materials 

are widely used in railway infrastructure namely in interior and exterior of railways 

coaches, FRP sleepers, railway girder bridges, doors, modular toilet, FRP blind plate. FRP 

utility poles etc. The future potential applications of FRPs are in the construction of 

transmission lines due to its outstanding corrosion resistance and lightweight properties 

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

interfacial durability of FRP composites 

In most of the structural applications, FRPôs are imposed with high energy and/or high-

velocity dynamic loadings that may lead to multi-axial dynamic states of stress. The 

response of these composite materials is very short at these kinds of loadings, which is 

generally highly transient. The damage and degradation at the interface can arise due to 

differential thermal expansion of fiber and matrix at high temperature [79] and this results 

in a reduction in the overall strength of the composite. At higher temperature, the 

formation of microcracks could be observed due to the differential coefficient of thermal 

expansion of fiber and matrix [80] at the fiber/matrix interface. The fiber /matrix interface 

also becomes sensitive to destructive reactions at a high-temperature environment,  which 

may lead to damage and degradation of both the fibers as well as the matrix phases of the 

composite [81]. Quick developments of these FRP composites have overtaken the 

comprehensive understanding of suitable failure investigation methods. Researchers 

around the globe have explored the tensile behavior of FRP composites; however, the 

dearth in literature and experimental investigation on the effect of crosshead speed with 

changing volume fractions at in-situ high-temperature conditioning leads to a complex 

phenomenon to understand the basic damage and degradation mechanisms of FRP 

composite. 

Reis et al. [82] investigated the tensile response of Glass Fiber Reinforced Polymer 

(GFRP) composites at various strain rates and temperatures. They observed that the strain 

rate significantly affected the UTS and the elastic modulus. Figure 2.3-1 shows the stress 

vs strain curves for GFRP at 20 °C, 40 °C, 60 °C and 80 °C; here the numbers 1,2,3 

mentioned with the curves represent the strain rates of 1.6 × 10
ī5

, 1.6 × 10
ī4

, 1.6 × 10
ī3

 s
ī1

 

respectively. Yunfu et al. [83] studied the tensile behavior of GFRP composite at different 

strain rates. The experimental results showed that the tensile strength, maximum strain and 

toughness increased with increasing strain rates at room temperature. 
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Figure 2.3-1: Stress vs strain curves at 20 °C, 40 °C, 60 °C and 80 °C at different strain 

rates [90]. 

 

Figure 2.3-2: Experimental stressïstrain responses of GFRP at different strain rates of (a) 

1/600, (b) 40, (c) 80, (d) 120, (e) 160 s
ī1

, and (f) comparison of representative curves [91]. 
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Cao et al. [84] evaluated the tensile performance of Carbon Fiber Reinforced Polymer 

(CFRP), hybrid Carbon/GFRP and hybrid Carbon/Boron Fiber Reinforced Polymer 

(BFRP) composites in the range of 16 ºC to 200 ºC. The reduction in tensile strength was 

observed as the temperature was elevated to the glass transition temperature. Figure 2.3-3 

represents an evaluation of average tensile strength ratios with changing fiber systems i.e. 

1C1 (only carbon layers), 1EG1C1 (One glass fiber and carbon layers), 2EG1C1 (Two 

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

 

Figure 2.3-3: Evaluation of average tensile strength ratios with changing fiber system [92]. 

Khoathane et al. [85] reported that the tensile strength and Young's modulus of composites 

reinforced with bleached hemp fibers increased with increasing fiber loading. Nowadays in 

aerospace-related applications, the fuel tanks made up of conventional materials are being 

substituted by advanced polymer matrix composite (PMC) materials. The composite 

material becomes brittle when exposed to LN2 temperatures [86]. Shindo et al. studied the 

compressive behavior of glass/epoxy laminates at RT, LN2 temperature (- 196 °C) [87]. 

Shindo et al. [88] investigated the tensile behavior of plain weave glass/epoxy composites 

at LN2 conditions. Ma et al. [89] evaluated the impact performance of glass/epoxy 

composites at LN2 environment. Kim et al. [90] studied the tensile response of 

graphite/epoxy composites at low temperatures (RT ï 150 °C). They reported that tensile 

stiffness significantly increased as the temperature decreased. They further noted various 

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

The effects of thermal-shock conditioning with loading rate, which are encountered in real 

service conditions, are more vulnerable to the overall properties of composites than reacted 
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separately. Glass/Epoxy composites are widely used materials in the aerospace 

applications. In aircraft, the body parts are exposed to a range of temperatures between ï 

60 °C to + 70 °C, while flying in troposphere region to the mesosphere region. Also, 

during vertical take-off and landing (VTOL) aircraft are highly subjected to a temperature 

gradient. Therefore, a comprehensive understanding is highly required to assess 

mechanical behavior and various modes of failure in such high safety-critical applications. 

During fabrication, storage and in-service conditions of these composites are subjected to 

different nature of stresses. The stresses acting on the FRP composite materials may be 

constant load or dynamic loading. Dynamic loadings can generate multi-axial stresses [91]. 

Under these multiaxial stresses, the failure circumstances and design aspects based on 

uniaxial strength criterion are not favourable and entirely reliable for woven fabric 

reinforced polymer composites [92]. The thermal mismatch between fiber and matrix 

phase leads to the development of residual thermal stresses around the fiber/matrix 

interface or interphase regions when their temperature goes below the fabrication 

temperature [93]. Numerous studies were carried out on the loading rate sensitivity of the 

glass/epoxy composites in room temperature as well as at different elevated and low-

temperature environments. A few researchers also studied the effects of thermal shock on 

the mechanical properties of glass/epoxy composites [93,94]. But, there is a dearth of 

literature on the loading rate sensitivity of thermal shock conditioned glass/epoxy 

composite. The situation becomes relatively more complex when the composite contains 

woven fabric reinforcement, which under uni-axial loading experiences stresses in different 

directions. The thermal stresses developed in the FRP composite depends on the volume 

fraction of reinforcement, the amount of voids present and lack of adhesion between the 

polymer matrix and the reinforcement phase. The repetition of these non-reversible 

phenomena like thermal cycling causes permanent deformation. Thus, the reinforcement 

geometry stimulates the degree of thermal stresses in the matrix region [94]. 

Melissa et al.[95] studied on the composites industry and the fire engineering industry with 

baseline data for pyrolysis modelling of common FRP systems. The minimum heat flux for 

proper ignition is used to compare these FRP systems according to resin type and glass 

content. Additional instrumentation was added to the specimens for surface and in-depth 

temperature measurements, which is needed for calculating thermal properties of the 

composites. The resin type was found to affect the resultant fire performance; however, the 

effect of glass content was a little more subtle. Gefu et al. [96] investigated on fiber 
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reinforced polymer (FRP) tube encased concrete cylinders exposed to fires. The test results 

show that fire exposure has a significant effect on reducing the residual strength of the 

confined concrete cylinders. The resin has been fully burned-out and carbonized after 8 

min of fire exposure. After 12 min of burning, the FRP tube basically loses its capacity to 

provide any meaningful confinement. The fireproof additive used is effective in 

minimizing the effect of the fire hazard. Asaro et al. [97] studied on FRP composite panels, 

with single skin E-glass/vinylester and cored architectures, were subjected to combined 

compressive and thermal loading. The results indicate that the time dependence as well as 

the temperature dependence of material degradation mediates the failure, and thus the 

performance, of FRP panels during a fire. Ahmed et al. [98] explored experimental 

research on fire resistance experiments on five rectangular Reinforced Concrete (RC) 

beams. The test results indicate that the anchorage configuration plays a critical role in 

limiting the deflections of the strengthened beam after debonding of the FRP occurs at Tg 

±10 °C, where Tg is the glass transition temperature. Also, FRP-strengthened RC beams 

supplemented with 25 mm thick spray-applied insulation can survive failure under ASTM 

E119 standard fire or a design fire. Gefu et al. [99] investigated on fire-resistant FRP for 

externally bonded concrete repair. This study is to understand and develop new fire-

resistant technology with nano clay reinforced intumescent coating. RC beams were 

prepared, damaged, and repaired by FRP with the new coating. The repaired RC beams 

were subjected to fire hazard again and re-evaluated for its residual structural capacity. The 

effectiveness of the developed new coating for fire resistance was evaluated based on the 

test results. It is believed that this coating system would enhance fire resistance of the FRP, 

and safety and reliability of FRP repaired concrete structures.  

2.4 Loading rate sensitivity of FRP composites 

The effect of loading rate in polymeric composite materials has shown improvement in the 

mechanical behavior subjected to low temperatures [100,101]. Shokrieh et al. [92] studied 

the effect of quasi-static and intermediate strain rates at 0.001ï100 s
ī1

 of unidirectional 

glass fiber reinforced polymeric composites and finds a substantial improvement of the 

tensile strength by increasing the strain rate. The stress-strain plot of the GE composites 

with various strain rates is shown in figure 2.4-1. As revealed, the composite shows a 

dependency on the load rate. Davies [102] and Magee [103] studied the tensile behavior 

glass/polyester composites over the strain rates from 10
ī3

 to 10
3
 s
ī1 

and found that the 
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tensile properties were strain rate sensitive; UTS increased by 55% at the highest strain 

rate.  

 

Figure 2.4-1:  Typical stress-strain tensile behavior of glass/epoxy composites under 

various strain rates [100]. 

 

Figure 2.4-2:  Interlaminar shear stress with a loading rate of GE composites at ī50 ÁC 

temperature [109]. 
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Peterson et al. [104] performed the tensile behavior of chopped glass fiber reinforced 

styrene/maleic anhydride (S/MA) materials between the strain rates of 10
ī3 
ï 10 s

ī1
 and 

found 50ï70% increase in the elastic modulus and strength with increasing strain rate. 

Medina et al.  [105] studied the laminated composites made of woven glass fabric 

composites and unidirectional carbon layers along the thickness direction. They reported 

that the tensile strength and strain to failure of woven glass fiber composites increased at 

higher strain rate, but in case of carbon fiber composite it was minimal. Sethi et al. [106] 

studied the failure of GE composites in thermal and cryogenic atmospheres at various 

loading speeds. They investigated that the ILSS value tends to decrease with above-

ambient temperatures in each loading rate. It can be owed to the effect of thermal 

conditioning that led to spread of process area in the polymeric resin which contributes to 

high fiber/matrix debonding as revealed in figure 2.4-2 [106].  

2.5 Mechanical and thermomechanical response of fibrous 

 polymeric composites with nanofillers addition 

2.5.1 Nano-Al 2O3 enhanced FRP composites 

Alumina (Al2O3) is a ceramic material having high rigidity and stiffness. It is an insulator, 

but it possesses higher thermal conductivity as compared to other ceramic material [107]. 

Ŭ- phase of alumina has good dimensional stability and high hardness which allows it to be 

used in refractory products as reinforcement. It certainly enhances the thermal fatigue 

resistance, fracture toughness, wear and creep resistance of the composite. It has also been 

used in materials for infrared emission, high-pressure sodium lamp and thermal insulation. 

Additionally, Ŭ-phase nano alumina has high resistivity and good insulation properties and 

therefore it is used in YAG laser crystal and integrated circuit substrates, transparent 

ceramics, cutting tools, furnace tubes, high purity crucibles, polishing material, grinding 

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

Several investigations were reported in the past decade about the effect of the addition of 

nanofillers on the mechanical behavior of the nano-enhanced fiber reinforced composites. 

Hu et al. studied the Al2O3/epoxy nanocomposites [43] and found improved flexural 

strength and thermal conductivity as compared to composite without Al2O3 particles. Li et 

al. studied the incorporation of CNTïAl 2O3 nanoparticles in the epoxy matrix [108]. They 

studied the effect of these nanoparticles on the damage sensing and electric behaviors of 
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the nanocomposites. The nanocomposites filled with 0.5 wt. % Al 2O3 indicated an increase 

of 4-5 orders of electrical conductance. Jiang et al. examined the mechanical and thermal 

properties of epoxy nanocomposites filled with nano-Al 2O3 particles. The dynamic 

mechanical analysis revealed that epoxy nanocomposites possess 11 °C higher Tg than that 

of neat epoxy [109]. Also, the coefficient of thermal expansion of the composites found to 

decrease with increase in nano alumina content. Hussain et al. studied the mechanical 

behavior of incorporation of Al 2O3 particles in the carbon fiber reinforced-epoxy composites 

[110]. They observed that hybridization of micro and nano-Al 2O3 particles significantly 

improved the strength. Wetzel et al. investigated the effect of the addition of several 

amounts of micro and nanoscale particles into the epoxy polymer [111]. They reported 

different mechanical and tribological behavior of these epoxy-based nanocomposites. Shi 

et al. studied the sliding wear behavior of nano-Al 2O3 enhanced epoxy nanocomposites 

with several pre-treatments [112]. Incorporation of nano-Al 2O3 into the epoxy matrix 

increased the impact toughness of the nanocomposites and also resulted in higher wear 

resistance and lower friction. Wetzel et al. studied the influence of nanoparticles 

(TiO2/Al 2O3) into epoxy resin on the mechanical behavior of nanocomposites, especially 

the fracture and toughening mechanisms [113]. Zhao et al. studied modification 

mechanisms to enhance the mechanical behavior of nano alumina filled epoxy composites 

[24]. They found a significant increase in the modulus value. Asi investigated the load-

bearing properties of alumina particle incorporated glass/epoxy composites [114]. He 

found that adding up to 10 wt. % of Al 2O3 particles improved the bearing strength of the 

composites. Lim et al. studied the morphological, mechanical and fracture behavior of 

nano-Al 2O3/epoxy composites [115]. They reported that tensile strength, modulus and 

fracture toughness of nanocomposites increased with increased percentage of 

nanoparticles.  

2.5.2 Nano-TiO2 enhanced FRP composites 

Titania (TiO2) particles are a mineral mainly poised of TiO2. In terms of thermodynamics, 

it is one of the most stable polymorphs. The unit cell is recognised as body-centred 

tetragonal [116]. Mostly the usage of these particles is in UV-resistant material, printing 

ink, coating, self-cleaning ceramics, antibacterial material, biomaterials, aerospace 

components, sunscreen cream, morning and night cream, food packaging, coating for paper 

making and so on. In addition to that, it is used as reinforcement in polymer matrix 
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composites (PMC) to increase the mechanical, thermal and anti-corrosion behavior at 

various environmental conditions. 

As compared to the various nanoparticles, the usage of inorganic nanofillers is most 

reliable, durable and favorable because of their easy availability, low fabrication cost and 

fast optimization of thermal and mechanical behavior at the design stage [117,118]. 

Among the most explored inorganic nanoparticles, nano-TiO2 is the most reliable fillers for 

its exceptional behaviors like enhancement of mechanical properties,  corrosion stability, 

non-toxicity, thermal stability, and better compatibility with different material systems 

[27,119ï121]. This progress in mechanical and thermal behavior through the incorporation 

of nano inorganic or metal oxide particles may be attributed to uniform and better 

distribution of nanoparticle leads to physicochemical/adhesive/van der Walls bond 

improvement and probable electrostatic interaction with polymer epoxy. However, nano-

TiO2 particles are nontoxic, good compatibility with other material increases the corrosive 

resistivity and stability at high temperature [122]. Salehian and Jahromi [123] reported that 

on the accumulation of nano-TiO2 particles into the PMC increased the modulus value, 

whereas the tensile strength of the composites increased up to 1 wt% of nano-TiO2 content 

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

 

Figure 2.5-1: (a) Youngôs Modulus vs nano-TiO2 content and (b) tensile strength vs nano-

TiO2 content of nanocomposites [123]. 

 

Similarly, the flexural strength and flexural modulus increase at a certain percentage of 

nano-TiO2 particles as depicted in figure 2.5-2. 
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Figure 2.5-2: (a) Flexural strength vs nano-TiO2 and (b) modulus vs nano-TiO2 of the 

nanocomposites [123]. 

Tijana et al. [124] studied the enhancement of epoxy resin properties by fusion of nano-

TiO2 particles surface altered with gallic acid esters.  

 

Figure 2.5-3: Stress vs strain curves of Ultrasonic Dual Mixing (UDM) processed different 

weight percentage TiO2-epoxy nanocomposite [131]. 
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Figure 2.5.4:  Area under the curve of the neat epoxy and TiO2-epoxy nanocomposites 

[131]. 

Kumar et al. [119]  investigated the mechanical and thermal properties of TiO2-epoxy 

nanocomposite. The stress vs strain curves of TiO2 reinforced epoxy nanocomposites is 

shown in figure 2.5-3. Effect of TiO2 nanoparticle at various concentrations (5, 10 and 15 

wt.%) and its uniform distribution on the tensile strength and area under stress vs strain 

curve (depicting toughness of the material) are shown in figures 2.5-3 and 2.5-4. The 10 

wt.% TiO2 nanoparticle reinforced epoxy matrix processed by ultrasonic dual mixing 

(UDM) contributes maximum improvement of the tensile strength of about 22% and 

toughness about 69% as compared to that of the neat epoxy polymer. The combination of 

nano-TiO2 in polymer epoxy positively enhances the mechanical behaviors as compared to 

control epoxy composites. When nano-TiO2 particles are silane treated, it increases the 

impact strength as well as fracture toughness of the composites [125,126]. Rubab et al. 

[127] observed sub-micron titania (TiO2) particles enhanced thermal-oxidative stability, 

glass transition temperature, tensile strength and modulus of epoxy polymer composites. 

Siddhartha [128] established that nano-TiO2 particles developed the mechanical and wear 

resistance of epoxy filled nanocomposites as compared to control epoxy composites. The 

tensile strength and flexural strength of homogeneous and graded TiO2ïepoxy composites 

are shown in figure 2.5-5, figure 2.5-6 respectively. In the case of graded composites, the 

tensile strength decreases considerably as the weight percentage of TiO2 fillers is 

increased. However, for homogeneous composites, there was no decrease in tensile 

strength. The tensile strength of composite having 20 wt.% TiO2 was observed to be 12% 
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higher than that of epoxy. This may be attributed to the better interfacial bonding between 

the epoxy matrix and titania. However, the interaction between the particle size distribution 

and the epoxy resin ratio to nano-TiO2 is one important factor. 

                        

Figure 2.5-5:  Variation of tensile strength with TiO2 content [135]. 

 

Figure 2.5-6: Variation of flexural strength with TiO2 content [135]. 

It was reported in some literature that incorporation of nano-TiO2 particles improved the 

thermal behavior of the composites. This causes the usage of these potential nanofillers at 

high-temperature environments. Kumar et al. [119] indicated that the accumulation of nano 

TiO2 fillers improved the storage modulus and glass transition temperature of the 

composites. Figure 2.5-7 shows viscoelastic behavior of the composites i.e. 2.5-7(a) 

storage temperature and 2.5-7(b) óTan delta vs temperatureô of neat epoxy and TiO2-epoxy 
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nanocomposites. TiO2-epoxy nanocomposites with 10 wt. % showed the optimum 

improvement. 

  

Figure 2.5-7: (a) Storage Modulus vs temperature and (b) Tan delta vs temperature of neat 

epoxy and TiO2-epoxy nanocomposites [126]. 

Rajabi et al. [129] studied the thermal stability and dynamic mechanical properties of nano 

and micro-TiO2 particles reinforced epoxy composites. Figure 2.5-8 illustrates the variation 

of storage modulus on varying the amount of TiO2 particles for both micron and 

nanosystems. They noted a significant increase of Tg with the addition of micro or nano-

TiO2 fillers into the polymer epoxy. The storage modulus of the nano-TiO2 enhanced 

composite indicating an improvement in Tg with a certain extent of nano-TiO2 addition in 

the epoxy polymer. 

 

(a) (b) 
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Figure 2.5-8:  Comparative variation of storage modulus (E') for wt% of TiO2 for epoxy-

micron and epoxy-nano particle-reinforced composites. [129]. 

 

Wetzel et al.[21] observed that both nano Al2O3 and TiO2 enhanced the flexural strength, 

glass transition temperature and fatigue strength of epoxy-based composites. Ghosh et al. 

[130] found that incorporation of nano-TiO2 fillers increased the Tg. Chatterjee et al. [120] 

reported that the accumulation of nano TiO2 into the SC 79 (one type of neat epoxy 

polymer) improves the storage modulus above room temperature and shown in figure 2.5-

9. 

 

 

Figure 2.5-9: Behavior of storage modulus with a temperature of the neat epoxy resin and 

the TiO2ïepoxy nanocomposites [103]. 

2.6 Summary and outlook 

Incorporation of nano-fillers such as nano-Al 2O3 and nano-TiO2 in the polymeric materials 

reported improving the mechanical properties of these materials, even at very small 

loadings [36,131ï134]. Fibrous polymeric composites possess poor out of plane properties 

which are primarily governed by the matrix and/or fiber/matrix interface/interphase [135]. 

FRP composites composed of nano-Al 2O3 and nano-TiO2 modified epoxies with different 

continuous fibers have shown significantly higher matrix and interface dominated 

properties such as interlaminar shear strength and flexural strength over conventional FRP 

composites [55,136]. It was observed that all these improvements in mechanical properties 

were evaluated at ambient temperature. It was seen in the literature review that elevated 

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

nano-phased FRP composites are in sparse.  

Inter-ply fiber hybrid composites are also custom made FRP composites, which offer 

potential advantageous properties as compared to their control composites. These materials 

have great opportunities as advanced materials for various civil applications. Some of these 

applications require the durability of these hybrids at elevated temperatures. There are few 

studies which have addressed this issue; still, further studies are required to explore the 

properties of these hybrids in complex loading condition such as flexural, which are very 

sensitive to the ply-stacking sequence in the laminates. 
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3. Experimental Methodology 

Preface 

In this chapter, the various experiments that were carried out were presented. The chapter 

was subdivided into four sections numbered as 3.1 to 3.4. This sections discussed types of 

materials used, fabrication process, environmental conditioning of glass/epoxy composites 

and finally about the different characterization in terms of mechanical testings, microscopic 

analyses and thermal behavior of the composites. 

3.1 Materials used 

3.1.1 Glass fiber 

The investigated FRP composites contained epoxy resin and woven fabric E-glass fibers. 

The glass fibers (3K plain weave having 15 µm fiber diameter) were obtained from Owens 

corning, India. The number of yarns/inch along warp and weft direction is 16 and 14 

yarns/inch respectively. The fabric weight of glass fiber is about 360 gsm. Table 3.1-1 

shows the important properties of glass fiber and epoxy resin. 

Table 3.1-1 (As per manufacturer standard)   

Properties Epoxy Glass fiber TiO 2(Rutile) Al 2O3(Alpha) 

Density g/cm
3
 1.15 2.58 4.00 3.90 

Tensile strength 

(MPa) 
70 3800 51.6 260 

Tensile modulus 

(GPa) 
3.6 78 228 370 

Poissonôs ratio  0.30 0.20 0.27 0.21 

 

3.1.2 Epoxy and hardener 

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

tetra amine (TETA) as a hardener, and these were supplied by Atul Industries Ltd, Gujarat, 
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India under the operating name Lapox, L­12 and K­6 respectively. Some of the important 

features of the epoxy matrix are provided in table 3.1-1. All the materials properties 

represented in table 3.1-1 hold true at 25°C. 

3.1.3 Nano alumina (Al2O3) and Nano Titania (TiO2) 

The nano-Al 2O3 (alpha) particles, which were used as modifiers, have a diameter of 50 nm 

and were procured from Sigma Aldrich. The various important properties are illustrated in 

table 3.1.1. The nano-TiO2 (rutile) fillers are also procured from Sigma Aldrich having a 

diameter of about 50 nm. The various important properties related to nano-TiO2 are shown 

in table 3.1.1. 

3.2 Fabrication process 

3.2.1 Fabrication of glass fiber/epoxy composite 

For high-temperature environmental durability study, the GE composites were fabricated 

with fiber weight fractions of 50 and 70 in weight percentage along with hardener of 10 wt. 

% of the epoxy resin used. In the composite, the overall weight of the fiber in one GE 

composite system was maintained approximately around 50 weight percentage while in 

another set of GE composites weight percentage of fiber was around 70 percent.  The 

woven fabric cloths of approximately size 25 × 25 mm
2
 were cut and the laminates were 

prepared by hand lay-up method applying nine layers of woven fibers and epoxy resin. The 

weight fraction of fiber: matrix was maintained about 50:50 and 70:30 by regulating the 

applied pressure at 490 kPa and 1961 kPa respectively at the hot press. The laminated 

composite was then cured in a servo-hydraulic hot pressing machine at 60°C temperature 

for 20 minutes. To complete the curing process, the laminated FRP composites were kept 

at room temperature for 24 hours after removal of these from the servo-hydraulic pressing 

machine. The test samples were then cut from these cured laminates following the design 

mentioned in the ASTM D3039 standard using a diamond cutter. The samples were post-

cured in an oven at 140°C for 6 hours [137] to remove moisture, volatile substances and to 

dry the samples. This curing step further helps in generating proper adhesion between the 

fiber/matrix interfaces. The Schematic representation of the preparation of GE composites 

is illustrated in figure 3.2-1. 

In the case of LN2 fabrication of GE composite; the weight fraction of epoxy and glass 

fibers were taken 50:50 respectively. The fabrication of the laminates was done using hand 
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lay-up method in which 9 layers of woven fabric glass fibers were used. The hardener 

(10% of the total amount of resin) was properly mixed with the epoxy resin before doing 

the laying up process, to provide hardness to the matrix. Curing of the laminates was done 

in a hot press molding machine at 60 °C temperature and 980 kPa pressure for 20 min. To 

provide proper curing, the laminates were kept in the open air at room temperature for 24 

h. Tensile specimens (as per ASTM D3039) were prepared using a diamond cutter. 

Continuous water was supplied to avoid heat generation during the cutting process. The 

specimens with dimensions (L×W×T) 250×25×2.5 mm
3
 were used with 150 mm gauge 

length having flat rectangular geometry. The tensile specimens were then further cured in 

an oven at 140 °C for 6 h to remove the moisture that was absorbed during the cutting 

process. This temperature and time of curing were chosen to provide optimum 

strengthening to the specimen as per the above-mentioned curing parameters. Similarly, for 

the fabrication of thermal shock conditioned specimens, the same procedure is followed as 

that of LN2 fabrication.  

 

Figure 3.2-1: Schematic representation of the preparation of GE composites  
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3.2.2 Processing of nano-Al 2O3 and nano-TiO2 glass fiber/epoxy composite 

Because of the fine size, the nano-Al 2O3 particles have very high surface energy; thus, 

these are susceptible to agglomeration. To de-agglomerate, the particles were suspended in 

120 ml of acetone and subjected magnetic stirring for 1 h at 1000 rpm and room 

temperature followed by 30 min of bath sonication. The solution of acetone and nano-

Al 2O3 was added to a pre-weighed amount of epoxy and subjected to magnetic stirring at a 

temperature of 120 ºC, and 1000 rpm till the complete acetone got evaporated. The 

completion of acetone removal was determined by weighing the suspension at regular 

intervals. After magnetic stirring, the suspension was subjected to bath sonication for 1 h to 

ensure proper dispersion of the nanoparticles in the epoxy. Finally, the suspension was 

subjected to 18 h of vacuum degassing to remove the entrapped air, which might lead to 

the void formation during laminate fabrication. The suspension after degassing was mixed 

with the required amount of hardener and then laminates were prepared. The whole process 

is shown schematically in figure 3.2-2. The processing of nano-TiO2/epoxy composite is 

similar as discussed in Section 3.2.2.  

 

Figure 3.2-2: A schematic representation of the order of processing stages involved in the 

fabrication of nano-Al 2O3 in epoxy/GE composite  
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Acetone is a good solvent due to its ability to dissolve both polar and nonpolar substances, 

while other solvents can only dissolve one or the other.  Due to acetoneôs dual polarity, and 

versatility, it is a solvent that can be used in a multitude of different industries. Acetone is 

very potent and can dissolve both organic and inorganic substances [25]. Experimental 

results showed good dispersion of nanoparticles in non-polar solvents such as acetone after 

surface modification [138]. Due to its ability to quickly dissolve and evaporate it is also 

used as a solvent. 

 

Figure 3.2-3: Equipment's used for de-agglomeration of nanoparticles (a) Magnetic Stirrer 

and (b) Sonicator 

3.2.3 Fabrication of nano-Al 2O3 and nano-TiO2 embedded glass 

fiber/epoxy composite 

The laminates were prepared by hand layup technique followed by hot press compression 

molding at 60 ºC and at a pressure of 980 kPa for a curing time of 20 min. The weight 

fraction of epoxy and fiber was maintained at 50:50 and the quantity of hardener used was 

10 wt.% of epoxy resin. Three different types of nano-Al 2O3 modified GE laminates were 

prepared by adding nano-Al 2O3 particles in the resin having different weight fractions. The 

details are provided in Table 3.2-1. Similarly, the fabrication of nano-TiO2/GE composite is 

the same that of discussed in Section 3.2.3. 

 

 

 

 

 

 

(a) (b) 
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Table 3.2-1 

Different types of GE and nano-Al 2O3 modified GE laminates 

Type of Laminate Weight fraction of fiber/epoxy Nano-Al 2O3 weight percentage 

Control GE composite 50:50 0 

Nano-Al 2O3 enhanced 

composites 

50:50 0.1, 0.3, 0.5 

After the processing of laminates was completed, flexural samples were cut from the 

laminates using a diamond cutter. All the flexural samples were then subjected to post-

curing at a temperature of 140 ºC for 6 h to remove the residual stresses that are developed 

during cutting and also to remove any moisture content in the samples [137]. The samples 

thus obtained were subjected to polishing using standard metallographic emery papers to 

match the ASTM standard dimensions [139]. 

3.3 Conditioning of glass fiber/epoxy and nano-filler  

enhanced composites 

3.3.1  High temperature, liquid nitrogen temperature  and thermal shock 

temperature conditioning 

The GE composite specimens are exposed to the in-situ high-temperature environment i.e. 

at 25 °C, 70 °C, 90 °C and 110 °C temperatures and the specimens are tested at 

1,10,100,500, 1000 mm/min crosshead speed. Before doing the tensile tests, the GE 

composite specimens were dipped in liquid nitrogen (LN2)  bath (-196 °C) for different 

durations like 0.25 h, 1 h, 4 h, and 8 h to provide different extents of liquid nitrogen 

conditioning to the specimens. Conditioned specimens were then taken out from the liquid 

nitrogen bath and tensile testing was immediately carried out at room temperature (25 °C) 

using the tensile fixture of universal testing machine (Instron 8862). The specimens were 

conditioned in the ultra-low chamber at ï 60°C for 36 h and then further conditioned to 

+70°C for 36 h in an oven as shown in figure 3.3.1(a) and (b). 
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Figure 3.3-1: Thermal shock chambers (a) Ultra-low chamber (b) Oven 

3.4 Characterization 

3.4.1 Structural and morphological characterization of as-received nano-

fillers by TEM and FESEM 

The high-resolution transmission electron microscopy (HRTEM) images of the as 

established nano-Al 2O3 and nano-TiO2 particles were analyzed under a transmission 

electron microscope (TEM) as illustrated in figure 3.4-1(a) and field emission scanning 

electron microscope (FESEM) for their structural and morphological insights as showed in 

figure 3.4-1(b). TEM analysis was carried out with TEM ï FEI Technai G20 F30 under 

bright-field imaging mode. During TEM, Energy-dispersive X-ray spectroscopy (EDS) 

mapping has also been carried out to verify the possible presence of a functional group on 

nano-Al 2O3 and nano-TiO2 surface. FESEM analysis was carried out with SEM ï FEI 

Nova NanoSEM 450 under low vacuum mode.  

The fractography analyses of the fractured surfaces of the tested specimens were also 

carried out using a scanning electron microscope (SEM) (Model: JEOL-JSM 6480 LVSEM 

at 20KV) for the determination of various modes failure mechanisms of the composites. 

Before SEM, to make the fracture surfaces conductive and for better visualization during 

scanning, the fractured portions of the specimens were coated using a platinum sputter 

coater.   

 

(b) (a) 
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 Figure 3.4-1: (a) High resolution transmission electron microscopy (HRTEM), (b) FESEM 

and (c) SEM 

3.4.2 Assessment of tensile properties using the tensile fixture 

The tests were done in Instron 8862 and in-situ high-temperature tensile test conducted in 

5967 universal testing machine following the ASTM D3039 to analyze the tensile 

properties. The specimens were tested at room temperature with various crosshead speeds 

viz. 1, 10, 100, 500 and 1000 mm/min. The conditioned specimens were also tested in the 

tension mode with the aforesaid crosshead speeds. Figure 3.4-2: showed the universal 

testing machine (Instron 8862) equipped with a tensile fixture. 

 

Figure 3.4-2: Universal testing machine (Instron 8862) equipped with a tensile fixture 

(a) (b) (c) 
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3.4.3 Evaluation of flexural properties through a 3-point bend test 

Flexural tests were carried out on both control GE and nanofillers modified GE composites 

as per ASTM D7264 with a span to depth ratio 16:1 using the universal testing machine 

(Instron 5967) in a three-point bending fixture. All the samples were of 40 mm length, 12.7 

mm width and 2.1 mm thickness while the span length was 32 mm. The samples were 

tested at various temperatures like room temperature, 70 ºC, 90 ºC, 110 ºC after the initial 

holding time of 10 min at the corresponding temperatures. The loading rate was set at 1 

mm/min for all the tests. At each test condition, a minimum of six numbers of samples was 

tested. 

   

Figure 3.4-3: Universal testing machine (Instron 5967) with environmental chamber 

equipped with 3 point bending fixture 
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The load (P) ~ displacement (h) curve obtained from flexural testing was converted into 

stress (ů) ~ strain plots (Ů) by the following relationships. 

 

„
σὖὰ

ςὦὨ
                                                                                                                               σȢρ 

‐
φὬὨ

ὰ
                                                                                                                                   σȢς 

 

Where; l, b and d represent the span length, width and thickness of the sample respectively. 

Intuitively, the strength of the material is the stress which corresponds to the maximum 

load. Modulus has been determined from the slope of the initial linear region of the stress ~ 

strain curve.  

For a better comprehensive understanding, the results of different tests conducted were 

represented in crosshead speed rather than strain rate. However, to understand the different 

strain rate values used as crosshead speed throughout the research program is represented 

by a test matrix in table 3.4-1. 

Table 3.4-1 (Correlations between crosshead speed and strain rate) 

Sl. 

No 

Crosshead 

Velocity(mm/s) 

Strain Rate (s
-1

) Formula 

1 1 0.0067  

 

Strain Rate = 
 

    
 

2 10 0.067 

3 100 0.667 

4 500 3.33 

5 1000 6.67 

 

3.4.4 Evaluation of dynamic mechanical properties under dynamic 

mechanical thermal analyzer (DMTA)  

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

temperatures. The instrument applies a dynamic load to the sample and the response of the 
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material is recorded in the form of dynamic displacement. For a perfectly elastic solid, the 

applied stress and resulted strain remain in phase, whereas there is a phase difference in the 

case of polymeric (viscoelastic) material.  

The storage modulus (Eᾳ) obtained from DMTA is a representation of the elastic modulus 

of the material, whereas the loss modulus (Eᾴ) reflects the viscous modulus. The damping 

tendency of the material is determined from the parameter tan ŭ (ratio of Eᾴ to Eᾳ).  The Eᾳ, 

Eᾴ and tan ŭ are determined using the following equations. 

Ὁ
„

‐
ÃÏÓ‏                                                                                                                            σȢσ 

Ὁ
„

‐
ÓÉÎ‏                                                                                                                              σȢτ 

ÔÁÎ‏                                                                                                                                      σȢυ  

where, „ and ‐ represent the peak stress and peak strain respectively and ŭ is the phase 

difference between the stress and strain. 

                

Figure 3.4-4: Experimental set up of DMTA equipment  
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DMTA was done using Netzsch DMA 242E as per ASTM D7028 [140] in the temperature 

range of 40 °C to 200 °C at a heating rate of 5 °C/min with a frequency of 1 Hz in a 3-point 

bending mode. Measurements have been performed under a nitrogen atmosphere (99.99% 

purity). Figure 3.4-4 illustrates the DMTA equipment with a 3-point bending fixture set up. 

3.4.5 Assessment of glass transition behavior using temperature 

modulated differential scanning calorimeter (TMDSC)  

To identify the in-service glass transition temperature (Tg) of the polymer phase of the 

composite, temperature modulated differential scanning calorimetry  (TMDSC) 

measurements were carried out using a DSC 821 (Mettler -Toledo, STAR software) with 

intra cooler (figure 3.4-5). The DSC tests were done at a nitrogen atmosphere with a 

heating rate of 5 °C/min. The specimens were heated to more than their bulk glass 

transition temperatures (Tg) for at least 5 min and cooled to well below Tg. The 

reported Tg was taken as the maximum of the derivative of the heat capacity curves. 

 

Figure 3.4-5: TMDSC setup used for thermal analysis 

3.4.6 Chemical analyses by Fourier transformation infrared (FTIR) 

spectroscopy 

The Fourier Transformation Infrared (FTIR) spectroscopy analysis identifies that there is a 

variation in the chemical structure of the matrix from the fiber to the bulk polymer [141]. 

Figure 3.4-6 shows the experimental set-up of FTIR used for chemical analysis. The region 

of the infrared spectrum from 4000 cm
-1 

to 500cm
-1

 exhibit absorption bands falls under 

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

the chemical composition of materials. FTIR imaging suggests that there is a chemical 

Reference Sample Intra cooler 



Chapter 3                                                                 Experimental Methodology 

                                                                                                              

43 

 

gradient near the interface of the composite materials [68].  

 

Figure 3.4-6: FTIR setup used for chemical analysis 
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4 Results and Discussion 

Preface 

This chapter is composed of three main sections. First Section (section 4.1) represents the 

results and discussion on the environmental durability of glass fiber/epoxy composites. The 

subsections 4.1.1 to 4.1.3 present results and discussion on the high temperature behavior, 

loading rate sensitivity at liquid nitrogen conditioning and effect of loading rates at 

severely thermal shocked environment respectively.  The Section 4.2 highlights the effect 

of nano-filler addition on the mechanical behavior of glass fiber/epoxy composite at 

various loading rates.  The section is divided into two subsections as 4.2.1and 4.2.2; tensile 

and thermal response of nano-Al 2O3 enhanced glass fiber reinforced polymeric composites 

and mechanical and thermal behavior of nano-TiO2 enhanced glass fiber reinforced 

polymeric composites are discussed in these subsections. The Section 4.3 represents the 

elevated temperature durability and the effect of nano-filler addition on the mechanical 

performance of glass/epoxy composites. The subsection 4.3.1 describes the assessment of 

mechanical, thermal and morphological behavior of nano-Al 2O3 embedded glass 

fiber/epoxy composites at in-situ elevated temperatures and the subsection 4.3.2 represents 

the evaluation of mechanical, thermal and morphological behavior of nano-TiO2 embedded 

glass fiber/epoxy composites at in-situ elevated temperatures. 
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4.1 Environmental durability of glass fiber/epoxy composite 

4.1.1 High-temperature behavior 

The present study evaluates on the static tensile behavior of glass fiber/ epoxy (GE) 

composites at 50% and 70% Weight Fractions (WF) of reinforcement tested at room 25 C, 

70 C, 90 C, and 110 C temperatures with 1, 10, 100, 500, and 1000 mm/min crosshead 

speeds to investigate the impact of high temperature on the mechanical properties and 

different dominating failures modes. The experimental results reveal that with an increase 

in crosshead speeds the tensile strength of the composite is increasing. The effect of 

crosshead speeds and temperature with changing fiber weight fractions affects the GE 

composite. Although both the composite systems are found to be crosshead speed-

sensitive. Crosshead speed sensitivity seems to be more unpredictable at high temperature 

and high crosshead speed. Furthermore, it appears to be more unprecedented nature of 

fluctuation with high fiber weight fraction. The crucial parameters required during the 

materials designing in various structural components were evaluated and modelled with the 

help of Weibull constitutive model. The fractography analyses were done to identify the 

various dominating failure modes in the GE composite. There was no significant change 

found in the Glass Transition Temperatures (Tg) of both the composite system when 

exposed to different temperature environments. 

 

 

 

 

 

 

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

K K Mahato , K Dutta, B C Ray. High-temperature tensile behavior at different 

crosshead speeds during loading of glass fiber reinforced polymer composites. J Appl 

Polym Sci 2017;134. https://doi.org/10.1002/app.44715 

https://doi.org/10.1002/app.44715
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4.1.1.1 Effect of Crosshead Speed on tensile behavior of Glass Fiber Reinforced 

Polymer (GE) Composite 

Figure 4.1-1(a)-(d) show the variations of tensile behavior of the investigated GE 

composites with fiber weight fraction (WF) = 50% at different conditioning temperature i.e. 

at 25°C, 70°C, 90°C and 110°C temperatures with 1,10,100,500, 1000 mm/min crosshead 

speeds. It is evident from all these figures that the tensile properties of the composites 

increase with increasing the crosshead speed. A similar increase in strength values is 

present in the investigated PMCs which may be caused by the induced thermal stresses in 

the polymer phase. The induced thermal stresses in the fiber/matrix interface and/or, at 

polymer matrix may generate micro-cracks without blunting at a stable state. 

Few microcracks transfer to potential cracks at lower crosshead speeds and cause a 

substantial decrease in tensile strength of the composites, while as the crosshead speed 

increases the response required to propagate the microcracks is less. Also, at lower 

crosshead speed the stress transfer from the matrix to the fiber through fiber/matrix 

interface occurred slowly and steadily. But as crosshead speed increases the stress transfer 

may not that much efficient through microcracks in the polymer matrix composite. This 

can be attributed to higher strength at higher crosshead speeds. The effects of microcracks 

and fiber breakage can nucleate the other form of damage such as delamination, fiber 

pullout hence damage and degradation in the mechanical properties of the composite 

system occurred. 
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Figure 4.1-1: Stress vs strain plot at (a) 25ÁC (b) 70ÁC (c) 90ÁC (d) 110ÁC temperatures for 

the loading rate of 1, 10, 100, 500, 1000 mm/min, with fiber weight fraction (WF) fixed at 

50% 

    (b) 

(d) 

   (c) 
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Figure 4.1-2(a)-(d) illustrates the stress-strain plots of the investigated GE composites of 

fiber weight fraction (WF) = 70% at different conditioning temperatures with crosshead 

speeds, as was in the previous case. In this case, also, the tensile strength values increased 

with increasing the crosshead speed up to 500 mm/min. But, it was interesting to note that 

strength value reduced almost in all temperature conditioning cases at 1000 mm/min.  The 

decrease in the strength at higher crosshead speed (1000 mm/min) may be attributed to the 

lower content of polymer matrix in the composite. Similarly, in the case of 70ÁC, 90ÁC and 

110ÁC temperatures, as the crosshead speed increased the strength of the composite are 

also decreased. 

4.1.1.2 Effect of temperature on glass fiber reinforced polymer (GE) composite 

Figure 4.1-3 and 4.1-4 represent the variation of temperature on GE composite at crosshead 

speeds of 1 mm/min and 1000 mm/min with 50% and 70% weight fractions of fibers.  
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(b) 
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Figure 4.1-2: Stress vs strain plot at (a) 25ÁC (b) 70ÁC (c) 90ÁC (d) 110ÁC temperatures for 

the loading rate of 1, 10, 100, 500, 1000 mm/min, with fiber weight fraction (WF) fixed at 

70% 

 

It was evident [Figure 4.1-3(a)] that with an increase in temperature the strength of the 

composite decreased except in the case of 90°C treated GE composites. The reason of 

higher strength for 90°C treated GE composites may be the fact that this temperature is 

very near to Tg of the GE composites; it provides better bonding of the matrix and fiber 

phase. This may be due to the differential coefficient of thermal expansion between the 

fiber and the matrix. The composite containing fiber weight fraction of 70% showed an 

increment in the tensile strength compared to 50% weight fraction of fiber in GE 

composites. The highest strength is obtained in the case of 70°C treated GE composites 

followed by 90°C  and 110°C treated GE composites [Figure 4.1-3(b)]. This is attributed to 

(c) 

(d) 
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the low content of matrix in the composite and it is known that during longitudinal loading 

the strength mainly depends upon the fiber content and orientation. The combination of 

high loading speed and temperature created an adverse effect in the GE composite. 

                             

                              

Figure 4.1-3: Stress vs Strain curves at RT, 70°C, 90°C, 110°C temperatures (at 1 mm/min 

loading rate) for (a) Reinforcement content (WF) = 50%, (b) Reinforcement content (WF) = 

70% 

Figure 4.1-4(a) represents the stress-strain response of the material at a crosshead speed of 

1000 mm/min. One can note from the plot that with an increase in the test temperature, the 

overall strength is decreased for the GE composites fabricated with 50% fiber weight 

fraction. The differential expansion between polymer matrix and reinforcement fiber 

leading to the development of higher-order of mismatch strain at the interface and thereby 

leading to the interfacial debonding and thus, load transmissibility get reduced and strength 

(a) 

(b) 
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decreased. This is valid for both the weight fractions of the composites. The higher 

percentage of the reinforcement fiber in the matrix generates more interfacial area and thus 

higher strength is obtained in the composite. The stress transmissibility from fiber to 

polymer matrix remained less affected. Hence, failure might be nucleated by the matrix 

cracking instead of fiber breakage (Figure 4.1-10).  The failure of the composite is mainly 

attributed to the load-bearing fibers and a combination of other constituents such as fiber, 

matrix and interfaces. In contrast to these, the results obtained for fiber weight fraction of 

70% indicated [Figure 4.1-4(b)] that with an increase in test temperature (70°C and 90°C), 

the strength of the GE composites is increased. This potential increase in tensile strength 

may be attributed to the fact that to the higher percentage of fiber constituent in the matrix 

would generate more interfacial area. The interface has more propensities to damage and 

degradation at a higher temperature.  
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Figure 4.1-4: Stress vs Strain curves at RT, 70°C, 90°C, 110°C temperatures at (1000 

mm/min loading rate) for (a) Reinforcement content (WF) = 50%, (b) Reinforcement 

content (WF) = 70% 

 

The degree of de-cohesion between fiber and polymer is most likely to occur here at high 

temperature because of the differential coefficient of thermal expansion between 

reinforcement fiber and the matrix polymer. This decohesion phenomenon yields less stress 

transmissibility to the polymer matrix and hence fiber breakage (Figure 4.1-11) is a likely 

event of failure of the composite system. As the tensile strength and modulus value of fiber 

phase are very higher than epoxy polymer. Most of the loads at this weight fraction of 

composites are taken by the fiber phase. That is why strength increased for higher weight 

fraction at a higher temperature.    

4.1.1.3 Variation of UTS with a crosshead speed 

To understand the variations in UTS with crosshead speeds, the obtained UTS values at 

different test conditions for the investigated GE composites are compared and the 

relationships of UTS with crosshead speed are plotted in Figure 4.1-5. Figure 4.1-5(a) and 

4.1-5(b) shows the variation of UTS with crosshead speeds at different test temperatures 

for the composites containing fiber weight fractions of 50% and 70% respectively. It is 

evident from Figure 4.1-5 (a) that at all test temperatures the UTS sharply increased up to a 

crosshead speed of 100 mm/min. Beyond this crosshead speed, the UTS values rapidly fall 

for the test temperatures of 70ÁC and 90ÁC. The increase in UTS values with crosshead 

speed may be attributed to the quick transfer of the applied load from the matrix to the 

fiber; deformation, in this case, is more pronounced to fiber breaking, as can be seen from 

Figure 4.1-13, which is discussed in a later section in detail. However, rapid fall in UTS 

with further increase in crosshead speed is due to very fast combined fiber-matrix damage 

occurring during the deformation at very high crosshead speed.   

The phenomenon of strength response is found to be different when the fiber weight 

fraction in the composite is increased to 70%. It can be noted from Figure 4.1-5(b) that in 

all the investigated test temperatures, the composites exhibit higher UTS than that obtained 

at room temperature, except the specimens tested at a temperature of 110ÁC with 500 and 

1000 mm/min crosshead speed. Larger content of fibers contributed to the increment in 

UTS values above room temperature. However, the strength is found to be lower at the 

temperature of 110ÁC with 500 and 1000 mm/min crosshead speed due to the combined 
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effect of higher crosshead speed and temperature that deteriorates the overall structural 

integrity and durability of the composite leading to complete failure of the composite. 

 

 

Figure 4.1-5: Comparison of UTS vs Loading rates at RT, 70ÁC, 90ÁC, and 110ÁC 

temperatures at 1, 10, 100, 500 and 1000 mm/min loading rates with fiber weight fraction 

(WF) fixed at (a) 50% and (b) 70% respectively 

4.1.1.4 Constitutive tensile deformation model for glass fiber reinforced polymer 

(GE) composite 

Normally, the failure or deformation in case of laminated composites is the overall 

outcome of a numerous failure or deformation micromechanisms like local tensile stress, 

micro buckling and shear cusps which finally results in various failure modes like matrix 

cracking, fiber damage, fiber/matrix interfacial debonding etc. The stress (ů)-strain (Ů) 
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relationship for FRP composites can be modelled with the Weibull distribution function 

[142,143] as: 

„ ὉʀÅØÐɀ                                                                                                         (4.1) 

where, E is the tensile modulus of the composite, ůo and ɓ are the Weibull scale parameter 

and shape parameter respectively. ůo and ɓ are the Weibull design parameters, of which ůo 

is known as scale parameter and ɓ is known as a shape parameter. The nominal strength of 

the composite is measured by ůo, whereas ɓ is the measure of randomness in strength. Both 

ůo and ɓ can be calculated by taking double logarithm on both sides of the equation (1). 

ÌÎÌÎ ‍ ÌÎὉ‐  ‍ ÌÎ„                                                                                 (4.2) 

 

Figure 4.1-6: Weibull fittings of experimental data of GE composite fiber weight fraction 

(W
F
) fixed at 50% at (a) 25ÁC, (b) 70ÁC, (c) 90ÁC and (d) 110ÁC 
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Equation (2) denotes a straight line between ln[ln(EŮ/ů)] and ln(EŮ) which can be seen 

from Figure 4.1-6 and Figure 4.1-7. The magnitude of ɓ can be found out from the slope of 

the straight line while the intercept can be used to estimate ůo. The parameters of the 

Weibull function of the investigated GE composites are reported in Table 4.1-1 and 4.1-2 

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

fractions of 50% and 70%) indicates that the value of ůo increases with increase in 

crosshead speeds except in some cases (i.e. at 90°C and 110°C for both weight fractions of 

fibers). But with increasing temperature ůo goes on decreasing for both types of GE 

composites. 

 

Figure 4.1.7: Weibull fittings of experimental data of GE composite fiber weight fraction 

(W
F
) fixed at 70% at (a) 25ÁC, (b) 70ÁC, (c) 90ÁC and (d) 110ÁC 
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The value of shape parameter (ɓ) for both kinds of GE composites increase with increasing 

crosshead speeds and temperature.  

Table 4.1-1 

Weibull Scale parameter, ůo (MPa) for fiber weight fraction (WF) = 50% and 70% with 

different conditioning temperature and crosshead speeds of GE composites. 

Scale 

parameter (ůo) 
Fiber weight fraction (W

F
)= 50%  Fiber weight fraction (W

F
)= 70% 

TemperatureŸ 

Crosshead 

speed  

        Ź 

RT 70°C 90°C 110°C RT 70°C 90°C 110°C 

1 1056.3±58.3 902.2±69.3 839.6±32.3  928.2±51.3 1022±32.4 974.21±25.3 926.5±41 742.6±32.8 

10 1145.5±32 930.6±29.3 1173.7±25.1 1062.1±28.4 1054.8±28.6 1030±18.9 978.3±24.6 819.2±45.3 

100 1152.6±45.3 951.8±45 801.3±65.8 1024.9±38.5 1264.4±45.2 1153.9±32.8 935.73±68.2 1239.1±25.7 

500 1209±36.2 915.2±25.1 802.1±42.1 1009.7±41.3 1042.7±17.6 1407.9±18.9 1224.3±56.9 850.8±38.2 

1000 1414.3±65.4 985.6±37.5 883.4±23.5 916.5±27.4 1235.9±27.9 1328.4±35.7 822.6±32.6 876±28.9 

 

Table 4.1-2 

Weibull shape parameter (ɓ) for fiber weight fraction (WF) = 50% and 70% with different 

conditioning temperature and crosshead speeds of GE composites. 

Shape 

Parameter(ɓ) 
Fiber weight fraction(WF)= 50%  Fiber weight fraction(WF)= 70% 

Temperature Ÿ 

Crosshead speed 

         Ź 

RT 70°C 90°C 110°C RT 70°C 90°C 110°C 

1 0.61±0.08 0.70±0.06 1.04±0.11 1.25±0.16 0.46±0.08 0.59±0.10 0.66±0.08 1.29±0.14 

10 2.35±0.12 2.32±0.12 1.72±0.09 1.24±0.11 1.05±0.11 1.26±0.12 1.41±0.12 1.11±0.10 

100 1.99±0.05 2.70±0.12 1.70±0.15 2.21±0.08 2.27±0.09 1.36±0.08 2.05±0.16 1.1±0.06 

500 1.3±0.14 1.44±0.08 1.64±0.12 2.12±0.06 1.55±0.12 1.91±0.17 2.28±0.14 1.67±0.08 

1000 2.55±0.09 2.81±0.11 1.45±0.08 1.38±0.09 1.57±0.14 1.18±0.05 2.95±0.09 2.8±0.06 
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The coefficient of determination of the fittings (R
2)
 in figure 4.1-6 and figure 4.1-7 for 50% 

and 70% fiber weight fractions respectively at 25°C, 70°C, 90°C and 110°C temperature 

has been in the range of 0.94 to 0.99; these are represented in table 4.1-3. 

Table 4.1-3 

Coefficient of determination (R
2
) plotted in figure 4.1-6 and figure 4.1-7 for 50% and 70% 

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

110°C 

Coefficient of determination (R
2
) 

Temperature (°C) Fiber weight fraction (VF) = 50% Fiber weight fraction (VF) = 70% 

25 0.94533 0.99406 

70 0.98049 0.95342 

90 0.98721 0.96275 

110 0.99333 0.97305 

 

The simulated stress-strain plots were drawn for the GE composite systems for all the 

investigated test conditions by taking the value of ůo and ɓ from Table 4.1-1 and 4.1-2 and 

superimposed with the experimental curves. Typical plots for crosshead speeds of 1, 10 

and 100 mm/min are illustrated in Figure 4.1-8 and 4.1-9. It is quite clear from the figures 

that the Weibull statistical analyses very well estimate the experimental results. 
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Figure 4.1-8: Comparison between experimental and simulated stress-strain curves of GE 

composite with fiber weight fraction (W
F
) fixed at 50% at (a) 25ÁC, (b) 70ÁC, (c) 90ÁC and 

(d) 110ÁC 

(b) 

(c) 

(d) 
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Figure 4.1-9 Comparison between experimental and simulated stress-strain curves of GE 

composite with fiber weight fraction (W
F
) fixed at 70% at (a) 25ÁC, (b) 70ÁC, (c) 90ÁC and 

(d) 110ÁC 

4.1.1.5 Fractography analysis 

The fractography analyses were done to identify the various dominating modes of failures 

occurred in the GE composite system. Figure 4.1-10 shows typical fracture surfaces of the 

investigated GE composites tested at 1 mm/min crosshead speed at varying temperatures 

and weight fractions of fibers. The various failures modes obtained in the composite are 

matrix fracture, brittle failure of fibers, delaminations of fibers, debonding and matrix 

cracking. Initially, at lower crosshead speeds the fracture in the composites initiates from 

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

matrix gets fractured [Figure 4.1-10(a)], which constitutes the dominating mode of failure 

followed by brittle failure of fibers [Figure 4.1-10(b)] due to the constant tensile loading. 
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Figure 4.1-10: SEM images fractured GE composites tested at 1 mm/min at different 

temperatures and different weight fractions of fibers (a) 25ÁC, W
F 
=50% (b) 25ÁC, W

F 

=70% (c) 70ÁC, W
F 
=50% (d) 70ÁC, W

F
 =70% (e) 110ÁC, W

F 
=50% (f) 110ÁC, W

F 
=70% 

The specimens tested at 70°C, shows softening of the polymer matrix that can lead to the 

release of residual stresses which generates the fiber/matrix delaminations [Figure 4.1-

10(c)] and debonding [Figure 4.1-10(d)] occurs in the longitudinal direction due to the 

separation of the polymer phase from the composite. Furthermore, at 110°C, i.e. near to the 

glass transition temperature (Tg) of the polymer phase may cause ruthless damage and 

degradation as shown in [Figure 4.1-10(e) and 4.1-10(f)] reflecting a reduction in the 

tensile strength and stiffness of the FRP composite (Figure 4.1.5). At this temperature 

flowability of matrix caused large matrix cracking [Figure 4.1-10(e)] due to the softening 

of the polymer phase of the composite. 

Matrix Cracking 

(e) 

Microbuckled fibers 

(f) 
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Figure 4.1-11(a) ï (f) show SEM images of investigated GE composites tested at a 

crosshead speed of 1000 mm/min. The different modes of failures observed are mirror, 

mist and hackle, fiber pullout, complete composite failure i.e. fiber breakage and matrix 

cracking. Usually, at higher crosshead speed the damages and degradation in the FRP 

composite occur by complex phenomenon relating various failure mechanisms at the 

macro scale. In such a case, the impact of loading is highly transient and the response of 

the materials occurs in a shorter time (microseconds). At room temperature with fiber 

weight fraction (W
F 
=50%) exhibits three dissimilar zones at the fractured fiber surface 

namely mirror, mist and hackle [144] [Figure 4.1-11 (a)], which usually occurs at higher 

crosshead speed. Further, fiber pullout [Figure 4.1-11(b)] could be seen at the composite 

containing fiber weight fraction of 70%. 

At elevated (70°C) temperature, the composite with fiber weight fraction of 50% failed by 

complete damage of the fiber and the matrix [Figure 4.1-11(c)] interfacial region due to the 

softening of matrix phase, which further leads to fiber breakage [Figure 4.1-11(d)] in case 

of the composite containing 70 weight % of fiber. This fact occurs due to lesser content of 

polymer in the composite. Further, at 110°C, the synchronous effect of temperature and 

crosshead speeds comes into play, indicating deleterious composite failures along the 

longitudinal direction of the composite causing tensile failure of fibers [Figure 4.1-11(e)] 

and damaged fibers ends [Figure 4.1-11(f)]. 
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Figure 4.1-11: SEM of GE composites tested at 1000 mm/min at different temperatures and 

different weight fractions of fibers (a) 25ÁC, W
F 
=50% (b) 25ÁC, W

F
 =70%  (c) 70ÁC, W

F
 

=50% (d) 70ÁC, W
F 
=70% (e) 110ÁC, W

F 
=50% (f) 110ÁC, W

F 
=70 

Fiber Breakage 

(d) 

(e) Fiber tension fracture 

(f) 

Damaged fiber ends 
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4.1.1.6 Temperature modulated differential scanning calorimetry (TMDSC) 

measurements 

To analyse the effect of in-situ high-temperature conditioning with changing weight 

fraction of GE composite, the thermal analyses of the conditioned and unconditioned 

samples were carried out using TMDSC measurements to evaluate the Tg. The effect of 

different temperature conditionings of both the GE composite system is shown in Figure 

4.1-12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1-12: Glass transition temperature (Tg) plot of GE composites at 25 C, 70 C, 90 

C, and 110 C temperatures for 50% and 70% weight fractions of fibers respectively. 

 

(a) 

97.5Á

C  

95.43ÁC  
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At 25°C the Tg reported was 97.5°C and 95.43°C for composites with fiber weight fraction 

50% and 70% respectively. No significant change was found in the Tg for the conditioned 

temperatures with two weight fractions of fibers in the FRP composite system. The dotted 

marks in Figure 4.1-12(a) and (b) represent the Tg of conditioned samples which is near to 

120°C in all conditioning temperatures. This may be attributed to the closeness of the 

transition temperature of the polymer phase in the GE composite and due to no further 

crosslink between the polymeric chains in the PMCs. Therefore, the effect of changing 

weight fraction with crosshead speed variation at different conditioning temperatures does 

not affect the Tg. 

4.1.1.7 Summary 

The effects of different crosshead speeds with different fiber weight fractions at high 

temperatures were evaluated and discussed. The tensile fracture surfaces were investigated 

thoroughly and were correlated with the crosshead speed. The obtained results from the 

present experimental investigation and their pertinent analyses lead to infers: 

¶ The tensile strengths of the investigated GE composites increase with the increase 

in crosshead speed at all test temperatures. At higher crosshead speed the response 

of the composite is primarily governed from the fiber phase and increase in load-

carrying capacity can be attributed to fiber dominated mechanical response. 

¶ The temperature has a significant role in the deformation behavior of GE 

composites. In the case of 50% fiber weight fraction composites, the tensile 

strength decreases with increase in temperatures; except in the case of 90°C treated 

GE composites. The possible reason of higher strength in case of 90°C treated GE 

may be the fact that this temperature is very near to Tg of the GE composites; it 

provides better bonding of the matrix and fiber phase. However, for the composites 

with 70% fiber weight fraction, the tensile strength tends to increase as the 

temperature increases. The possible reasons may be due to a higher weight fraction 

of fibers, which generates more interfaces that ensure a high degree of decohesion 

between the fibers. Thus fiber breakage is likely dominating failure behavior. 

¶ The tensile fracture surfaces indicated various dominating failure modes for the 

investigated GE composite specimens. Matrix fracture was predominant at lower 

crosshead speeds while in case of higher crosshead speeds fractures were complex 
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by means of fiber/matrix debonding, fiber pullout, both fiber and matrix cracking 

etc. 

¶ Weibull constitutive modelling indicated acceptable agreement of the experimental 

results with modelling derived data. 

¶ There was no significant change in the glass transition temperature (Tg) for the 

conditioned specimens with two weight fractions of fibers in the investigated GE 

composite systems. 
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4.1.2 Loading rate sensitivity at liquid nitrogen conditioning 

Glass fiber/epoxy (GE) composites are being accepted as potential materials for ultra-low 

temperature applications. This part of the current investigation is to evaluate the effect of 

Liquid Nitrogen (LN2) conditioning (for different intervals of time) on the loading rate 

sensitivity of the tensile response of GE composites. To assess this, tensile tests of the 

unconditioned and conditioned specimens were carried out at different crosshead speeds 

viz. 1, 10, 100, 500 and 1000 mm/min. The modes of failures in different specimens were 

then assessed by SEM. 

 

 

 

 

 

 

 

 

 

 

K K  Mahato, K Dutta, B C Ray. Loading rate sensitivity of liquid nitrogen conditioned 

glass fiber reinforced polymeric composites: an emphasis on tensile and thermal responses. 
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N.B: The content of this section is published in the following article; 
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4.1.2.1 Effect of LN2 treatment on the tensile behavior of GE composite 

Figure 4.1-13(a) and 4.1-13(b) represent a comparison between the tensile stress-strain 

behaviors of unconditioned GE and LN2 conditioned (0.25 h, 1 h, 4 h and 8 h) GE 

composites tested at 1 and 1000 mm/min crosshead speeds respectively. It is noticeable 

from Figure 4.1-13 (a) that at 1 mm/min crosshead speed ultimate tensile strength (UTS) 

increases with LN2 conditioning time up to 1 hour as compared to unconditioned GE 

composites. An improvement in UTS value of 3.33% and 7.3% was observed in the case of 

0.25 h and 1 h LN2 conditioned GE composites respectively. The possible reason for the 

improvement in strength in case of 0.25h conditioned samples may be attributed to better 

fiber/matrix bonding to the conditioned time.  The better fiber/matrix bonding can be seen 

through the SEM images in figure 4.1-15(b) and 4.1-15(bô).  
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Figure 4.1-13: Tensile stress vs Tensile strain curve at RT (30°C), 0.25 h, 1 h, 4 h, and 8 h 

LN2 conditioning tested at (a) 1mm/min and (b) 1000 mm/min crosshead speeds. 

 

Sreenivasa et al. [145] also reported an improvement of 3% in tensile strength of LN2 

tested GE composites as compared to unconditioned composite specimens. The similar, 

trend was also observed in the case of GE composites tested at 1000 mm/min crosshead 

speed. The specimen tested at 1000 mm/min crosshead speed showed an improvement in 

UTS value of 11.39 % and 12.02 % for 0.25 h and 1 h LN2 conditioned GE composites 

respectively. This improvement in strength may be attributed to hardening of polymer 

matrix due to the nearly complete absence of disentanglement [146]. The LN2 conditioning 

transforms the polymeric chains to more dense-packed and enhances the debonding 

resistivity of the GE composites. The UTS values at different conditioning parameters to 

crosshead speed are illustrated in table 4.1-4.  In case of 1 mm/min crosshead speed, 

conditioning of specimens for 4 h and 8 h has shown a decrease in UTS value as compared 

to the unconditioned specimen. This may be due to embrittlement of the polymer matrix 

leading to the flow of polymer matrix as riverline marking morphology; the details of this 

are discussed in the subsequent paragraphs.  

Various failure patterns of GE composites tested at different conditionings and crosshead 

speeds are illustrated in Fig. 4.1-14. It can be seen that at different time intervals of LN2 

conditioning with different crosshead speeds the mode of failure and fracture was different. 

Usually, at lower crosshead speeds the opening or crack develops in the middle part of the 

specimens. But at higher crosshead speeds multiple numbers of cracks were produced 

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

After the mechanical tests, the failed specimens were analysed using SEM to identify the 

possible mode of damage and degradations occurred in the GE composites at various LN2 

conditionings and crosshead speeds. Fig. 4.1-15(a) - (e) show SEM micrographs of RT 

tested and LN2 tested specimens at different intervals of time. Several morphologies and 

failure modes were obtained in the GE composite are mirror, mist and hackle, cusps, 

delamination of fibers, debonding and river-line marking. Despite different failure modes, 

various composite strengthening morphologies were seen such as good fiber /matrix 

bonding and resin-rich region. Fig. 4.1-15(a) illustrates the morphology of fiber pull-out at 

higher loading speed (1000 mm/min) while Fig. 4.1-15(a) shows a magnified image of it. 

One can note the presence of mirror, mist, and hackle in the broken fiber ends; typical 
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fracture morphology that occurs in the fracture surfaces obtained at higher crosshead 

speeds [144]. Similarly, the magnified versions of Figure 4.1-15 (b) and Figure 4.1-15 (c) 

are provided in Figure 4.1-15(b) and figure 4.1-15(c) respectively. The typical fracture 

surface of the cryo-treated specimen is shown in Fig. 4.1.15(b) which indicated good 

fiber/matrix bonding. Also, cusps [Fig. 4.1-15(c)] was developed in the matrix surface due 

to brittle behavior of the epoxy resin. In the meantime, resin-rich region [Fig. 4.1-15(c)] 

was identified that induces strengthening of the GE composites. However, cusps mainly 

develop within the resin-rich regions. These failures do not display a complete fiber matrix 

debonding from the fiber surface [147].  Figure 4.1-15 (d) and (e) illustrate riverline 

markings in the epoxy matrix of the GE composites. Generally, the direction of river 

markings indicates the crack initiation and propagation path. Here also, similar features 

were present. The crack initiation point in the matrix is shown in Figure 4.1-15 (d). After 

the initiation of the crack, its growth occurs and that develops into a larger crack leads to 

failure of the GE composite.  As mentioned earlier, the riverline markings were quite 

prominent, when tested at 1 mm/min as compared to the composite specimen tested at 

1000 mm/min crosshead speed. At 1000 mm/min crosshead speed LN2 conditioning of 

specimens for 4 h and 8 h show improvement in strength as compared to the unconditioned 

specimen. This may be attributed to less time available to transfer the stress from polymer 

matrix to fiber. Therefore, the stress generated in the polymer matrix region leads to 

riverline markings [Figure 4.1-15(e)] which were not that prominent as compared to the 

GE composite tested at 1 mm/min [Figure 4.1-15(d)]. In case of 0.25 h conditioning, the 

failure occurs at much lower strain as compared to other samples where it is enhanced. The 

possible reason of lower strain in case of 0.25h conditioned samples may be attributed to 

the brittle failure of the glass fibers and hardening of matrix phase. The brittle failure of 

fiber and matrix hardening can be seen through the SEM images in figure 4.1-15(b) and 

4.1-15(bô). 
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Figure 4.1-14: Different failure patterns of GE composite and liquid nitrogen conditioned 

GE composite tested at (a) 1 mm/min, (b) 10 mm/min, (c) 100 mm/min, (d) 500 mm/min, 

(e) 1000 mm/min crosshead speeds. 
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Table 4.1-4 (Statistical analysis of unconditioned and conditioned samples to ultimate 

tensile strength) 

Statistical analysis  

Conditioning 

parameters 

Tensile test 

crosshead speed 

(mm/min) 

Average 

ultimate tensile 

strength (MPa) 

Standard error 

(%) 

Coefficient of 

variation (%) 

Unconditioned 1 450.00 6.431 3.231 

 10 460.06 8.508 3.698 

 100 514.39 5.130 2.693 

 500 517.66 8.667 3.714 

 1000 527.22 6.037 3.296 

0.25 h 1 465.85 10.79 5.323 

 10 492.02 4.411 1.903 

 100 565.95 4.792 2.046 

 500 581.14 5.901 3.698 

 1000 587.32 12.580 5.521 

1 h 1 482.85 3.633 1.734 

 10 540.10 0.851 0.521 

 100 566.81 6.573 3.259 

 500 580.23 10.225 4.861 

 1000 590.64 5.239 2.223 

4 h 1 447.65 2.084 1.455 

 10 500.34 7.301 3.522 

 100 538.75 5.125 2.685 

 500 563.75 10.537 5.171 

 1000 583.23 8.001 3.643 

8 h 1 424.64 4.150 4.150 

 10 461.49 7.973 7.971 

 100 483.30 5.552 8.552 

 500 541.16 11.265 11.265 

 1000 554.32 9.471 9.407 
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Figure 4.1-15: SEM images of unconditioned GE composites (a) RT, (a) RT, and LN2 

conditioned GE composites at different intervals of time (b) 0.25 h, (b) 0.25 h, (c)1 h, (c)1 

h, (d) 4 h, and (e) 8 h 
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4.1.2.2 Effect of crosshead speeds on the tensile properties of LN2 treated GE 

composites 

Figure 4.1-16 (a) to (e) represent the dependence of tensile behavior on the crosshead 

speed of the unconditioned and conditioned GE composites. The results indicated that the 

load-carrying capacity of the composites increased with increase in crosshead speed. This 

behavior of increase in load-carrying capacity was also reported by earlier researchers 

[148ï150]. It can be mentioned that while the specimens were deformed at a higher rate, 

the time available for proper load transfer from matrix to fiber becomes less which 

promotes proper stress transfer across fiber/matrix GE composites. The relaxation times 

available at lower crosshead speeds are more which facilitates improper stress transfer 

resulting in lowering of UTS. This may be attributed that at lower crosshead speed, time 

available for the micro-crack to propagate in the weak portion of the matrix is more 

compared to higher crosshead speed. But, in the meantime at higher crosshead speeds 

relaxation time is less that promotes proper stress transfer across fiber/matrix composites 

that leading to higher UTS. This may be attributed to that at higher crosshead speed, micro-

cracks propagate through fiber/matrix interface rather than the weakest epoxy matrix and 

breaks the strong fiber during crack propagation resulting increase in UTS of the composite 

[151]. Further, 1 h LN2 conditioned specimens exhibited high modulus values at crosshead 

speeds of 100, 500 and 1000 mm/min as compared to unconditioned specimens. After 0.25 

h of conditioning, a noticeable enhancement in the ductility was ensured for all composite 

systems probably due to stress relaxation and this enhancement continues up to 1 h of 

conditioning. Since at LN2 temperature the chemical bond and the molecules shrink 

exhibiting greater binding forces between the molecules and this phenomenon results in 

higher strength of the epoxy matrix. Further conditioning to 4 h at various crosshead 

speeds indicates a decrease in the modulus value as compared to RT composite specimens. 

LN2 conditioning for a long time may generate residual stresses resulting in matrix 

deformation as riverline markings (Figure 4.1-15e) and those riverline markings became 

more prominent at 8 h of conditionings (Figure 4.1-15d). 
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Figure 4.1-16: Tensile stress vs tensile strain curve with 1, 10, 100, 500, and 1000 mm/min 

crosshead speeds tested at (a) RT (25 C), (b) 0.25 h, (c) 1 h, (d) 4 h, and (e) 8 h. 
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Table 4.1-5 (Statistical analysis of unconditioned and conditioned samples to modulus) 

Statistical analysis 

Conditioning 

parameters 

Tensile test 

crosshead speed 

(mm/min) 

Average 

modulus (GPa) 

Standard error 

(%) 

Coefficient of 

variation (%) 

Unconditioned 1 19.27 0.152 1.761 

 10 20.57 0.093 1.064 

 100 19.33 0.165 1.910 

 500 19.34 0.046 0.534 

 1000 19.01 0.220 2.672 

0.25 h 1 20.59 0.325 1.651 

 10 21.43 0.489 2.633 

 100 20.82 0.253 1.274 

 500 21.12 0.671 3.113 

 1000 20.12 0.396 1.965 

1 h 1 18.66 0.727 3.545 

 10 19.11 0.284 1.386 

 100 19.91 0.661 2.967 

 500 20.10 0.533 2.772 

 1000 20.72 1.131 5.471 

4 h 1 19.02 0.524 2.801 

 10 19.06 0.456 2.212 

 100 19.47 0.961 4.711 

 500 19.66 1.022 4.772 

 1000 20.03 0.393 1.914 

8 h 1 17.44 0.251 1.222 

 10 18.42 0.383 1.861 

 100 18.93 1.021 5.015 

 500 18.08 0.363 1.775 

 1000 17.08 0.486 2.352 
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Table 4.1-6 (Statistical analysis of unconditioned and conditioned samples to strain at 

break) 

Statistical analysis 

Conditioning 

parameters 

Tensile test 

crosshead speed 

(mm/min) 

Average strain 

at break (%) 

Standard error 

(%) 

Coefficient of 

variation (%) 

Unconditioned 1 3.16 0.031 2.225 

 10 3.25 0.008 0.604 

 100 3.46 0.038 2.721 

 500 3.57 0.033 2.373 

 1000 3.78 0.063 4.501 

0.25 h 1 2.06 0.038 2.695 

 10 2.29 0.023 1.682 

 100 2.58 0.049 3.481 

 500 2.26 0.033 2.412 

 1000 2.95 0.053 3.813 

1 h 1 3.56 0.011 0.791 

 10 3.77 0.041 2.923 

 100 4.12 0.023 1.652 

 500 4.19 0.010 0.741 

 1000 4.33 0.042 3.021 

4 h 1 3.28 0.015 1.116 

 10 3.71 0.010 0.743 

 100 4.05 0.033 2.362 

 500 4.30 0.014 1.013 

 1000 4.30 0.042 3.023 

8 h 1 3.13 0.008 0.621 

 10 3.39 0.010 0.748 

 100 3.49 0.008 0.586 

 500 4.10 0.005 0.396 

 1000 4.25 0.016 1.157 
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Figure 4.1-17: (a) Modulus vs loading rate plot and (b) strain at break vs loading rate plot 

of room temperature and liquid nitrogen conditioned specimens with 1, 10, 100, 500, and 

1000 mm/min crosshead speeds 

The variations in different mechanical properties i.e. modulus and strain at break obtained 

from Figure 4.1-16 were plotted in Figure 4.1-17. It is noticeable from Figure 4.1-17(a) 

that 0.25 h conditioned composites exhibited higher tensile modulus values at all the 

crosshead speeds, as compared to RT tested GE composite specimens. Figure 4.1-17(b) 

indicate the nature of variation of strain at break with the crosshead speed and it is evident 

that with an increase in crosshead speed the strain value increased. The strain value was 

(a

)

(b) 
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found maximum in case of 1 h and 4 h LN2 conditioned GE composites at different 

crosshead speeds as compared to other conditioned composites. The modulus and strain at 

break values to crosshead speeds are represented in table 4.1-5 and table 4.1-6 respectively.    

4.1.2.3 Temperature modulated differential scanning calorimetry (TMDSC) 

measurements 

To evaluate the glass transition temperature (Tg) of the polymer phase of the composite, 

TMDSC measurements were carried out [152,153]. Figure 4.1-18 indicates that at room 

temperature conditioning the Tg was higher as compared to LN2 conditioned specimens. 

The Tg of the LN2 treated specimen decreased with increase in the LN2 conditioning time 

as compared to RT tested specimen. This may be attributed to the lower movement of the 

molecular chain at LN2 temperature owing to a reduction in Tg.              

 

Figure 4.1-18: TMDSC graph of GE composites at room temperature and at different liquid 

nitrogen conditioning time (the tip inside dotted circular line indicates Tg value of the 

respective GE composite). 

The Tg of RT tested specimens and LN2 conditioned specimens at various intervals are 

represented in the table 4.1-7. 
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Table 4.1-7 (Tg of specimens after different LN2 conditioning) 

LN2 conditioning time (in h) Glass transition temperature (°C) 

RT 96.17 

0.25 h 87.69 

1 h 82.74 

4 h 78.29 

8 h 73.68 

 

4.1.2.4 Dynamic mechanical thermal analysis (DMTA) 

The Dynamic Mechanical Thermal Analyser (DMTA) helps to evaluate the viscoelastic 

response of the material for a wide range of temperature [6,154,155]. The DMTA of the 

unconditioned and conditioned specimens were carried out in the temperature range of 40 

°C to 200 °C. The viscoelastic behaviors of the GE composite specimens, conditioned to 

LN2 temperature are presented in Figure 4.1-19(a) ï (d). The data acquired from DMTA as 

storage modulus (%) represents the elastic modulus of the material and loss modulus (Ὁ) 

replicates the viscous modulus. The damping behavior of the material was calculated from 

the tan ɿ factor (i.e. the ratio between Ὁ to %). The values such as %, Ὁ and tan ɿ are 

calculated using the following equations: 

% 
„έ
‐έ   
ÃÏÓɿ                                                                                                                                         τȢρ                                                                                                                                                           

% 
„έ
‐έ
ÓÉÎɿ                                                                                                                                           τȢς 

ÔÁÎ ɿ  
%
%
                                                                                                                                   τȢσ                                                                                                                                                 

where ůo and Ůo represent the peak stress and peak strain respectively and ɿ is the phase 

difference between the stress and strain. 
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Figure 4.1-19: Variation in (a) %, (b) %, (c) tan ɿ and (d) Tg with different LN2 

conditioning time for GE composites  

Figure 4.1-19(a) ï (c) represent the variation of Ὁ, % and tan ɿ with temperature for 

unconditioned and LN2 treated composites at different intervals of time. It is evident from 

Figure 4.1-19(a) that, the 4 h LN2 conditioned GE composite exhibited higher storage 

modulus value than all other composites tested at different environments. This 

phenomenon may be attributed to matrix hardening due to freezing of polymer chains. LN2 

conditioning to 4 h certainly shows maximum modulus value due to the better adhesion 

between the fiber/matrix interfaces. Figure 4.1-19(b) shows the variations in % due to LN2 

conditioning at different intervals.  The % value increases with increase in the LN2 

conditioning of GE composite. This improvement may be attributed to the hardening of the 

polymer matrix from the viscous phase. The tan ɿ  value increased as the LN2 conditioning 

time increased up to 1 h for the GE composites due to better bonding of fiber/matrix 

causing resin-rich region [Figure 4.1-15(c´)] in the GE composite as observed from Figure 

4.1-15(c). The peak value of the tan ɿ vs temperature curve is considered as the Tg of the 
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GE composite materials. The GE composites treated for 8 h show lowest tan ŭ value; this is 

due to the higher brittleness of the polymer phase exposing to longer duration of time.  It 

can be observed from Figure 4.1-19(d) that LN2 conditioning up to 1 h resulted in an 

increase of Tg from 103.2 °C to 106.2 °C followed by which the Tg slightly decreased on 

further conditioning to higher duration. This decrease in Tg could be attributed to the 

hindrance of crosslink formations due to the shrinkage of polymeric chains between the 

polymeric networks [156]. As the conditioning time increases, the chances of 

weakening/freezing of the polymeric chains increase. This fact attributes to the lowering of 

Tg value of the specimens conditioned with a higher interval of time. However, 

microstructural changes can also be one of the possible reasons to lower Tg value. A 

comparison of Tg values between DSC and DMTA indicated that the Tg obtained from 

DMTA were always higher as those obtained in DSC, for all the conditioned and 

unconditioned specimens. The possible reason for the difference in Tg values obtained 

from both the thermal analysis method can be explained in light of the difference in test 

conditions. Several earlier researchers reported similar variations in the Tg values obtained 

from both these methods [157,158]. The reasons for such differences can be attributed to; 

(1) Size of the furnace ï DMTA furnace is larger with larger thermal inertia, (2) Control of 

temperature and location of temperature sensor in the furnace ï the thermocouple in 

DMTA does not touch the sample whereas, in DSC, the sample is in direct contact with the 

pan. (3) Mode of heat transfer ï the principal mode of heat transfer mechanism in DMTA 

is convection, but in case of DSC it is conduction, (4) Size of the sample ï the size of 

DMTA sample is much larger than that of DSC [159]. Owing to these reasons, the heat 

transfer mechanisms during the thermal interactions were widely different and this led to 

the variation in Tg.  

4.1.2.5 Fourier transformation infrared (FTIR) spectroscopy 

FTIR of control GE and LN2 conditioned GE composites are carried out to know about the 

different bond formation in the composites. Figure 4.1-20 reveals the FTIR spectra of 

control GE and LN2 conditioned GE composites. Strong O-H stretch (3000-2700 cm
-1

) was 

observed in case of LN2 conditioned GE composites. Weak benzene ring formation was 

also depicted at around 1600-1500 cm
-1

. Some other bond formation was seen as C-N 

stretch (1230- 1020) and C=O stretch (1250-1050). In case of LN2 treated specimens 

intensities peaks are quite higher as compared to control GE composites. 
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Figure 4.1-20: FTIR Plot for GE and LN2 treated GE composites 

 

4.1.2.6 Summary 

The effects of LN2 conditioning of glass fiber reinforced polymer composites on the tensile 

and thermal responses were investigated in this part of the study. The effects of different 

crosshead speeds on the tensile properties and the viscoelastic behavior of the composites 

were also studied. The obtained results and their pertinent discussion lead to the following 

conclusions: 

¶ An improvement in UTS value of 3.33% and 7.3% was observed in the case of 0.25 

h and 1 h LN2 conditioned GE composites as compared to unconditioned GE 

composites at 1 mm/min crosshead speed. Similarly, the specimens tested at 1000 

mm/min show an improvement in UTS of 11.39 % and 12.02 % for 0.25 h and 1 h 

LN2 conditioned GE composites as compared to unconditioned GE composites. 

Matrix hardening is the possible reason for improved strength. 

¶ Fractography analysis came out with different dominant modes of failures and 

morphologies such as delamination, debonding, mirror, mist and hackle, cusps, 

O-H stretch (3000-2700) 
C-N stretch (1230- 1020) 

C=O stretch (1250-1050) 
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riverline markings and also some morphology with toughening mechanisms such as 

good fiber/matrix bonding and resin-rich region. 

¶ The load-carrying capacity of the GE composite improved with an increase in 

crosshead speeds i.e. from 1 mm/min to 1000 mm/min on LN2 conditioning for 

different duration of time. 

¶ 0.25 h LN2 conditioning of GE composite exhibited better modulus values at all the 

crosshead speeds as compared to unconditioned GE composite specimen. Further, 1 

h LN2 conditioned specimen exhibited higher modulus at higher crosshead speeds 

i.e. at 100, 500 and 1000 mm/min as compared to unconditioned specimens. 

¶ The strain at fracture increased with increase in the crosshead speed. Meanwhile, 

the strain value was found maximum in case of 1 h LN2 conditioned GE composites 

as compared other conditioned composites. 

¶ The glass transition temperature of the LN2 treated specimen decreased with 

increase in the LN2 conditioning time as compared to the unconditioned specimen. 

¶ The DMTA results show that the storage modulus for 4 h LN2 conditioned GE 

composite exhibited higher modulus value than any other composites tested. The 

tan ‏ value increases as the LN2 conditioning time increases to 1h for the GE 

composites due to better bonding of fiber/matrix causing resin-rich region in the GE 

composite. 
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4.1.3 Effect of loading rates at the severely thermal shocked environment 

The present investigation is aimed to study the effect of short term exposure of thermal-

shock conditioning on the mechanical properties of glass/epoxy (GE) composites. The 

specimens were conditioned at ï60°C for 36 h followed by further conditioning at +70°C 

for the same duration. To assess the effect of thermal shock on the mechanical properties, 

tensile tests of the conditioned and unconditioned specimens were done with various 

loading rates viz. 1, 10, 100, 500 and 1000 mm/min.  The ultimate tensile strength (UTS), 

as well as strain to failure, were found to increase with an increase in the loading rates at 

room temperature; the thermal-shocked conditioned specimens exhibited even higher UTS 

and failure strain as compared to the unconditioned specimens. It can be stated that 

different coefficients of thermal expansion during thermal-shock conditioning and a 

significant amount of pre-existing residual stresses govern the stress distribution and 

ultimately the mechanical properties of glass/epoxy composite.  Various dominating modes 

of failures in the composites were analyzed under a scanning electron microscope. 

 

 

 

 

 

 

 

 

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

K K Mahato , D K Rathore, K Dutta, B C Ray,  Effect of loading rates of severely thermal-

shocked glass fiber/epoxy composites, Composite Communications 2017; 3: 7ï10. 

https://doi.org/10.1016/j.coco.2016.11.001. 
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4.1.3.1 Effect of loading rates at the severely thermal shocked environment 

The specimens were tested at room temperature (RT, 25°C) with the aforesaid loading 

rates. Figure 4.1-20 shows the stress-strain behavior of both controls as well as thermal 

shock conditioned GE composites. It can be seen from Figure 4.1-20(a) that with an 

increase in loading rate i.e. from 1 mm/min to 1000 mm/min the value of maximum tensile  

 

 

Figure 4.1-21: Tensile stress vs Tensile strain curve with 1, 10, 100, 500 and 1000 mm/min 

loading rates tested at (a) RT (25°C) (b) Thermal-shock conditioned specimen 

stress increases. At lower loading rates more time is available and thus small microcracks 

propagate to potential cracks that lead to a substantial reduction in tensile stress of the 

composite system. But, at the higher loading rates, the time availability to propagate these 

1 10 100 500 1000 

(A) 

(a) 

1 10 100 500 1000 

(B) 

(b) 
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microcracks is very less. Hence, the load-carrying capacity of the GE composite is found to 

be more. The Failed glass/epoxy composites at different loading rates (A) Without 

conditioning and (B) Thermal shock conditioned are shown in Figure 4.1-20. 

4.1.3.2 Evaluation of thermal-shock conditioned specimens (TCS) of glass/epoxy 

composites  

Figure 4.1-21(b) reveals the stress-strain curve of TCS with various loading rates. Figure 

4.1-21(b) show the same trend as that of control of GE composite. Comparing with the RT 

specimens, the TCS exhibit more tensile stress value at each loading rate. It may be 

attributed to the difference in the coefficient of thermal expansion/contraction at the 

fiber/matrix interface which alters the nature of residual stresses in the composite. The 

fiber/matrix interfacial adhesion is firmly altered by the existence of residual stresses. 

Conditioning to low temperature causes differential shrinkage at the fiber/matrix interface 

leading towards improved interfacial adhesion which ultimately enhances the debonding 

resistance by mechanical keying factor [93]. The evolution of the misfit strain emerges at 

the fiber/matrix interface due to the variance in the coefficient of thermal 

expansion/contraction [94]. The TCS exhibits better fiber/matrix interfacial bonding by 

mechanical keying factor imparting better strengthening of the GE composites. In the case 

of TCS, the load-carrying capacity of the composite is enhanced with increase in loading 

rate. This may be attributed to uniform stress distribution in polymer matrix at lower 

loading rates. But as the loading rate increases the transfer of load from polymer matrix to 

the fiber reinforcement is not smooth and steady leading to higher strength of the 

composite. 

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

different loading rates 

The variation of tensile modulus with loading rate is presented in Figure 4.1-22(a) and it 

reveals that there is no such a large difference in the modulus value with loading rate for 

both the composite systems. But, the thermal-shock conditioned specimenôs exhibit higher 

modulus value as compared to RT specimens. At 10 mm/min the improvement in the 

modulus value is quite significant as compared to the other loading rates for both the 

composites systems. The possible reasons may be attributed to the synergistic effect of the 

matrix and fiber that imparts proper and quick stress transfer to the fiber/matrix interface. It 

is noticeable that the interfacial debonding is not as high as compared to 1 mm/min. But, as 

the loading rate increases to 100, 500 and 1000 mm/min the stress distribution becomes 



Chapter 4                                                                        Results and Discussion 

91 

 

limiting factor and modulus value is found to be mostly unaffected. The Coefficient of 

variation (COV) for the mechanical properties is ranging from 0.17 to 8.97 %. The COV 

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

The COV of strain at failure lies in between 0.96 to 8.17%. The Strain at break vs Loading 

rate is shown in Figure 4.1-22(b) and it shows that as load-carrying capacity of the 

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

thermal-shock conditioned specimenôs exhibits slight higher values. 

 

Figure 4.1-22: (a) Modulus vs Loading rate curve of room temperature and thermal-shock 

conditioned specimens, (b) Strain at break vs Loading rate curve with 1, 10, 100, 500 and 

1000 mm/min loading rates 

 

(a) 

(b) 
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4.1.3.4 Fractography analysis using Scanning electron microscopy (SEM) 

After the mechanical tests, post-failure analyses of fractured specimens were carried out 

using SEM. As the loading rates change from quasi-static to relatively high the failure 

mode of FRP composite changes. At low loading rate, the composite failure is primarily 

governed by the matrix and/or the interface. Whereas, at higher loading rates fiber 

breakage becomes the life-limiting failure mode in these composites [2]. Figure 4.1-23(a), 

4.1-23(b) and 4.1-23(c) show SEM micrographs at 1mm/min loading rate depicting fiber 

imprints, textured microflow and matrix microcracking morphology respectively. Textured 

microflow morphology usually occurs at lower loading rate imparting proper load 

distribution in the matrix region.  The flow direction of the granular structures indicates the 

direction of fracture and it is most prevalent in brittle matrix systems [147]. Figure 4.1-

23(d), 4.1-23(e) and 4.1-23(f) show SEM micrographs at 1000 mm/min loading rates 

indicating fiber pullout, mirror, mist and hackle, and fiber fracture morphology 

respectively. The mirror, mist and hackle morphology usually occurs in brittle materials. 

The term mirror refers to the smooth surface of crack imitation. As the crack propagates a 

smooth, matt region develops called mist is produced, incorporating starting of scraps. 

Finally, as the crack attains its terminal velocity the hackle type of fractures occurs [147]. 

Furthermore, during tensile pulling fiber fracture was one of the important modes of failure 

in the glass/ epoxy composites. 
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Figure 4.1-23: Scanning electron micrographs of thermal-shock conditioned GE composite 

tested at (a) 1 mm/min, (b) 1 mm/min, (c) 1 mm/min (d) 1000 mm/min (e) 1000 mm/min 

and (f) 1000 mm/min loading rates respectively 
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4.1.3.5 Temperature modulated differential scanning calorimetry (TMDSC) 

measurements  

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

TMDSC. Figure 4.1-24 shows the glass transition temperatures (Tg) of room temperature 

and thermal-shock conditioned specimens that found to be near about same. Therefore, 

there is no effect of thermal-shock conditioning on the Tg of the polymer phase of the 

composite. The thermal-shock conditioning specimens do not have any effect on the 

polymeric network of a polymer chain in the matrix system resulting in no disturbances in 

the cross-link formation. The glass transition temperature of room temperature and 

thermal-shock conditioned specimens are 96.17°C and 97.10°C respectively.  

 

Figure 4.1-24: TMDSC graphs of GE composites at room temperature and thermal-shock 

condition 

4.1.3.6 Fourier transformation infrared (FTIR) spectroscopy 

Figure 4.1.24 illustrates the FTIR image of GE composite at room temperature and 

thermal-shock conditioned GE composite. The different bond formations observed are O-H 

stretch (3000-2700), C-N stretch (1230- 1020) and C=O stretch (1250-1050) for both GE 

and thermal shock conditioned GE composites. The intensities of the thermal shocking 

conditioned specimen were observed higher as compared to the control of GE composites. 
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Figure 4.1.25: FTIR Plot for GE and thermal shock conditioned specimen composites 

4.1.3.7 Summary 

The effects of thermal-shock conditioning and loading rates on the mechanical behavior of 

GE composite comprises the following conclusions 

¶ The GE composites of both the system are found to be loading rate sensitive. As the 

loading rate increases the UTS of the thermal-shock conditioned composite is 

increasing and the stress value is higher at each loading rate as compared with the 

RT specimens. 

¶ The TCS specimens exhibit better fiber/matrix interfacial bonding by mechanical 

keying factor imparting better strengthening of the GE composites. 

¶ The tensile modulus of both the composites system is found to be loading rate in-

sensitive. The thermal-shock conditioned specimens exhibit more modulus value 

than room temperature. 

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

increases. 

¶ The in-service temperature of the polymer phase of the composite i.e. the glass 

transition temperature at the room temperature and thermal-shock conditioned 

temperature was found to be nearly same. 

O-H stretch (3000-2700) 
C-N stretch (1230- 1020) 

C=O stretch (1250-1050) 
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4.2 Effect of nano-filler addition on the mechanical 

behavior of glass fiber/epoxy composite  

4.2.1 Tensile and thermal response of nano-Al 2O3 enhanced glass fiber 

reinforced polymeric composites 

The current investigation was focused on the assessment of mechanical and thermal 

behavior of glass FRP composite on the addition of nano-Al 2O3 particles. The control 

glass/epoxy(GE) composites and nano-Al 2O3 modified GE composites were tested at 

different crosshead speeds viz. 1, 10, 100, 500 and 1000 mm/min. Nano-Al 2O3 was used as 

filler material and the epoxy matrix was processed with different nano-Al 2O3 contents (0.1, 

0.3 and 0.5 wt. %). Addition of 0.1 wt. % nano-Al 2O3 particles exhibited an improvement 

in the strength of nano-Al 2O3/GE composites at all crosshead speeds.  Different failure 

patterns of nano-Al 2O3 enhanced GE composite tested at 1, 10, 100, 500 and 1000 mm/min 

crosshead speeds were identified. Scanning electron microscopy (SEM) was carried out to 

know the main cause of failure that induced different morphologies. Furthermore, the 

viscoelastic behavior of the material was carried out using dynamic mechanical thermal 

analyser which correlated the mechanical and thermo-mechanical behavior of the FRP 

composites. 

 

 

 

 

 

 

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

K K Mahato , K Dutta, B C Ray, Mechanical and thermal behavior of nano-Al 2O3 

enhanced glass fiber reinforced polymeric composites at various crosshead speeds. In: 9th 

Australasian Congress on Applied Mechanics (ACAM9). Sydney: Engineers 

Australia , 2017: [912]-[918]. 
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4.2.1.1 Effect of various crosshead speeds on tensile behavior of nano-Al2O3 

enhanced glass/epoxy composite 

The control glass/epoxy (GE) composites and nano-Al 2O3 modified GE composites were 

tested at different crosshead speeds viz. 1, 10, 100, 500 and 1000 mm/min. The tensile 

stress-strain curves for control GE, 0.1 wt. %, 0.3 wt. % and 0.5 wt. % of nano-Al 2O3 

enhanced GE composites at different loading rates are shown in figure 4.2-1(a)-(e). It is 

observed that with an increase in the nano-Al 2O3 content up to 0.1 wt% the tensile strength 

increased (figure 4.2-1) for all the crosshead speeds as compared to that of control GE 

composite. Further addition of nano-Al 2O3 (0.3 wt. % and 0.5 wt. %) fillers caused a 

decrease in the tensile strength values. This behavior may be attributed to the 

agglomeration of nano-Al 2O3 fillers in the polymer matrix, which leads to poor stress 

transfer across the fiber/matrix interface. 

The tensile properties i.e. tensile strength and tensile modulus obtained from figure 4.2-1 

are plotted against various nano-Al 2O3 content for GE composite in figure 4.2-2. It is 

evident from figure 4.2-2 that the tensile strength and tensile modulus are strongly 

dependent on the nano-Al 2O3 content for GE composite. Incorporation of 0.1% nano-Al 2O3 

content in GE composite resulted in an enhancement in tensile properties at room 

temperature than control GE composite as revealed from figure 4.2-2(a). It is observed that 

the addition of 0.1% nano-Al 2O3 particles enhanced the tensile strength by 15.01 % than 

control GE composite at 1 mm/min crosshead speed. Similarly, at 10, 100, 500 and 1000 

mm/min crosshead speeds the increase in tensile strength is found to be 15.92 %, 12.86 %, 

8.84%, and 9.29% of that of control GE composites respectively. The addition of nano-

fillers causes a significant increase in the specific surface area and thereby the composites 

exhibit a very high interfacial area. Hence it might facilitate the stress transferability of the 

composite through the interfacial areas; as a result, higher strength prevails in case of nano-

Al 2O3/GE composites.  
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Figure 4.2-1: Tensile stressïstrain curves for GE composites at various nano-Al 2O3 

contents tested at room temperature with different crosshead speeds (a) 1 mm/min, (b) 10 

mm/min and (c) 100 mm/min (d) 500 mm/min and (e) 1000 mm/min 

In contrast to the behavior shown for tensile strength of the nano-Al 2O3 enhanced 

fiber/matrix composite, the magnitude of tensile modulus is observed to reduce with the 

addition of nano-Al 2O3 particles. The reason may be attributed to an agglomeration of the 

nano-Al 2O3 particles in the polymer matrix. Agglomeration causes poor wettability in the 

fiber/matrix interface resulting in weaker adhesion in the interfacial bonding between the 

nano-Al 2O3 enhanced fiber/matrix composite. It is observed from figure 4.2-2(a) that with 

an increase in nano-Al 2O3 content up to 0.1 wt. % with all loading rates, the tensile 

strength of the GE and nano-Al 2O3/GE composite increased.  
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Figure 4.2-2: Variation in (a) Tensile strength and (b) Tensile modulus with different nano-

Al 2O3 content in glass/epoxy composite at various crosshead speeds. 

The increase in strength with loading rate can be attributed to the less time available to 

transfer the stress from matrix to fiber. Further, the modulus values represented in figure 

4.2-2 (b) show no significant variation in the tensile modulus for control GE and nano-

Al 2O3 /GE composites at all the crossheads speeds. However, with respect to crosshead 

speed increase in modulus value was observed in the case of 10 mm/min crosshead speed 

at all the nano-Al 2O3 content. It is reported that thermal stress develops in the polymer 

(a) 

(b) 
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matrix during loading and this stress increases with increase in loading rate [12]. The 

developed thermal stress may get dissipated or confined into the matrix based on the extent 

of loading rate. Once the stress develops, it induces micro-cracks in the polymer matrix 

and/or, at the fiber/matrix interface which may grow without blunting at a stable state. The 

number density of micro-cracks enhances with loading rate which causes a reduction in the 

modulus value. 

4.2.1.2 Dynamic Mechanical Thermal Analysis (DMTA) 

Figure 4.2-3(a)-(d) show the variation in Eᾳ, Eᾴ, tan ŭ and glass transition temperature (Tg), 

with temperature for GE and nano- Al 2O3/GE composites. It is evident from figure 4.2-3(a) 

that at a temperature below Tg, the Eᾳ for nano-Al 2O3/GE composites is higher than that of 

GE composite. The rate of decrement in Eᾳ with temperature (up to Tg) is higher in 0.5% 

nano-Al 2O3/GE composite than that of GE composite. The onset of the sharp change in the 

slope of the Eᾳ vs temperature curve is taken as the Tg of the material. Figure 4.2-3(b) 

shows the change in Eᾴ due to incorporation nano-Al 2O3 particles in the GE composite. 

The tan ŭ value reduces due to nano-Al 2O3 particles addition showing more induced 

brittleness in the composite as observed from figure 4.2-3(c). It can be observed from 

figure 4.2-3(d) that the addition of 0.5 wt. % nano-Al 2O3 particles result in lowering of the 

Tg from 122.3 °C to 104.6 °C. This drop-in Tg may be attributed to the hindrance of 

crosslink formations due to the entrapment of nano-Al 2O3 particles between the polymeric 

chains. The decrease in Tg value can be described in terms of restructuring of the polymer 

in the interphase zone. It can be assumed that the interphase zone consists of two kinds of 

polymeric layers [13]. The primary one is tightly bound to the nanofiller due to multi-

segment adsorption and this polymer (also called as an immobilized polymer) is mainly 

affected by the strong nanofillers as they hinder the formation of cross-link during the 

curing process. The hindrance in crosslink formation reduces the cross-link density in the 

cured polymer net-work and results in a decrease in Tg. The secondary one is loosely 

bound polymer layer (or polymer of reduced mobility), which is not severely affected but 

has significant contribution in the interphase region and possesses slightly different 

structure than the polymer in the resin-rich zone and has relatively less contribution in the 

Tg of the nanocomposite. Functionalization further improves the dispersion and in turns the 

volume of the net interphase region in the nanocomposite. Higher interphase volume leads 

to a relatively higher volume of tightly bound polymer layers and this further reduces the 

Tg of the nanocomposite. 
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Figure 4.2-3: Variation in (a) Eᾳ, (b) Eᾴ and (c) tan ŭ with temperature and (d) Tg with 

different nano-Al 2O3 content for glass/epoxy composite 

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

Figure 4.2-4 shows the bulk images of GE and nano-Al 2O3 enhanced GE composites with 

various failure pattern tested at (a) 1mm/min, (b) 10 mm/min (c) 100 mm/min (d) 500 

mm/min and (e) 1000 mm/min crosshead speeds. At lower crosshead speeds the cracks 

generate at the middle portion of the specimens. But at higher loading rates multiple 

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

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

throughout the specimens, and hence it causes failure at multiple locations. 
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Figure 4.2-4: Different failure patterns of GE composite and nano-Al 2O3 embedded GE 

composite tested at (a) 1mm/min, (b) 10 mm/min (c) 100 mm/min (d) 500 mm/min (e) 

1000 mm/min crosshead speeds. 

 

4.2.1.4 Fractography analysis  

The failure analyses of the broken tensile samples were carried out using nano nova 

FESEM (field emission scanning electron microscope) to investigate the different 

morphologies resulted 
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