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Abstract 

Stiff and strong ceramic fibres have been incorporated into brittle glass matrices 

in order to increase their mechanical strength and fracture toughness. In the 

present work, a novel processing technique has been investigated, in which the 

reinforcing fibres are “sandwiched” unidirectionally between glass slides and heat-

treated for consolidation into composites by viscous flow of the glass matrix, filling 

the gaps between the reinforcing fibres. Highly dense and transparent composites 

were produced combining alumina (NextelTM) or sapphire fibres with soda-lime 

silicate or borosilicate glasses. Their microstructural, optical and mechanical 

properties were investigated and compared to those of the unreinforced glass 

matrix processed under the same conditions. Moreover, a sol-gel technique was 

developed for coating the fibres with a ZrO2 interfacial layer.  

As-received and ZrO2 coated NextelTM  and sapphire fibre-reinforced 

composites were produced,  with fibre contents of up to 1 vol. % and total light 

transmittance in the range of 70 to 93 % of the matrix transmittance. Sapphire 

fibre-reinforced borosilicate glass composites exhibited the highest measured 

flexural strength (73 MPa), followed by ZrO2 coated NextelTM fibre-reinforced soda-

lime silicate composites (0.6 vol. %), which exhibited mean flexural strength of 64 

MPa. The introduction of a ZrO2 interfacial layer effectively increased the flexural 

strength of the composites compared to the unreinforced matrix and the as-

received fibre-reinforced composites. In addition, there was evidence of fibre 

pullout and crack deflection upon failure during flexural and fracture toughness 

tests, as well as a fail-safe behaviour upon flexure, which enabled the composites 

to retain their integrity. A robust processing methodology was thus demonstrated of 

producing high quality oxide fibre-reinforced glass matrix composites, with high 

optical transparency and favourable fracture properties. The composites produced 

are promising materials for a wide range of applications, notably in the construction 

industry, special machinery and architecture. 
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1 Introduction 

Incorporation of stiff and strong ceramic fibres into brittle glass matrices has 

proved to effectively increase the mechanical strength, toughness, impact strength 

and thermal shock resistance of glass [1, 2]. Moreover, when this improvement can 

be achieved without significant transparency loss (optomechanical composites [3]), 

the field of application of these novel composites is expected to expand 

enormously [4, 5]. Increasing demand for strong transparent materials motivated 

the development of transparent glass matrix composites described in the present 

work, for applications such as those in the architectural/building construction 

industry (e.g. safety windows), special machinery (e.g. thermal process monitoring 

windows) and for the military industry (e.g. armour). 

Selection of appropriate fibres and matrices for optomechanical composites is, 

however, extremely complex, as several properties must be considered, both from 

the mechanical and optical points of view. The main requirement for the fibres is 

that they must exhibit higher thermal stability than that of the matrix, due to the 

high fabrication temperatures involved [6]. Other requirements are: adequate (e.g. 

matching) thermal expansion coefficients of fibre and matrix and matching 

refractive index between the fibres and the matrices. The former is necessary for 

controlling the thermal residual stresses in the vitreous matrix, i.e. to avoid residual 
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stresses or to induce slight compressive residual stresses, while the latter is 

important for avoiding excessive transparency losses [7]. 

Another important parameter to be considered is the bonding between matrix 

and fibre, which determines to a great extent the mechanical behaviour of the 

composites. Weak interfacial bonding is required to induce crack deflection at the 

interface and fibre pullout during the fracture process [8-10]. The occurrence of 

these mechanisms provides energy dissipation during fracture, leading to 

enhancement of the mechanical behaviour of brittle matrices [11-13]. Generally a 

mechanical bond between the fibre and the matrix is desirable, whereas strong 

chemical bonding should be avoided, which could impede the occurrence of 

toughening mechanisms during fracture [14]. In the case of composite systems 

where the components exhibit high chemical affinity, in particular oxide-oxide 

composites, interfacial layers (coatings) have been deposited on the reinforcing 

fibres to provide the weak interface required for improved toughness [1, 15]. 

Several types of fibres, with different arrangements and processing routes have 

been considered for the fabrication of optomechanical composites, while silicate 

glasses have been selected as the matrix [7, 16-25]. Glasses not only provide 

excellent optical transparency, but also their low viscosity at moderate 

temperatures allows for cost-effective processing techniques to be used, leading to 

the production of dense composites without damaging the fibres [1, 15]. In most 

cases oxide fibres are employed as reinforcement, in which case the interface 
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between the glass matrix and the fibres has to be engineered to allow the 

occurrence of toughening mechanisms [19, 20, 23, 24]. 

In the present project, the use of two types of alumina fibres, as well as sapphire 

and basalt fibres as reinforcement in soda-lime silicate and borosilicate glass 

matrix composites was investigated. A fabrication technique was investigated, 

which comprised “sandwiching” the reinforcements (fibres) between glass slides 

and subsequent consolidation of the “sandwiched” composite by a pressureless 

thermal treatment.  

The development of an optimised fibre/matrix interface was also investigated, by 

coating the fibres with an oxide layer. A sol-gel dip-coating method was developed 

for depositing a ZrO2 coating on the fibres, leading to the fabrication of 

“minicomposites” which were then incorporated into the glass matrices, based on 

previous developments reported by Dericioglu and Kagawa [20].  

The present work describes the development and optimization of processing 

techniques for the fabrication of optomechanical composites, as well as the 

complete characterisation of their optical transparency and relevant mechanical 

properties. The thesis has been divided by subject, but in general follows the 

classical configuration: Chapter 2 comprises a review of transparent materials 

available commercially and the developments reported, covering also the field of 

glass matrix composites, with focus on processing techniques and the general 

aspects relevant to the development of this class of composites. The aims and 
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objectives of the present research work are detailed in Chapter 3, where an 

overview of the experimental approach employed for the investigation is presented. 

Chapters 4 to 7 present the results obtained in the characterisation of the 

materials, process development and the characterisation of the final, optimised 

composites. Each of these chapters contains descriptions of specific materials and 

methodologies employed for the experimental work described in each case. 

Finally, the conclusions are presented in Chapter 8, followed by final 

considerations and recommendations for future work. 
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2 Literature review 

2.1 Commercially-available transparent inorganic materials 

Conventional transparent non-crystalline materials (e.g. glasses and polymers) 

are usually the choice for applications where transparency is the main property 

required. However, the continuous development of advanced technologies brings 

about the need for new transparent materials with superior thermal and/or 

mechanical properties.  

Much effort has been made to develop inorganic transparent materials, not only 

for optical and lighting applications, but also in the electronics, aerospace, civil 

construction and armour industries. The major motivations are generally weight 

reduction and enhancement of mechanical properties, including at high 

temperatures, while simultaneously retaining the optical transparency. This has 

driven the development of transparent ceramic, glass-ceramic and composite 

materials, where the aim is to overcome some of their limitations such as poor 

fracture toughness, thermal resistance or chemical stability. 

In the following sections, the most current industrial developments in the area of 

transparent inorganic materials suitable for structural applications will be described. 

The review covers some of the most important patents published in the American, 

European and Japanese industries, thus considering most of the developments in 

this area. 
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2.1.1 Transparent ceramics 

Applications such as electro-optical devices including displays and high 

intensity discharge (HID) lamps have mostly driven the development of transparent 

polycrystalline ceramics. Stricter demands in the military and aeronautical 

industries (e.g. monitoring windows, radomes and armour) have also motivated the 

development of transparent ceramics with superior properties.  

Transparent polycrystalline alumina has been widely developed, and can be 

used in HID lamps, due to its high chemical resistance to the aggressive vapours 

generated compared to that of conventionally used silica glass or quartz, besides 

being suitable to structural applications such as high temperature monitoring 

windows or armour [26, 27]. Materials such as perovskites, lead-lanthanum-

zirconate-titanate (PLZT) ceramics, yttrium oxide and aluminium oxynitride 

(spinels) have also been developed as substitutes, since they can offer favourable 

properties for some of the applications, particularly optical devices [4, 28].  

Spinel-structured ceramics have been used in the manufacture of HID lamps, 

since they also exhibit high hardness and strength, besides high temperature 

resistance. Hence high temperature monitoring windows, armour and domes are 

other potential applications [29-35]. Methods for the production of these materials, 

however, can be extremely time consuming and highly costly [31-33]. Similarly, 

yttrium oxide and yttrium aluminium garnet (YAG) offer excellent optical 

transparency and durability, making them useful in the manufacture of HID lamps, 
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however their production requires complex processing routes and materials [36-

39]. 

Perovskites have also been widely employed in the manufacture of HID lamps 

ceramic envelopes [40, 41]. Electro-optical properties are their main characteristic, 

however, which makes them mostly suitable for applications such as light 

modulators, image storage and optical devices [42-44]. Recently, a perovskite 

ceramic optical system was developed for single-lens reflex cameras due to its 

high refractive index and Abbe number [45]. Some electro-optical devices require 

transparent materials that exhibit specific optical or electrical properties, such as 

PLZT ceramics. Low porosity is inherently important for high transparency to be 

achieved and is therefore the main focus of most of the processing techniques 

developed [46-48]. 

2.1.2 Transparent glass-ceramic materials 

A significant number of glass-ceramic materials have been developed, mostly in 

the system LiO2-Al2O3-SiO2, using TiO2 and ZrO2 as nucleating agents and with 

beta-quartz solid solution as the main crystalline phase [49-54]. Usual applications 

are in cooking appliances and kitchenware. The products usually differ in their 

compositional range, however most of them exhibit low coefficient of thermal 

expansion and high infrared transmission, as these are the essential properties for 

application as cook tops. Table 2.1 shows the different transparent glass-ceramic 



31 
 

materials developed by Corning Glass Works and Jenae Glaswerk Schott & Gen 

and their infrared transmittance values. 

Table 2.1: Transparent glass-ceramic materials by Corning Incorporated and 
Jenae Glaswerk Schott & Gen. 

Oxides/Composition (wt. %) 
IR 

transmit 
Ref 

3-4 Li2O, 20-30 Al2O3, 50-65 SiO2, 3-7 TiO2, ZrO2 2-5 P2O5 40 % [49] 

2.5-3.5 Li2O-1.5-2.5 MgO-1-2 ZnO-17.75  Al2O3-67-70 
SiO2, 2-4.5 TiO2-1-2 ZrO2 

75 % [50] 

3-6 Li2O, 17-23 Al2O3-1-4 B2O3-60-70 SiO2, 3-6 TiO2 and/or 
ZrO2 

- [51] 

50-62.5 SiO2, 0-7 P2O5, 20-27 Al2O3, 3-6 Li2O, 3-10 (0.6-5 
MgO, 0.5-5 BaO, 0.3-5 ZnO), 1-5 TiO2, 1-5 ZrO2, 0-2 As2O3 
and/or Sb2O3 

- [53] 

55-70 (50-62 SiO2, 6-10 P2O5), 22-26 Al2O3, 3-5Li2O, 0.6-2 
MgO, 0.5-2 ZnO, 0.3-4 CaO, 0.5-4 BaO, 1-4 TiO2, 1-4 
ZrO2, 0-2 As2O3 

- [54] 

Li2O, MgO, ZnO, P2O5 and Al2O3 - [55] 

63-69 SiO2, 18-22 Al2O3, 3-5 Li2O, 1-3 MgO, 4-6 ZrO2, 0-2 
ZnO, 0-2 P2O5, 0-2 Na2O, 0-2 BaO, 0.3-1 As2O3 

- [56, 57] 

 

The products of the crystallization process are not always fully transparent, as 

the oxides present in their composition can cause, in some cases, a tinting effect in 

the final product. Methods of discoloration have thus been developed, similarly to 

the tint neutralisation employed in the glass industry. Oxides that produce a 

complementary tinting effect to that observed in the original composition are 

incorporated into the glass-ceramic material to neutralise the tinting effect and 
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increase transparency, e.g. the addition of neodymium oxide to counteract the 

amber tinting effect of TiO2 in some glass-ceramic compositions[58]. 

In terms of processing, chemical processes have been developed to substitute 

the usual thermal treatment for crystallization. Ion exchange is one of the 

processes used for surface crystallization of the precursor glasses [59]. Glass-

ceramic materials obtained by such processes have been used as coal or wood-

burning stove windows, instead of Vycor glasses, as they exhibit less surface 

crazing (i.e. due to volumetric reduction at the surface), besides offering lower 

manufacturing costs [60]. This process can be applied to a broad range of glasses. 

However, the resultant material may not be colourless transparent depending on 

the composition of the precursor glass. In this case, the resulting glass-ceramic 

materials are used in the manufacture of cooking appliances and cookware [61].  

Another chemical process developed consists in the exposure of the precursor 

glass to SO2 vapour. In this case, complete or partially crystallized glass-ceramics 

can be obtained, including surface crystallized materials, all being transparent and 

exhibiting the same coefficient of thermal expansion as the precursor glass, as well 

as higher strength [62]. 

Transparent glass-ceramic materials have also been used in armour 

applications. A material commercially known as TransarmTM has been developed 

by Alstom Incorporated (UK) [63, 64], with a patented composition of (wt. %) 71.8 

SiO2, 11 Li2O, 8 ZrO2, 2 P2O5, 4.5 Al2O3, 0.5 ZnO, 2.2 K2O, and the armour is 

manufactured by crystallizing a base lithium disilicate glass into a transparent 

glass-ceramic material, which shows resistance to ballistic impact. The glass-
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ceramic armour can be attached to a transparent back-up plate for protection 

against the glass-ceramic fragments and eroded projectile, but also to absorb part 

of the impacting energy through ductility. The armour material can be used in 

visors, vehicle observation and helicopter windscreens. 

Schott AG commercialise a comprehensive range of glass-ceramic materials, 

including a composition suitable as a substrate for transparent vehicle armour 

applications (Robax) [65]. The material exhibits flexural strength of 35 MPa [66], 

and composite armour manufactured can safely withstand multiple impact besides 

offering transparency to IR, which allows the use of night-vision equipment [65]. 

2.1.3 Transparent inorganic composites 

As mentioned previously, the continuous development of advanced 

technologies brings about the need for new materials with superior thermal and/or 

mechanical properties. Laminated composite systems are the most recent 

development for applications where transparency is required as well as enhanced 

mechanical resistance, especially in safety windows and armour applications. 

Traditionally they consist of laminated glasses with polymeric interlayers and a 

backing plate that stops projectile perforation (Figure 2.1) [67, 68]. In some cases, 

extremely fine particles are introduced in the glass/composites, attributing new 

functionalities to the material such as: neutralization of electrostatic forces, which 

avoids the attachment of dust to the surface [69]; negative ion emission that 

neutralize the excessive positive charge of the atmosphere caused by pollution 
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[70]; or enhanced solar radiant energy shielding efficiency and radio wave 

transmission [71]. 

These systems can exhibit, however, high areal density [67]. Moreover, 

although increasing thicknesses are associated with enhanced impact resistance 

and structural integrity, they can also result in decreased transparency [68].  

 

 

 

Figure 2.1: Schematic diagram of a transparent laminate composite system 
(after [68]). 
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Other important requirements are multi-hit capability with minimal distortions, 

optimized weight/space efficiency and cost [68]. Research efforts in the field have 

thus been in the use of transparent ceramic materials with reduced areal weight 

and simultaneously enhanced mechanical resistance [67, 68]. Figure 2.2 shows 

the ballistic impact resistance (V50) versus areal density for several transparent 

laminate armour systems based on transparent ceramic and glass-ceramic 

materials such as those described previously in sections 2.1.1 and 2.1.2[68]. 

 

 

 

Figure 2.2: Ballistic limit (V50) versus areal density for ceramic based 
transparent laminate composite systems (redrawn from [68]). 
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A rather “classical” composite system, i.e. comprising a reinforcing phase 

embedded in a continuous matrix, has also been developed from a mixture of 

Al2O3 and AlMgON powders. The resultant composite material is suitable for 

applications ranging from dentistry to high temperature ovens and armour or any 

other application where the characteristic properties of ceramic materials are 

required, coupled with transparency [72]. 

Another transparent laminate composite system has been developed by Saint-

Gobain, comprising sapphire sheets as striking face, bonded to glass sheets and 

conventional polymer backing layers to stop ballistic projectiles [67]. The material 

exhibits superior mechanical properties than those offered by transparent ceramics 

and glasses conventionally used as strike plates in laminate armour. Its fracture 

toughness is on the order of 2 MPa-m1/2, slightly higher than that of transparent 

spinel, but twice the fracture toughness of glasses (0.9 MPa-m1/2). Therefore 

although enhanced resistance to ballistic impact can be obtained with the sapphire 

striking plates, its density is twice as high as that of glasses, which can lead to 

even higher areal densities[67]. 

2.1.3.1 Transparent inorganic materials: scope for glass matrix composites 

Transparent ceramic materials have been widely developed up to date for a 

broad range of functional applications. It is evident however that a recent focus has 

been placed in the development of transparent structural materials, for engineering 

applications in the defence industry as well as in the construction sector. In this 

case, laminated composite systems have been developed, mostly consisting of 



37 
 

glasses or transparent ceramics coupled with polymeric materials. In spite of their 

excellent mechanical and/or ballistic resistance, some of the drawbacks of these 

materials are their high areal density, and the limited temperature resistance to that 

of the polymeric material incorporated in the laminate. 

Composite systems comprising a continuous matrix with reinforcement 

elements (e.g. particles, fibres) dispersed throughout its volume can offer a light-

weight alternative for achieving the desirable properties and superior mechanical 

performance.  

It is the main purpose of the present work to investigate the possibility of 

manufacturing transparent composites that can be easily obtained from 

commercially-available materials, via relatively simple processing routes and that 

exhibit promising optical transparency and mechanical resistance for application as 

tough and strong windows. These composites are termed “optomechanical 

composites” [3]. Glasses are an obvious choice as the matrix material, therefore in 

the following sections the field of glass matrix composites is reviewed, considering 

this class of materials as the basis for the development of optomechanical 

composites. 
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2.2 Glass matrix composites 

Glasses offer a great commercial potential due to their ease of densification, 

which means that feasible and cost-effective fabrication routes can be employed 

for manufacturing glass matrix composites(GMCs)[1]. Moreover, their superior 

environmental stability (oxidation resistance), in spite of not exhibiting the high 

temperature stability of polycrystalline matrices, makes them suitable for a broad 

range of applications [2].  

The introduction of reinforcing phases (e.g. particles, fibres) into glass matrices 

results in composites that show a unique combination of properties, while 

overcoming the main drawback that glasses offer: poor fracture toughness. 

Moreover, GMCs offer a variety of possibilities and research areas to be exploited, 

due to their intrinsic oxidation and erosion resistance, as well as resistance to 

chemical attack from acids [73].  

The crucial point in the development of GMCs is the improvement of the 

mechanical properties, brittleness and fracture toughness being the major 

concerns, especially for structural applications. The incorporation of reinforcements 

into the brittle matrix introduces energy-dissipating mechanisms such as 

fibre/matrix debonding, crack deflection, fibre bridging and pull-out, among others. 

These mechanisms rely on optimal fibre/matrix interfaces and provide energy 

dissipation during fracture, resulting in a damage-tolerant composite material. 

Hence control of the interface region between the fibres and the matrix is of 

extreme importance [12, 13]. In simple terms, fibre-matrix interactions should be 
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strong enough to impart strength to the composite material, but weak enough to 

allow for toughening mechanisms such as fibre pullout to occur [74]. 

Another important factor to be considered in GMCs is the modulus ratio. 

Ceramic matrix composites (CMCs) usually offer modulus ratios equal to the unit, 

whilst in the case of GMCs, relatively higher modulus ratios can be obtained 

considering the low Young’s modulus of glasses, especially when ceramic fibres 

are used as reinforcements [1, 73]. This means that great increases in fracture 

strength can be obtained [12].  

As matrices, glasses also permit the control of fibre-matrix chemical interaction, 

since they can be synthesized in a wide range of chemical compositions. Tailoring 

of the coefficient of thermal expansion (CTE) of glass matrices is also possible, to 

match that of the reinforcing fibres. Another advantage offered by the use of 

glasses as matrices is that densification can be easily achieved by viscous flow, 

which enables composites to be fabricated at lower temperatures compared to 

polycrystalline matrices. In addition, several silicate systems can be crystallised in 

a controlled manner to form glass-ceramics. These materials are usually stronger 

and more refractory than glasses and are therefore attractive as matrices for 

composites [1, 73]. 

Some of the fields where the use of glass composites can be advantageous are 

the aerospace and automotive industries, tool bits, medical implants and land-

based power and transport engines. Heat exchangers are another possibility, 

mainly due to the high temperature resistance, but also because of the possible 
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elimination of cooling systems. A wide range of applications becomes possible if 

optical transparency is maintained [75]. 

As brittle materials, glasses also require crack deflecting mechanisms to occur 

to increase their fracture toughness. Porous matrices have been used, or the 

introduction of an interfacial region, e.g. by coating the reinforcements. The former 

has been studied more recently, and relies on the presence of pores at the 

fibre/matrix interface leading to weak interfaces. Similarly, interfacial layers can act 

as a weak element that fails with crack propagation, preventing fibre failure. The 

introduction of suitable fibre-matrix interfaces in glass and CMCs is still an active 

field of research worldwide [2].  

Among the many available types of reinforcing fibres, the main ones used for 

glass matrices are: boron, carbon, silicon carbide and alumina. The first GMC 

systems used carbon fibres as reinforcements, as they were the only fibres 

available at the time (1960’s). These fibres form weak interfacial bonding with the 

matrix, which results in excellent structural properties (e.g. stiffness, toughness, 

impact strength and thermal shock resistance), as well as low density, 

approximately 2 – 2.5 g/cm3. The notable improvement in fracture toughness is 

attributed to the weak fibre-matrix interfacial bonding [1]. Composites with 

strengths above 700 MPa have been produced [11].  

Later (in the 1980’s), new systems using SiC fibres were developed, which are 

currently the most investigated and commercially-available GMCs (e.g. 

FORTADUR®, Schott Glas, Germany, and Tyrannohex®, Ube Industries, Japan) 

[1, 73]. SiC fibre-reinforced composites offer the highest thermal-stress resistance, 
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although similarly to carbon fibre-reinforced glasses, their lifetime is limited by poor 

oxidation resistance at elevated temperatures, resulting in rapid embrittlement of 

the composites [1, 2]. Less research has been carried out on composite systems 

using other types of reinforcements despite the fact that oxide fibres are preferred 

for oxidation resistant composites, as discussed below [1].  

Similarly, carbon nanotubes (CNTs) have been exploited as reinforcements in 

GMCs[76]. Generally, improvement of the mechanical properties is expected, 

besides other functionalities provided by the electrical and thermal properties of 

CNTs [77]. The main issue in the use of CNTs is the deterioration of their 

properties during fabrication at high temperatures [78], besides the difficulty in 

obtaining uniform dispersion of CNTs in the glass matrices [76, 77, 79]. 

Boron nitride nanotubes (BNNT) have been recently reported for the first time 

as reinforcement in GMCs [80]. They contribute favourably to the mechanical 

properties of the composites in an analogous way to CNTs, since they exhibit a 

similar structure, besides showing higher oxidation resistance. Furthermore, issues 

related to fabricating methods are also encountered [81]. Boron fibres have also 

shown good results as reinforcing elements for glass and glass-ceramic matrices 

[1]. However, specialised fabrication techniques are required, incurring higher 

costs, hindering their exploitation in industrial applications [73]. 

Oxide fibres can be employed for obtaining composites with excellent high 

temperature oxidation stability. These fibres are the fibres of choice for developing 

optomechanical composites, as discussed below. The strong fibre-matrix interfacial 

bond, however, results in lower levels of strengthening and toughening, in 
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comparison to SiC or carbon fibre based composites. In this sense, the creation of 

an interfacial region, which is more weakly bonded to the matrix, is necessary for 

achieving higher levels of strengthening and toughening [1, 73]. The interfacial 

layer facilitates load transfer and crack deflection, besides acting as a barrier 

between matrix and fibre, preventing the formation of excessive bonding that would 

result in lower levels of strengthening and toughening [74]. 

Alumina and aluminosilicate fibres are the most widely used oxide fibre as 

reinforcement in glass matrices [7, 19, 20, 74, 82]. Glass fibre/glass matrix systems 

have also been investigated [16, 17, 83, 84], although the chemical affinity requires 

interface engineering to avoid formation of strong fibre/matrix bonds[1]. Besides, 

given the modulus ratio close to unity, the reinforcing effect of the fibres is 

negligible [74]. Other silica based fibres have been employed, but in general, even 

when the chemical affinity is overcome by the deposition of interfacial layers, the 

similar properties of the fibres and matrices result in insignificant increases in 

mechanical properties. In that sense, ceramic oxide fibres have been more widely 

employed, and the focus is in the development of coating materials and techniques 

that allow achievement of optimum properties [74]. 

Particulate reinforcements have also been investigated in GMCs. Boccaccini 

and Trusty(1996) [85] studied Al2O3 platelet-reinforced borosilicate glass 

composites. The composites were produced by hot-pressing, and enhanced 

mechanical properties were observed with increasing reinforcement content. A 

system comprising BN plate-like grains-reinforced fused silica was investigated by 

Wen et al. (2000) [86]. In this case, the mutual enhancement of the two materials 



43 
 

properties resulted in a composite suitable for applications such as radome and 

antenna windows. 

All composite systems described above have been developed for structural 

applications. No special attention was placed on the optical quality of the materials 

(e.g. transparency or translucency), therefore the materials are opaque. The 

possibility of reinforcing a transparent glass or glass-ceramic matrix, and at the 

same time keeping the optical transparency of the matrices, has been much less 

investigated. These systems, termed “optomechanical composites” are the focus of 

the present project and the related literature is reviewed and discussed below. 

2.2.1 Optomechanical composites 

The so-called optomechanical concept relates to materials that exhibit 

enhanced mechanical properties through the incorporation of reinforcements into 

transparent matrices, where their optical transparency is not decreased by the 

reinforcements. This term was first introduced by the Japanese group of Kagawa et 

al. [3, 20, 22]. Only a limited number of optically transparent GMCs have been 

produced up to date and will be described in this section.  

A composite comprising fused silica fibre-reinforced fused silica matrix was 

produced by Meyer et al.(1986) [83], with up to 10 vol.% fibres. Short fibres were 

randomly distributed in sintered flat tiles. Elastic modulus variations were observed 

within the materials due to the inhomogeneous distribution of the reinforcements. 

The work-of-fracture of the material was drastically increased with the addition of 
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fibres, although no significant effect was observed on the fracture toughness. 

Evaluation of the composites optical transparency was not reported. 

Iba et al. (1996) [16] reported for the first time the production of composites in 

the system SiCaAlON short fibre-reinforced GMCs. Relatively low total light 

transmittance was observed, in the range of 35 to 50 % in the UV-visible range, for 

composites containing 0.07 fibre volume fraction. Laminated composites in the 

same systems were also fabricated (1999) [17] by hot-pressing of several pre-

pregs (i.e. pre-impregnated composite fibres). Despite the translucency of the 

samples obtained, the composites exhibited a “hair-line” appearance and lower 

light transmittance, up to 40 % in the UV-visible wavelength region, for composites 

with 0.03 vol. % of fibres. Moreover, the composite’s bending strength (50 MPa, 3-

point bend test) was similar to that of the unreinforced matrix, proving the limited 

effect of the introduction of fibres with similar properties to those of the matrix [87].  

More recently, light transmitting “optomechanical” composites were fabricated 

by Dericioglu and Kagawa (2002) [3] by hot-pressing unidirectionally aligned SiC 

fibres in a MgAl2O4 matrix. Fibre content ranged from 0.75 to 0.19 vol. %, by 

varying the fibre spacing from 1 to 4 mm. The composites with the highest fibre 

volume fraction exhibited total light transmittance between 25 to 50 % in the visible 

wavelength region. A fail-safe mechanism was observed for composites with fibre 

vol. % of ~0.37, i.e. the composite fragments were bridged by the fibres upon 

fracture. An “optical window” concept was presented and a mathematical model 

was proposed for the prediction of light transmittance as a function of fibre spacing.  
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Another optomechanical composite was developed that comprised a mesh-

structured reinforcement [20]. The reinforcement itself consisted of a unidirectional 

Al2O3 fibre-ZrO2 minicomposite, produced by colloidal infiltration of ZrO2 into the 

Al2O3 fibre bundles, followed by sintering. The minicomposites were then aligned in 

parallel, with regular spacing, between borosilicate glass plates and hot-pressed to 

densify the composite samples. Different spacings were used, exploiting the 

“optical window” concept, and light transmittance of 50 % was obtained for the 

composite with the narrowest optical windows. Both crack bridging and crack 

bowing were observed as toughening mechanisms upon fracture of the composites 

[20]. 

Boccaccini et al. (2003) [19] exploited a novel processing technique, which 

consists in the pressureless sintering of “sandwiches” of the reinforcing fibres 

between glass slides. Oxides fibres were used to reinforce soda-lime silicate glass 

slides, with either unidirectional continuous or randomly-oriented chopped fibres. 

Three different types of fibres were employed: Vetrotex® glass, NextelTM 440 and 

basalt fibres. The NextelTM 440 fibres were also coated with TiO2 by the sol-gel 

technique. The light transmittance of the composites was on average 30 % lower 

than that of the matrix, in the visible region, and only the composites with the 

coated fibres exhibited favourable fracture behaviour, where some fibre pull-out 

was observed. However quantitative data for fracture strength and fracture 

toughness were not provided. 

The sandwiching technique was also exploited for the production of other GMC 

systems, e.g. with basalt (Bernardo et al. (2006) [23]) and sapphire (Boccaccini 
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(2005) [7]) fibres as reinforcements. 2-dimensional (2D) basalt fibre mats were 

coated with TiO2 by the sol-gel technique, and sandwiched between borosilicate 

glass powder layers. In this case however, the densification of composites 

containing 15 vol.% of fibres was only achieved by hot-pressing for 4 h. Promising 

mechanical properties such as bending strength (~ 90 MPa) were observed, and 

catastrophic failure was avoided with the addition of the coated fibres. However, 

the composites produced did not exhibit optical transparency [23].  

Different processing techniques were employed for the manufacturing of 

sapphire fibre-reinforced borosilicate glasses, and compared to the sandwiching 

method. Highly transparent composites were obtained by sandwiching the fibres 

between the glass slides, with total light transmittance only 20% lower than the 

matrix. Pressureless sintered and hot-pressed composites produced from powder, 

however, did not exhibit transparency, even when monolithic matrix was 

processed. The transparency loss was thus attributed to poor densification of the 

powder matrix, and the mechanical properties of the composites obtained were not 

investigated [7]. 

Most recently, Hülsenberg et al. [24] investigated transparent composite 

systems comprising the NextelTM 440 fibres and four different types of glass 

matrices. The composites were prepared by hot-pressing pre-pregs. Favourable 

stress-strain behaviour was observed during bend testing of a Schott 8650 GMC, 

with a 25 nm thick BN interlayer and 15 vol. % of fibres. The composites showed a 

damage-tolerant behaviour during fracture and bend strength in the range of 200 

MPa. A low light transmittance was observed, however, of 45 % in the visible 
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wavelength range, which is attributed to the formation of micro and nano-sized 

bubbles from the reaction between the BN coating and the glass matrix [24]. 

Table 2.2 summarizes the optomechanical transparent matrix composites 

described above, by author and publication year. 

Table 2.2: Optomechanical GMCs reported in the literature. 

Author Year Process 
Light 

transmittance 
Fracture 

behaviour 
Ref 

Hülsenberg, D. 2008 Hot-pressing 45 % Damage-tolerant [24] 

Bernardo, E. 2006 Hot-pressing - 
Enhanced bend 

strength 
[23] 

Raab, D. 2006 Hot-pressing - Quasi-ductile [82] 

Boccaccini, A. 
R. 

2005 Sandwiching 80 % Short pull-out [7] 

Dericioglu, A. F. 2003 Hot-pressing 50 % 
Fail-safe 

mechanism 
[20] 

Boccaccini, A. 
R. 

2003 Sandwiching -30 %* Brittle [19] 

Dericioglu, A. F. 2002 
Hot-pressing, 

HIP 
25-50 % 

Fail-safe 
mechanism 

[3] 

Iba, H. 1999 Hot-pressing 0.55** - [17] 

Iba, H. 1996 Hot-pressing 20-40 % - [16] 

Boccaccini, A. 
R. 

1996 Hot-pressing - Enhanced KIC [88] 

Meyer, F. P. 1986 Sintering - Brittle [83] 

* relative to matrix transmittance 

**normalized to matrix transmittance (Tc/Tm) 

 

In the following sections, general matrix requirements and types of 

reinforcements used in GMCs will be considered. 
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2.3 Matrix requirements 

Candidate materials to be used as matrices in CMC’s are expected to meet a 

large number of characteristics, amongst which the most important are: 

 The matrix should be able to infiltrate the reinforcement, e.g. a bundle of fibres, 

whiskers or particulate performs, without damaging it physically. 

 The matrix should form a mechanical or frictional bond with the reinforcement, 

preferably no chemical reaction should develop between matrix and 

reinforcement during fabrication or service 

 Good creep, fatigue and impact resistances are desirable so that the properties 

of the matrix are not deteriorated during fabrication and/or application. 

 Chemical stability is also an important characteristic, i.e. the matrix should be 

impermeable to moisture, resistant to oxidation and hydration and should not 

volatilize. 

In air or oxygen, oxide ceramics are more stable than non-oxide ceramics [12]. 

Glasses and glass-ceramics satisfy many of these requirements and are therefore 

highly suitable as matrices in composite materials. In the case of glass matrices, 

their ease of densification allows more economical and feasible manufacturing 

routes to be used [2]. Relevant aspects on fabrication of GMCs, based on the 

literature will be presented in section 2.5. 
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2.4 Fibrous reinforcements 

Reinforcements can be used in the form of continuous or short fibres, whiskers 

or particles. Excellent results have been obtained with the use of continuous 

(fibrous) reinforcements, where fracture tolerance is increased by inducing a 

pseudo-ductile behaviour during fracture, exploiting toughening mechanisms based 

on weak fibre/matrix interface, as mentioned above [74]. High strength and elastic 

modulus, combined with high-temperature capability and environmental (e.g. 

chemical) resistance can be achieved with ceramic fibre reinforcements. Therefore, 

recent research has focused on the development of fibre-reinforced composites, 

mainly using ceramic fibres [13].  

Comparison of the generic stress-strain behaviour of fibre, particulate 

reinforced and monolithic ceramics shows that fibres provide a greater load 

carrying capacity after failure commences, and a pseudo-ductile behaviour is 

observed. Figure 2.3 shows generic force-displacement curves for the three types 

of materials. The area under the curve represents the energy of fracture, and is 

much greater for fibre-reinforced CMCs, providing not only greater fracture 

toughness, but also a desirable load-bearing failure mode. The processing of 

CMCs and GMCs with fibrous reinforcement, however, is more complex than that 

of particulate-reinforced composites, which render them more expensive[13]. 
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Figure 2.3: General force-displacement curves for monolithic, particulate-
reinforced and fibre-reinforced ceramic materials [13]. 

Table 2.3 shows the most commonly used fibres and some of their general 

properties. Several fibres were included for comparative purpose only, however 

they will not be described in depth since it is not in the scope of this work. The 

fibres selected for the present investigation will be described in section 4.2. 
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Table 2.3: Frequently used fibres in composite technology [13, 89, 90]. 

 
Density 
(mg/m3) 

Young’s 
modulus (GPa) 

Tensile 
strength (MPa) 

E-glass 2.54 70 2200 

Aramid (Kevlar 49) 1.45 130 2900 

Boron 2.65 420 3500 

Polyethylene (S1000) 0.97 172 2964 

Carbon (HM) 1.86 380 2700 

SiC (Nicalon) 2.60 250 2200 

Basalt 2.6 – 2.8 91 - 110 690 - 920 

Alumina/mullite-based fibres 

NextelTM 312 2.7 150 1700 

NextelTM 440 3.1 190 2000 

NextelTM 550 3.0 193 2000 

NextelTM 610 3.9 380 3100 

NextelTM 720 3.4 260 2100 

Alumina (FP) 3.90 380 1400 

Almax - 320 1000 

Altex - 210 1800 

Sapphire (SaphikonTM) 3.8 435 3000 

 

 

The values shown for stiffness and strength should be carefully considered, as 

they are influenced by the processing conditions of the fibres. The different 

processes by which the fibres can be manufactured can result in different 

properties for fibres of similar composition and/or structure, besides surface 

damage caused during handling of the fibres, which can decrease their strength. 

Fibre dimensions also influence their mechanical strength, i.e. the greater the 
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diameter and the longer the fibre, the larger the flaw that is likely to be found, thus 

the lower the strength [13]. 

Metal fibres were considered for several years, in the 60’s and 70’s, as 

reinforcement for CMC’s. However, their low thermal stability and relatively high 

density make metal fibre-reinforced composites unsuitable for many applications, 

which drove the development of high performance ceramic fibres.  

As mentioned previously, SiC and SiC-based fibres have been used as 

reinforcement in ceramic, glass and glass-ceramic matrices since the 80’s [1, 91]. 

The temperature capability of these fibres is limited to approximately 1100 ºC due 

to oxidation. Oxide fibres, on the other hand, offer excellent environmental 

oxidation stability [92]. Glass fibres have been employed as reinforcements due to 

their transparency [16, 17, 83, 84], but, as mentioned previously, their similar 

properties to the glass matrix result in poor increases in the mechanical properties 

[74]. Moreover their temperature stability is lower than that of other oxide fibres, 

limiting the choice of matrix materials and processing techniques [24, 82]. 

The most widely exploited oxide fibres are the 3M NextelTM Al2O3 fibre series 

[74]. They are usually employed for thermal insulation or high temperature 

applications. They exhibit low creep resistance, however, which limits their 

application temperatures to 1200 °C. This limitation is however not an issue for 

glass and glass-ceramic matrix composites, since these matrices usually have 

temperature capability lower than 1200 °C. Sapphire single-crystal fibres are 

available for sensor and laser energy delivery applications (optical grade), but can 

also be used as reinforcements (structural grade), despite their higher costs and 
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larger diameters, compared to the NextelTM fibres [2]. Sapphire fibres can also be 

considered to fabricate model composite systems at the laboratory scale. 
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2.5 Processing techniques 

 The processing of a ceramic composite to nearly full density is highly 

problematic, considering the constraints imposed by the reinforcement [2]. The 

associated shrinkage is inhibited, especially in three-dimensional (3D) composites, 

or composites with high volume fraction of fibres. In this sense, ceramic 

composites processing can be seen as “a competition between avoiding 

microstructural and morphological changes in one refractory constituent while 

affecting large changes in another nearly equally refractory constituent”. It is very 

difficult to obtain totally dense composites and avoid residual porosity, although 

that can be used for the benefit of the composite. Uniformly distributed, fine closed 

porosity is in general preferable to large cracks [2].  

The diagram in Figure 2.4 illustrates the general steps followed in the 

processing of GMCs. Some of these steps can be suppressed or carried out in a 

different order, depending on the materials and processing methods employed [2].  
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Figure 2.4: General processing route for the fabrication of GMCs. 

As glasses can be treated as thermoplastic materials, processing routes were 

initially based on those previously developed for the manufacture of polymer matrix 

composites (PMCs). Hot-pressing of tapes has thus been commonly used [73], and 

can offer accelerated rates of densification as a result of the simultaneous 

application of pressure and high temperature. An advantage of using tape pre-

forms is that they can be stacked in a variety of sequences, e.g. unidirectional, 

cross-plied or angle-plied. It is, therefore, a convenient method for arranging the 

reinforcing fibres in the desired fashion [12]. 

Tape-forming processes generally utilise infiltration of the fibres with a slurry of 

glass powder [16, 17, 74, 82] or a hydrolysable liquid metal alkoxide [73], or 

alternatively the co-winding of the reinforcing fibres with matrix glass fibres [73]. 

The tapes produced are then hot-pressed and the glass precursor fuses into a 

continuous matrix. Pressureless sintering and hot isostatic pressing (HIP) can also 
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be used for the consolidation of the matrix [2]. A schematic of the tape hot-pressing 

process is shown in Figure 2.5. 

 

Figure 2.5: Schematic of the slurry infiltration process for the manufacture of 
fibre-reinforced GMCs[12]. 

In the case of short reinforcements, composites can be obtained by hot-

pressing a mixture of the reinforcement and the matrix powder in appropriate 

proportions [80, 86], or by cold-pressing the mixture into a green body for 

pressureless sintering [83]. In this case, however, opaque materials are expected 

to be produced, considering the distribution of the reinforcements within the matrix 

volume, unless the reinforcing phase exhibits a refractive index very close to that of 

the matrix. Another disadvantage in the use of powder processing techniques is 

the risk of breaking or degrading the reinforcements during mixing, particularly 

when short fibres are used [16]. 
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Still based in PMCs processing techniques, matrix transfer moulding has been 

used for producing continuous fibre-reinforced GMCs, while short fibre-reinforced 

composites have been produced by injection moulding [11]. Melt infiltration, sol-gel, 

directed oxidation, reaction bonding, in-situ chemical reaction and polymer 

pyrolysis are alternative techniques used for manufacturing oxide matrix 

composites [2, 12]. 

In the case of optomechanical composites, keeping the matrix transparency 

imposes an extra limitation on the design of the manufacturing route. When 

opaque reinforcements are used, or when the reinforcement’s refractive index does 

not match that of the matrix, the reinforcements must be carefully arranged in the 

matrix in a way that free transparent matrix regions are retained, which will allow 

for light to be transmitted. Developments in this area to date are mostly scientific 

and only model composite samples have been produced experimentally, mostly 

configured manually [3, 7, 19, 20]. With regards to matrix consolidation, hot-

pressing and pressureless sintering have been mainly employed. 

Several optically transparent GMCs have been produced by hot-pressing. 

Composite systems with short transparent reinforcements  dispersed in the matrix 

have been reported [16], besides hot-pressing of transparent fibre pre-pregs  [17] 

and of composites arranged manually between layers of matrix powder [3, 7] or 

glass plates [22]. The application of mechanical pressure makes the mechanisms 

of mass transport during sintering more effective, hence allowing for high 

densification rates to be achieved with this process [93]. This is particularly useful 
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when polycrystalline transparent ceramics are used, while in some cases additional 

processing is required upon hot-pressing (e.g. HIP [3]).  

On the other hand, the low viscosity of glasses results in the occurrence of 

significant viscous flow with increasing temperature, which results in rapid 

densification at temperatures above the softening point.  The sintering mechanisms 

in glasses will be discussed in detail in section 5.2.4. It is enough to mention at this 

stage that this suggests that pressureless sintering can be used in the 

consolidation of glass matrices, as a simpler alternative route that can be very 

effective in the production of dense GMCs. 

In that sense, Boccaccini et al. [19] produced some transparent GMCs by 

exploiting the ease of densification offered by glasses in a pressureless sintering 

route. Model composites were prepared by “sandwiching” the reinforcing fibres, in 

a unidirectional arrangement, between glass slides. Consolidation of the 

composites is then achieved by sintering the “sandwiched” set [19]. Pressureless 

sintering of cold pressed mixtures of glass powder and chopped sapphire fibres 

has also been carried out, but resulted in opaque composites with poor 

densification [7]. The process thus proved to be a simple and low cost alternative 

for producing fibre-reinforced composites, for which no complex techniques or 

equipment are necessary in the preparation of the materials. 
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2.6 Conclusion 

Although optomechanical composites are very interesting for several 

applications, only limited work is available in the literature, both in terms of 

scientific studies and application-related investigations (e.g. patents). Therefore 

these materials represent a new and relatively unexplored field of research. 

Different types of transparent materials are available, and glasses, transparent 

ceramics and glass-ceramics can be exploited as matrices in such composites. 

Glasses offer several advantages when used as matrices, especially in terms of 

processing, hence there is wide scope for research primarily in using this type of 

matrix. 

Regarding the materials commercially-available, there is a number of different 

glass compositions that can be investigated to be used as matrices. Fibres 

represent the most suitable form of reinforcement, considering ease of 

manipulating and arranging them in the composites, as well as the advantageous 

toughening mechanism introduced with the incorporation of high modulus fibres 

into brittle matrices. Opaque fibres can be incorporated into transparent matrices in 

periodical arrangements, providing sufficient free transparent matrix area is 

preserved, allowing for visible light to be transmitted, therefore exploiting the so-

called optical window concept [20], as described in section 5.3.4.2. 
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3 Aims and objectives 

The present work was motivated by the limited number of commercially-

available materials and lack of current research development related to tough and 

transparent GMCs (optomechanical composites). The ultimate aim of the work was 

thus to develop new optomechanical composites, and specific tasks were the 

investigation of the fabrication processes and the properties of novel GMC systems 

for tough and transparent (optomechanical) materials. In this context, the use of 

different types of oxide fibres and glass matrices was investigated, and a 

processing route was developed for obtaining composites with tailored 

microstructure and properties. 

The specific objectives set for the present work in order to achieve the ultimate 

aim were: 

i. Characterization of the fibres employed (Chapter 4) 

Different types of oxide fibres and glass matrices to be used for manufacturing 

the composites were characterised. NextelTM 312 and 610 alumina fibre roving (i.e. 

untwisted bundle of fibres), single-crystal sapphire filaments and basalt fibre roving 

were investigated to be used as reinforcements in borosilicate and soda-lime 

silicate glass matrices. The fibres main physical characteristics were measured 
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and their microstructures examined. Thermal analysis of the fibres was also carried 

out in order to select the best processing conditions for minimal fibre damage. 

ii. Optimization of the manufacturing process (“sandwich-structure 

composites”) (Chapter 5) 

A novel and relatively simple manufacturing process was optimised for 

manufacturing the composite systems combining the fibre and matrix materials 

mentioned above. The process consisted in “sandwiching” the reinforcing fibres 

between glass slides and consolidating the composites by a pressureless thermal 

treatment. Model composites were initially fabricated varying temperature and time, 

while the techniques employed for configuring the composites were refined. The 

macroscopic characteristics of the composites were assessed. Achievement of 

minimal transparency loss and optimum surface finish were the main objectives in 

this part of the study. The bonding between the glass slides (and infiltration of the 

matrix into the fibre bundles) was then assessed by microscopy. 

iii. Development of a fibre coating process to deposit an interfacial layer 

(Chapter 6) 

Deposition of an interfacial layer was carried out with the aim of providing a 

weak fibre/matrix interface for enhanced fracture toughness. A sol-gel dip-coating 

process was developed for the deposition of a ZrO2 layer on the sapphire filaments 

and the production of a ZrO2/NextelTM fibre “mini-composite” to be used as 

reinforcement to the composites. The development of the coating involved the 
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rheological and thermal characterisation of the sol, followed by the deposition of 

coating layers on the fibres, which were then thermally treated under different 

conditions for the selection of the optimal coating parameters. 

iv. Measurement of optical and mechanical properties (Chapter 7) 

The characterisation of the composites optomechanical behaviour involved the 

measurement of optical transparency and mechanical properties for the different 

composite systems investigated. The interface characteristics of selected 

composites were assessed and the flexural strength was measured for all the 

composites fabricated, as well as the fracture toughness. The values obtained 

were compared with those reported in the literature to confirm the effect of the 

reinforcing fibres on the composites properties, leading to the selection of the most 

promising composite system. 

Figure 3.1 shows a schematic outline of the experimental approach followed in 

the present investigation, summarizing all the stages described above. The 

materials employed for the manufacturing of the composites are considered as the 

main inputs and are presented in the square boxes (purple). The oval boxes 

(green) represent the processes investigated while the hexagonal ones (blue) the 

resulting outputs. The analyses employed throughout the project are listed in the 

clear boxes in parallel. 
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Figure 3.1: Project outline – schematic diagram of the experimental approach 
followed for the development of optomechanical GMCs. 

The diagram is an overview of the thesis chapters, which will describe each 

stage of the research project in detail, including the methodology employed and the 

results obtained, followed by discussion and evaluation of the results and finishing 

with general conclusions and recommendations for future work. 
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4 Reinforcing fibres 

4.1 Introduction 

Based on the conclusions drawn from the literature review (Chapter 2), three 

types of alumina fibres (NextelTM 312 and 610 Al2O3 fibres and Saphikon 

sapphire fibres) and basalt fibres were initially selected as reinforcement for the 

optomechanical composites. The four types of fibres characterised to evaluate 

some of their properties, e.g. physical and thermal properties and microstructure, 

and to assess their processability for the manufacture of the composites. 

In the following sessions a description of the fibres will be presented, followed 

by the techniques employed for their characterization. 
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4.2 Materials employed 

4.2.1 NextelTM fibres 

Among the diversity of oxide fibres available, NextelTM (Ceramic Textiles & 

Composites Europe, 3M Deutschland GmbH, Neuss) are the most widely used 

continuous fibres for oxide-oxide composites [2]. The 3MTM NextelTM series of 

fibres consists of a variety of aluminosilicate fibres. They are produced by a sol-gel 

route and their chemical composition is mainly Al2O3, SiO2 and some B2O3[6]. The 

NextelTM 610 type was selected for composites manufacture, due to its 

advantageous properties as composite reinforcement (e.g. mechanical strength 

and thermal capability), compared to other fibres in the series. However, 

characterization of the NextelTM fibre of the 312 type was also carried out, and 

some composites produced, to compare results obtained with the two different 

fibres. NextelTM 610 is a high-density, ultra-fine and homogeneous polycrystalline 

-alumina fibre, which was initially developed for use in thermal protection [6]. 

They are composite grade fibres for use in load-bearing applications in metal, 

ceramic and polymeric matrices. NextelTM 312 fibres, on the other hand, were 

designed for insulation and flame barriers, i.e. non-structural applications. The 

composition and relevant properties of these fibres are shown in Table 4.1[94]. 

These fibres are produced in continuous lengths, and supplied as fabrics, 

yarns, tapes, sleevings, sewing threads or roving [95]. In the present project, fibre 

roving was employed as the simplest form to be manipulated while arranging the 
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fibres unidirectionally in the composite. Untwisted fibre roving was selected in order 

to eliminate the complexities introduced with the different orientations of fibres in 

this initial investigation. The fibre roving is supplied with a protective polymeric 

layer (sizing) that provides lubricity and binding action to aid handling and textile 

processing. Instructions for “desizing” the fibres are supplied by the manufacturer 

by a burn-out heat-cleaning treatment, if desirable, prior to use or further 

processing in composites manufacture [94]. 

Table 4.1: Chemical composition and properties of NextelTM 312 and 610 
fibres[94]. 

Property 312 610 

Chemical Composition 
62.5 Al2O3 24.5 SiO2 

13 B2O3 
> 99 % Al2O3 

Crystalline phase 
Mullite + Amorphous 

(or 100% Amorphous) 
-Alumina 

Crystal size (nm) < 500 < 500 

Filament diameter (m) 10-12 10-12 

Density (g/cm3) 2.70 3.9 

Linear density (tex)/nominal 
filament count) 

67/400 167/400 

Surface area (m2/g) < 0.2 < 0.2 

Filament tensile strength 
(25.4 mm gauge; MPa) 

1700 3100 

Filament tensile 
modulus(GPa) 

150 380 

Melting point (ºC) 1800 2000 

CTE (ppm/ºC) 
3 

(25-500 ºC) 
8.0 

(100-1100 ºC) 

Refractive index 1.568 1.74 
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4.2.2 Sapphire fibres 

Sapphire fibres consist of a single-crystal continuous Al2O3 structure, that can 

be produced by drawing from molten alumina [6]. Sapphire sheets are generally 

used in applications where reduced contamination, lower particle generation and 

increased productivity are required. Their superior mechanical, thermal and 

chemical properties allow them to be employed under harsh environments in 

applications such as semiconductor processing (e.g. viewports and sight windows, 

end effectors, focus rings). Sapphire can also transmit ultraviolet, visible and 

infrared light, as well as microwaves, which makes it suitable for use as sensor 

windows (e.g. infrared windows, optical sensors for industrial processes, optical 

scanner windows and heat/smoke detection windows) [96]. 

Sapphire fibres have the same properties as sapphire sheets. They are suitable 

for application as sensors and laser guides, where their relative flexibility allows 

them to be directed to precise locations. Examples of applications where sapphire 

fibres are used are in chemical reaction monitoring, very high temperature 

pyrometry, spectroscopy in hostile environment, besides biomedical devices in 

ophthalmology and dentistry (e.g. YAG dental lasers and trunk fibres, medical 

lasers) [96, 97]. These fibres are also of structural grade, and have been used in 

the past for fabrication of GMCs and CMCs[7, 98, 99]. One disadvantage of these 

fibres is their high cost due to the expensive processing technique, however they 

are excellent for developing model composites for basic investigations due to their 

consistent properties[1]. 
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Commercially-available sapphire fibres (Saphikon, Laser Components, UK) 

are grown by the edge-defined film-fed growth (EFG) technique. In this method, a 

liquid film of the material is continuously drawn through a shaping member, while 

raw material is simultaneously fed into the system, to replenish the film by capillary 

action [100]. A schematic image of the EFG fibre drawing process is shown in 

Figure 4.1[101]. 

 

Figure 4.1: Schematic drawing of the fabrication process of sapphire fibre by 
the EFG technique[101]. 

Sapphire has a rhombohedral structure, with the c-axis parallel to the fibre axis, 

and filament diameter between 75 and 250 m. The absence of grain boundaries is 

important, as grain boundary related phenomena, such as cavitation and sliding, 

do not occur, resulting in high creep resistance. On the other hand, the basal plane 

being perpendicular to the fibre axis does not slide, ensuring that dislocation creep 

does not occur. Typical properties of Saphikon sapphire fibres are listed in Table 

4.2.  
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Table 4.2: Composition and properties of Saphikon sapphire fibres 
(courtesy of Laser Components Ltd., UK). 

Chemical Composition Al2O3 

Crystalline phase -alumina 

Filament diameter (m) 150  

Density (g/cm3) 3.97  

Refractive index 1.76 

Filament tensile strength  (MPa) (25.4 mm gauge) 3100  

Flexural strength 

(MPa) (25 ºC) 

parallel to C-axis 1035 

perpendicular to C-axis 760 

Young’s modulus 

(GPa)(parallel to C-axis) 

25 ºC 435 

1000 ºC 386 

Modulus of rigidity (GPa) 175  

Compressive Strength (GPa) (25 ºC)  2  

Hardness (Moh’s scale) 9 

Hardness (Knoop) 

parallel to C-axis 1900 

perpendicular to C-axis 2200 

Melting point (ºC) 2053 

CTE (ppm/ºC) (25-1100 ºC)   

parallel to C-axis 8.8 

perpendicular to C-axis 7.9 
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4.2.3 Basalt fibres 

Basalt fibres are natural ceramic fibres obtained from the igneous rock basalt, 

through a similar process to that of glass fibre manufacture. i.e. the melt is 

mechanically drawn downwards through bushings containing several dimensioned 

holes, forming the filaments which are collected into bundles, sized and wound  

onto a spool [6]. In the case of basalt fibres, the basalt melt is fed into electrically 

heated platinum-rhodium bushings with 200 or more holes. The composition of the 

fibres is predominantly aluminosilicate (Table 4.3 [102]). 

Table 4.3: Chemical composition of basalt fibres[102]. 

Compound Weight % 

SiO2 51.6 - 57.5 

Al2O3 8.2 - 16.9 

Fe2O3 4.0 - 9.5 

CaO 5.2 - 7.8 

MgO 1.3 - 3.7 

Na2O 2.5 – 6.4 

K2O 0.8 – 4.5 

 

These fibres are generally used as insulating mats, but are still not as well-

known as other ceramic fibres for applications in composite materials. Basalt fibres 

have been used as reinforcement in plastic and concrete composites, mainly for 

thermal insulation/protection, but also in applications such as pipes, bars, fittings, 
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fabrics, structural plastics, automotive parts and construction [90, 103]. Only 

recently they have been investigated for use as reinforcement in GMCs [23]. 

Relevant properties of basalt fibres are shown in Table 4.4 [90, 103]. 

Table 4.4: Properties of basalt fibres [90, 102, 103]. 

Density (kg/dm3) 2.70 

Young’s modulus (GPa) 91 - 110 

Melting point (ºC) 1350 

Coefficient of thermal expansion (x10-6 ºK-1) 8.01 

Thermal limit for application (ºC) -260 to +550 

Tensile strength (MPa) 690 – 920 

Young’s modulus (GPa) 82 – 110 

 

 

 

No information is supplied by the manufacturer about elimination of the 

protective sizing applied on the fibres, therefore the heat-cleaning treatment 

employed for the basalt fibres was selected based on the thermal analysis results 

(section 4.3.1). 
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4.3 Fibre characterisation: experimental methods 

4.3.1 Heat-cleaning treatment of fibres 

Protective polymeric sizing are applied to both NextelTM and basalt fibres. The 

sizing is deposited on the surface, not only to ensure surface integrity, but also to 

facilitate manipulation of the fibres. Thermal removal of this protective layer is 

recommended before use.  

The heat-cleaning route suggested by the manufacturer for NextelTM fibres (3M) 

comprises heating to 700 ºCat a rate of 5 ºC/min, and holding for 5 min, while in 

the case of the basalt fibres no instructions are supplied by the manufacturer. 

Thermogravimetric analysis (TGA) was carried out to observe the mass loss with 

temperature and to determine if the mass is stabilized during the heat-cleaning 

route suggested, or if a different route may be employed. In the case of the basalt 

fibres, the heat-cleaning treatment was defined based on the results obtained by 

thermal analysis. Differential scanning calorimetry (DSC)was also performed to 

observe possible physical changes in the fibres during the treatment. The methods 

of thermal characterization are described in the following section.  

4.3.2 Thermal analyses: TGA and DSC 

TGA/DSC of the fibres was carried out in a Netzsch Jupiter STA 449C Thermal 

Balance.  Samples of approximately 20 mg were placed in a platinum crucible and 

heated to 1000 ºC (NextelTM fibres) and 700 °C (basalt fibres), at 10 ºC/min. Their 
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weight was continuously recorded with increasing temperature, and the weight loss 

was used for determining the appropriate heat-cleaning treatment for removal of 

the protective polymeric sizing.  

4.3.3 Fibre physical properties: diameter, linear density and flexibility of 

fibre filaments/tows 

The physical characteristics of reinforcements represent valuable data 

necessary to determine most of the composites properties. In this work, the main 

characteristics such as linear density, fibre diameter and flexibility were analysed 

for as-received and heat-cleaned fibres. 

The linear density of the fibres was determined by the weight to length ratio of 

several samples extracted from the fibre tow, based on British Standard EN 1007-

2:2002 [104]. The following equation was used for the calculation of the fibre linear 

density: 

 tex
L

m
t 310

, Eq. 4.1 

where t is the linear density in tex (g/1000m), m the specimen mass in grams (g) 

and L the specimen length in metres (m). Measurement of 20 samples was carried 

out and the results were averaged. 

The cross sections of 5 fibre bundles of each type were observed under a 

Kyowa ME-WX2 light microscope (LM), and the individual filament diameter was 

measured by image analysis. The light microscope image software Moticam Image 
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2.0 was used for this purpose. The software calculates the area and radius of the 

individual filaments, according to the number of pixels in the selected circular area 

corresponding to the filaments. In the case of the sapphire fibres, due to the limited 

number of samples, the diameter was measured at several points along the length 

of two different fibre filaments. The bending moment and radius of curvature of the 

fibres were calculated, and the inverse of their product was used as a measure of 

the flexibility of the fibres. This is calculated using the following equation [6]: 

4

6411

dEEIMR 
 , Eq. 4.2 

where M is the bending moment, R is the radius of curvature, E is the Young’s 

modulus, I is the moment of inertia of the fibre cross-section, and d is diameter of 

the fibre.  

Calculation of the flexibility gives a quantitative idea of the relative rigidity of 

different reinforcements. The comparison between the flexibility calculated for 

different types of fibres, considering all the fibres have the same diameter, allows 

for the effect of the fibres physical properties on their rigidity to be evaluated.  

Values of flexibility were calculated for the fibres employed in the present work 

and compared to those of commercially-available fibres. E-glass and Nylon fibre 

are two of the most commonly-used fibres and were considered for comparison 

due to their high and low Young’s modulus respectively. SiC and carbon fibres 

were also considered as these are the most widely exploited reinforcing fibres in 

conventional (non-transparent) GMC systems. 
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4.3.4 Microstructural analyses: SEM/EDS and XRD 

Microstructural analysis of the reinforcing fibres was carried out in a JEOL JSM 

840 scanning electron microscope (SEM), equipped with an energy-dispersive X-

ray spectrometer (EDS) for the elemental characterization of the fibres. The 

analysis was carried out both on cross-sections and on the surface of fibres.  

EDS elemental quantification was carried out by stoichiometry of combined 

oxygen. With this technique, the amount of oxygen present is automatically 

calculated based on the stoichiometry at which it is combined with the other 

elements detected to form oxides. This method is commonly used for the accurate 

analysis of minerals. At least 10 measurements were carried out at different sites 

of the cross-sectional samples of the fibres, and the values obtained from the EDS 

quantification were compared to the elemental composition of the fibres, calculated 

from their nominal composition given in weight % for each compound present in 

the fibres. 

The cross-sectional samples analysed were prepared by mounting in cold 

epoxy resin (Struers EpoFix), grinding with SiC paper (grit 320 to 1200) and 

polishing with diamond suspension of up to 1 m grain size. A carbon coating layer 

was deposited on the samples for the EDS analysis. 

X-ray diffraction (XRD) was employed to determine the crystalline phases 

constituting the fibres, and to confirm whether any changes in the microstructure of 

the fibres occur during the heat-cleaning treatment. A Philips PW1700 series 

automated powder diffractometer with Cu Kα radiation was used. Reinforcing fibres 
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in the as-received and desized conditions were fixed onto the holder with an 

adhesive tape, and their diffraction pattern detected in the 2 range from 10° to 

90º, with a 0.04° step size and 1s per step. The resulting diffraction patterns were 

identified based on the Joint Committee on Powder Diffraction Data database, from 

the International Center for Diffraction Data. 
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4.4 Results and discussion 

4.4.1 Physical properties 

Table 4.5 shows the linear density of desized NextelTM (312 and 610) and 

basalt fibres. The linear density of the NextelTM 312 fibre was approximately 50 % 

of the nominal value, which is attributed to the fact that the original fibre tows come 

apart after the heat-cleaning treatment, as the organic sizing is removed. The 

NextelTM 610 fibres, having a higher filament count, were relatively easy to 

maintain within their original bundles after the desizing procedure, therefore the 

linear density value measured is consistent with the nominal value supplied. 

Table 4.5: Linear density of NextelTM and basalt fibres. 

 NextelTM 312 NextelTM 610 Basalt 

Measured (tex) 31  10 169  10 75  40 

Nominal (tex) 67 167 - 

 

Table 4.6 shows the NextelTM 312, 610, sapphire and basalt fibre diameters, 

nominal Young’s modulus [94] and flexibility calculated from the measured 

diameter. NextelTM 610 and basalt filaments have similar diameters, although the 

former shows a greater variation, while the NextelTM 610 fibres have more uniform 

diameters, slightly greater than those supplied by the manufacturer (see 

section4.2). The NextelTM 312 type, on the other hand, shows a smaller deviation in 
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the measurements, and also a smaller average diameter, consistent with the data 

supplied by the manufacturer. 

Table 4.6: Fibre diameter, nominal Young’s modulus (E) (see section 4.2) and 
calculated flexibility. 

 NextelTM 312 NextelTM 610 Basalt Sapphire 

Diameter (µm) 11.4  0.6 14.7  1.0 14.0  3.4 149.4  0.7 

E (GPa) 150 380 100 386 

Flexibility (N.m2)-1 7.96 x 1009 1.15 x 1009 5.17 x 1009 92,507.26 

 

The flexibility values were calculated for the three types of fibres, using the 

average diameter measured and the elastic modulus supplied by the manufacturer 

(see section 4.2). According to Eq. 4.2 (section 4.3.3), the diameter should induce 

a more pronounced effect on the fibres flexibility than the elastic modulus, as the 

flexibility varies with the fourth power of the diameter. The results are therefore 

consistent: the NextelTM 610 fibres have the lowest flexibility, due to their 

significantly higher elastic modulus, while the NextelTM 312 and basalt fibres have 

similar elastic moduli. However, the basalt fibre’s greater diameter results in a 

lower flexibility. The sapphire fibres, having a diameter of 150 µm, are extremely 

inflexible.  

4.4.2 Thermal analysis 

Thermal analysis of as-received fibres showed that, for both fibres, the sample 

weight is stabilized at approximately 500 ºC, indicating that complete degradation 
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of the protective polymeric layer is achieved at that temperature. Figure 4.2 shows 

both TGA and DSC curves of as-received NextelTM 610 and 312 fibres. Although 

the curve indicates that complete degradation of the polymeric sizing is achieved at 

500 ºC, a thermal treatment at 700 °C for 5 min is suggested by the supplier [94] 

for cleaning the fibres before use. Therefore this was the procedure followed in this 

investigation for the preparation of the NextelTM fibres for composite production. 

 

Figure 4.2: TG and DSC analyses of NextelTM 610 (1) and 312 (2) fibres. 

The NextelTM 312 fibre's DSC curve shows a broad exothermic peak, which is 

attributed to the degradation of the polymeric layer, as both occur over the same 

range of temperature. In the case of the NextelTM 610 fibres, a slight decrease is 
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observed instead of a broad exothermic peak, which is explained by the lower 

mass loss (approximately 2 %) compared with that of the NextelTM 312 fibres 

(approximately 4 %). An endothermic peak is observed for the NextelTM 312  fibres 

at approximately 900 ºC, indicating their crystallization, as anticipated by the 

supplier [94]. A thermal treatment is suggested for the NextelTM 312 fibres, at the 

same temperature, which changes the crystalline structure of the fibres for 

improved chemical resistance, besides stress annealing and increased modulus or 

stiffness. XRD analysis of the thermally treated fibres will be described in section 

4.4.3. 

In the case of the basalt fibres, the temperature limit for application of 700 ºC 

restricts the processing routes employed to temperatures below that. In that sense, 

the results confirm that thermal treatments at lower temperatures can efficiently 

remove the protective polymeric layer, since weight stabilization was observed at 

600 °C (Figure 4.3). 
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Figure 4.3: TGA curve of basalt fibres. 

4.4.3 Microstructural analysis 

Figure 4.4 shows SEM secondary electron images (SEI) of the as-received and 

desized NextelTM 312 610 fibres. The images show that there is no significant 

change in the fibre aspect and morphology after thermal cleaning as expected, 

considering the small amount of polymeric sizing and relatively low temperature of 

exposure during heat-cleaning. The NextelTM 610 fibres also exhibit a smoother 

surface than the NextelTM 312 fibres, which should favour the formation of a 

weaker fibre/matrix interface when these fibres are used as reinforcements to 

CMCs[105]. 
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Figure 4.4: SEI/SEM images of (a) NextelTM 312 fibre and (c) NextelTM 610 
fibre, both in the as-received state; (b) NextelTM 312 and (d) NextelTM 610 fibre, 

both desized at 700 ºC for 5 min. 

The basalt fibres were heat-cleaned at a lower temperature (500 ºC), for a 

longer time (10 min), based on the TGA results (see section 4.4.2), as no 

information was provided by the supplier regarding removal of polymeric sizing. 

SEI/SEM images of the as-received and desized fibres are shown in Figure 4.5, 

where details of the polymeric sizing can be seen in the images of the as-received 

fibre (Figure 4.5(a)). The surface morphology of the fibre seems to be affected by 

the heat-cleaning treatment. A rougher surface can be observed, where layers 

(b) (a) 

(d) (c) 



83 
 

appear to be spalling off the surface of the fibre, suggesting that the properties of 

the fibre may have been deteriorated by the desizing treatment, despite the 

temperature employed having been lower than the suggested limit temperature of 

application.  

 

 

Figure 4.5: SEI/SEM image of basalt fibres: (a) as-received fibres showing 
details of the polymeric sizing and (b) fibres desized at 500 ºC for 5 min. 

The sapphire fibres have generally a smoother surface than those of NextelTM 

and basalt fibres, as observed in Figure 4.6. No polymeric sizing is reported to be 

applied on their surface, hence no heat-cleaning treatment is necessary. The 

sapphire fibres were thus used for the manufacture of composites in the as-

received condition. 

 

(b) (a) 
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Figure 4.6: SEI/SEM image of a sapphire fibre (a) at low and (b) high 
magnification. 

EDS analyses were carried out on the cross sections of the fibres to identify the 

main elements present. Figure 4.7 shows the elements detected in the as-received 

NextelTM 312 fibres, which were consistent with the nominal composition, except 

for magnesium. Since the fabrication of the NextelTM 312 fibres comprises a Mg-

based precursor, its presence is thus considered to be a remnant of their sol-gel 

processing [6].  

A limitation of the EDS analysis, in this case, is the inability of the Be-window 

detector to identify light elements such as boron. According to the nominal 

composition of the NextelTM 312 fibres (Table 4.1), B2O3 should be present besides 

SiO2 and Al2O3 (see section 4.2). For this reason, quantitative analysis by EDS 

was not attempted. 

 

(a) (b) 
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Figure 4.7: SEI/SEM image and EDS spectrum of NextelTM 312 fibres. 

The NextelTM 610 fibres, on the other hand, are composed of 99 % Al2O3. In 

this case, therefore, elemental quantification was carried out by EDS, and the 

result shown in Table 4.7. The cross-sectional image and EDS spectrum are 

shown in Figure 4.8. The amounts of aluminium detected and oxygen calculated 

were close to those calculated from the composition supplied by the manufacturer 

(>99 % Al2O3, Table 4.1). A small amount of Si was detected in some of the fibres 

analysed, which, similarly to the Mg encountered in the NextelTM 312 fibres, is 

residual from the fabrication process of the fibres. The NextelTM 610 fibres are also 

fabricated by the sol-gel method, although, in this case, Si-based precursors are 

employed. 
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Figure 4.8: SEI/SEM image and EDS spectrum of NextelTM 610 fibres. 

Table 4.7: Elemental quantification of the NextelTM 610 fibre calculated from 
their nominal composition (> 99 % Al2O3, Table 4.1) and from the EDS 

analysis by stoichiometry of combined oxygen. 

Element Calculated (wt. %) EDS (wt. %) 

Al 52.93 51.98 

O 47.07 47.18 

Si - 1.41 

 

The elements identified in the basalt fibres (Figure 4.9) were also consistent 

with the elemental composition calculated from the nominal composition in weight 

% of each constituent compound, as shown in  
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Table 4.8. The EDS analysis was not carried out for the sapphire fibres, due to 

the low number of fibres available. Due to the high quality of the structural grade 

fibre used, it is expected, however, that this fibre is constituted of Al2O3 only, and 

that it is free from impurities [97]. 

 

Figure 4.9: SEI/SEM cross-sectional image and EDS spectrum of basalt 
fibres. 
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Table 4.8: Elemental compositions of basalt fibres (wt. %) calculated from the 
nominal composition (Table 4.3) and values calculated from the EDS analysis 

by stoichiometry of combined oxygen. 

Element Calculated (wt. %) EDS (wt. %) 

Si 26.88 27.15 

Al 8.95 9.32 

Fe 6.64 5.76 

Ca 5.57 6.01 

Mg 0.88 2.27 

Na 1.85 1.40 

Ti 0.66 0.65 

K 0.91 1.45 

O 46.39 45.99 

 

 

 

XRD analysis of the as-received and desized fibres revealed that NextelTM 610 

fibres contained corundum (Figure 4.10), both in the as-received condition and 

upon desizing, indicating that no changes in the crystalline phases occurred during 

the treatment.  
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Figure 4.10: XRD of as-received and desized NextelTM 610 fibres. The peaks 

correspond to -Al2O3. 

 

 

The NextelTM 312 fibres, on the other hand, consist of an amorphous structure 

(Figure 4.11). Moreover, XRD analysis of the desized fibres showed that no 

crystallization occurred during the heat cleaning treatment. A crystallization 

treatment is suggested for the NextelTM 312 type fibres, at 900 ºC, for 4 h, to 

enhance their mechanical strength, besides improving their chemical resistance, 

annealing the stresses in the fibres and increasing their modulus [106]. 
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Figure 4.11: XRD of as-received and desized NextelTM 312 fibres showing 
their amorphous structure. 

Similar to the NextelTM 312 fibres, the basalt fibres are also amorphous, both in 

the as-received and thermally treated state (Figure 4.12) 

.  

Figure 4.12: XRD of as-received and desized basalt fibres showing their 
amorphous structure. 
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4.5 Conclusions 

The reinforcing fibres selected for the manufacture of optomechanical 

composites, as the main objective of the present investigation, have been 

characterised in terms of physical properties and microstructure. The parameters 

for fibre preparation prior to incorporation into the composites have also been 

determined. 

The NextelTM fibres here investigated (312 and 610) have been extensively 

used in composite manufacture and represent the first choice of reinforcements for 

oxide-oxide composite systems. Especially in the present investigation, where 

optical transparency is required, their closer refractive index to that of the glass 

matrices is an advantage compared with the basalt fibres as alternative 

reinforcements. Moreover, the basalt fibres exhibit lower temperature capability, 

which may restrict the manufacturing process. The sapphire fibres represent the 

ideal type of reinforcement considering their excellent transparency, enabling 

totally transparent composites to be fabricated. The only disadvantage in this case 

is their low flexibility, which may result in the poor enhancement of the composites 

properties, besides their high cost. 

Considering the results described above, several model composites were thus 

fabricated with the reinforcing fibres analysed, in order to assess their performance 

during the fabrication process. The development of the fabrication technique and 

the evaluation of the model composites produced will be described in the following 

chapter. 
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5 Composites manufacture 

5.1 Introduction 

Following the characterization of the reinforcing fibres selected, the 

manufacturing route of the composites was designed and optimised, based on 

previous studies [19]. The main purpose of this work (see Chapter 3) was to 

investigate the production of transparent GMCs based on a pressureless process. 

To assess the efficiency of the processing method proposed, the selected glass 

matrices were given various thermal treatments. Since focus was on matrix 

consolidation during heat-treatment, the systems investigated in this section were 

limited to one combination of matrix and reinforcing fibre. The results could be 

applied to the manufacture of each fibre-matrix combination. 

This chapter comprises a review of the structure, properties and processing of 

silicate glasses, as the theoretical basis for the development of the thermal 

treatment for the manufacture of GMCs. A description of the materials selected and 

their main properties will then be given, as well as the experimental methods 

employed, followed by the results obtained and finally the conclusions drawn from 

the experiments. 
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5.2 The glassy state formation and structure 

The amorphous structure of glasses is formed during fast cooling from the melt. 

At high temperatures, the network structural units’ vibration is such that the crystals 

collapse and the original crystalline ordering is lost. If cooling is carried out at fast 

rates, mobility is not provided at the appropriate levels for the structural units to 

reach the original ordered arrangement. The disordered structure formed is 

metastable at room temperature, and does not rearrange into a crystalline structure 

due to low, practically zero, transformation kinetics [107]. 

Several materials can be made into glasses by fast cooling from the liquid state, 

preventing crystallisation. Oxide glasses are the most important commercially and 

are produced by mixing the main glass formers such as SiO2, B2O3, GeO2 and 

P2O5 with other oxide components. Silica is the main glass former employed 

industrially. It is derived from sand, which, however, has limited use depending on 

grain size, type, besides the amount and grain size of impurities. The main 

components used for manufacturing glasses are classified according to their 

function in the glass [108].  

The final glass structure and, consequently, its properties, are determined by 

the cooling rate. Firstly, the faster the cooling rate the lower the specific mass. This 

is due to the fast viscosity decrease, which constrains the atoms mobility, resulting 

in an open and less dense structure. Thermal expansion is also influenced by the 

cooling rate from melt. If the material is heated at the same rate at which it was 
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cooled, it tends to follow the same dilatometric curve. However, if a slower heating 

rate is used, some contraction is observed at certain temperatures, as a result of 

the arrangement of the structural units into more densely packed equilibrium 

arrangements [107].  

Glasses can be classified according to their application, composition, structure, 

properties and manufacturing techniques. Most commonly they are referred to by 

the principal forming oxide or oxides they contain. Table 5.1 shows some examples 

of silica-based glasses, where their composition, main characteristics and 

applications are given. 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

Table 5.1: Classification of silicate glasses by composition [107, 109]. 
 

Fused silica Silica 
Soda-lime- 

silicate 
Lead- 

silicate 
Boro- 

silicate 

SiO2 >99.5 96.3 70 – 75 53 – 60 73 – 82 

Na2O - <0.2 12 – 18 5 – 10 3 – 10 

K2O - <0.2 0 – 1 1 – 10 0.4 – 1 

CaO - - 5 – 14 0 – 6 0 – 1 

MgO - - 0 – 4 - - 

Al2O3 - <0.4 0.5 – 2.5 0 – 2 2 – 3 

PbO - - - 15 – 40 0 – 10 

B2O3 - <2.9 - - 5 – 20 

Main 
characteristics  
(applications) 

High melting 
point, very low 
coefficient of 

thermal 
expansion 

Thermal 
shock and 
chemical 

resistance 
(labware) 

Low melting 
temperature, 

easily 
worked, 
durable 

(windows, 
lamps) 

High 
density, 

high 
refractive 

index 
(optical 
lenses) 

Thermal 
shock and 
chemical 

resistance 
(ovenware) 

 

 

Soda-lime silicate and borosilicate glasses are two of the most common silicate 

glass compositions, and are the two types of glasses investigated in this project for 

the development of transparent GMCs. 

 

Classif. 

Comp. (%) 
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5.2.1 Classic theories about the glass structure 

Classic theories about glass structure are based on discussions about the 

oxide-based network arrangements. They presume the formation of glasses from 

melt, although different techniques have been used recently for obtaining vitreous 

materials [107]. 

Goldschmidt [110] considered the importance of the tetrahedral arrangement of 

oxygen ions around silicon ions in silicates [108] and assumed that general RnOm 

compositions form glasses more easily when the cation to anion radius ratio 

ranges from 0.2 to 0.4. These ratios correspond to structural units consisting of 

cations surrounded by four oxygen atoms, in a tetrahedral coordination [107]. 

Later, Zachariasen [111] proposed the unordered network hypothesis, based on 

the observation of the structure of glasses obtained from crystalline oxides. He 

concluded it consists of a network of tetrahedra linked by the edges in a three-

dimensional structure that lacks periodicity, but has in average identical behaviour 

in the three directions and energy content comparable to that of the corresponding 

crystal network. Therefore, for simple compositions such as SiO2, B2O3, P2O5, 

GeO2, the following rules were derived to predict new glass-forming oxides, 

including the oxides known at the time of their formulation [111]: 

1) The anions (oxygen atom) is linked to not more than two central (glass-

forming) atoms in a polyhedron 

2) The glass-forming atoms must have a small coordination number (e.g. less 

than 4) 
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3) Adjacent polyhedra should not share more than a vertex 

4) At least three vertices in a polyhedron must be linked to the surrounding 

polyhedral for the formation of a three-dimensional network 

Zachariasen’s theory was later confirmed by the X-ray diffraction studies by 

Warren et al. [112] and Mozzi and Warren [113].  

Dietzel (1942) considered the classification proposed by Zachariasen, and 

described the possibility of glass formation according to the field strength concept.  

The field strength (F) was calculated by the expression 
2aZF c

, where 

ac rra  , Zc is the valence of the cation, rc its radius and ra the anion (oxygen) 

radius. In that sense, network modifiers exhibit F values between 0.1 and 0.4, the 

network formers 0.5 to 1 and intermediate oxides 1.4 to 2.  

Similarly, Sun considered the single bond strength required for glass formation, 

as the ratio between the dissociation energy per gram atom of the cation and its 

coordination number. Single component glasses are formed from oxides with bond 

strength values higher than 80 kcal/mole, which are thus called network formers 

[114]. Examples of network formers are Si, B, P, Ge, As, with coordination number 

(CN) of 3 or 4 [107]. Most inorganic glasses are based on silica, which forms a 

structure with SiO4
4- tetrahedra (Figure 5.1(a)) bonded corner to corner in a loose 

network with no long-range order, as illustrated in Figure 5.1(b) [115]. 
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Figure 5.1: SiO4
4- tetrahedron subunit (a) and tetrahedral structure in simple 

silica glasses (b), formed by Si-O tetrahedra linked by the corner (oxygen 
bridges) [115] 

B2O3 is another glass-forming oxide, which has a flat triangle subunit, with the 

boron atom slightly out of the oxygen atoms plane. In borosilicate glasses, 

however, the flat triangles are converted to BO4
4- tetrahedral, where alkali and 

alkaline oxides added to the polycomponent glass provide the necessary 

electroneutrality [115]. 

Oxides with bond strength lower than 60 kcal/mole do not enter into the network 

structure and are called modifiers, while some oxides cannot form glasses per se 

but can form polycomponent glasses when introduced into single component 

glasses. The latter are thus called intermediate oxides [116]. 

Network modifiers rupture the oxygen bridges in the main network, making 

structural groups more mobile, hence causing a viscosity decrease and 

(a) 

(b) 
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conductivity increase. Examples of modifiers are Na, K, Ca, Ba (alkali and alkaline 

earth oxides), with coordination number equal or greater than 6 [107]. The effect of 

modifiers in the silicate glass network is illustrated in Figure 5.2, where the 

arrangement of Na+ cations in the structure is shown [116]. 

 

Figure 5.2: Introduction of Na2O in simple alkali silicates, showing Na+ ions 
breaking oxygen bonds at several points in the network  

Large alkali and alkaline earth cations do not enter the network, but remain as 

metal ions ionically bonded in the interstices of the network, promoting, in some 
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cases, crystallisation of the glass [116]. O-Si bonds are thus broken at several 

points in the structure, due to the increased O:Si ratio upon addition of the modifier 

[107]. As a result, a viscosity decrease is observed, to an extent dependable on the 

amount of modifier [116], added therefore to silica glass to facilitate working and 

forming [115]. 

Intermediate oxides can support the network when the coordination number is 

4, or weaken it when the coordination number is equal to 8 [107]. They are usually 

added to silica glass to provide special properties [115]. Secondary components 

are also employed, for specific (secondary) functions such as colorants and 

opacifiers. Other components, essential for accelerating glass formation reactions 

and enhancing homogeneity, are also normally used, e.g.  water and cullet [107]. 

5.2.2 Phase separation and crystallisation 

When cooled from the melt, decomposition of the glass into liquid (i.e. vitreous) 

phases can occur if mutual approach of structural units of any glass component is 

energetically favourable. It results in a decrease in glass energy and increase in 

the concentration of these units in certain glass regions, which, in turn, causes the 

entropy in the system to decrease. The balance between energy (E) and entropy 

(S) is reached when the free Gibbs energy of the system achieves its minimum. At 

high temperatures, intensive thermal motion means that the entropy in the system 

plays a major role, preventing segregation of structural units. Therefore, phase 

separation tends to occur below a critical temperature Tc, where it is energetically 
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favourable [117]. The rates of phase separation determine phase morphology and 

consequently the properties developed in phase-separated glasses, e.g. electrical 

conductivity and chemical durability [108]. 

Phase separation has long been recognise to occur in certain type of glasses 

and can influence their properties [108]. The tendency to phase separation in 

binary silicate glasses originates from the competition between metal and silicon 

ions to coordinate with oxygen. In the melt, metal ions tend to be surrounded by 

unsaturated or non-bridging oxygen ions with relatively high negative charge, while 

silicon ions tend to be bonded with all the oxygen atoms available [117]. The 

former tendency increases with increasing cation field strength [108] and 

consequently tendency to immiscibility. Moreover, metal ions can develop metal-

oxygen polyhedral differing from silica tetrahedra. Ternary systems consisted of 

two network modifiers added to silica glasses usually exhibit phase separation 

regions in the simplest form [117]. 

In the case of borosilicate glasses, the addition of a network modifier to a boron 

oxide-silica glass drastically increases its tendency to phase separation [117]. A 

borosilicate phase then separates from the silica-rich matrix [108]. The silica-rich 

phase is nearly 100 % silica in alkali and alkaline earth glasses due to low solubility 

of borate in silicate, as demonstrated by Hair and Chapman [118].  

This effect was explained by the incompatibility of the silicon-oxygen tetrahedral 

with the boron-oxygen triangles. In the absence of alkali oxides, the boron-oxygen 

triangles are distributed in the silicon-oxygen in the form of continuous chains, 

hence the weak tendency for phase separation in binary boric oxide-silica systems. 
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Introduction of alkali oxides favours the formation of boron-oxygen tetrahedra, 

which hinders the formation of continuous chains of boron-oxygen triangles. 

Moreover, this explains the further decrease in immiscibility with greater contents 

of alkali oxides [117].  

The effect of addition of alkali oxides is also dependent on their bivalence, as 

negative charges of  two boron-oxygen tetrahedral are compensated by a single 

bivalent cation [117]. The addition of Al2O3 to borosilicate glasses reduces phase 

separation as it significantly reduces the consolute temperature of the glass [108]. 

This effect can be justified by the incompatibility of aluminium-oxygen polyhedra 

with the boron-oxygen triangles, thus not interrupting the formation of continuous 

thin chains. Hence immiscibility in these systems is linearly dependable on the 

SiO2/Al2O3 ratio [117]. 

The borosilicate phase in borosilicate glasses is so finely dispersed that it 

confers the glass excellent chemical durability. Other properties that are affected 

by the presence of separated phases are weathering and devitrification. Glasses 

comprising phases with lower silica contents tend to weather and devitrify faster 

than homogeneous single phase glasses, at a rate dependant on the scale of 

phase separation [108].  

In soda-lime-silica systems, the addition of small amounts of soda to calcium 

silicates drops the immiscibility region below the liquidus temperature. As a result, 

no phase separation is observed below 580 ºC due to reduced diffusion [108].  

Differences in properties of the constituent phases may result in different 

properties from those expected for a particular composition, e.g. phases with a 
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significant difference in coefficient of thermal expansion may affect each phase by 

uniform compression or tension. The smaller the droplets of phase enriched by the 

modifier-ions in the silica-rich matrix the greater the effect of a difference in 

properties. Moreover, the structure of one phase may differ to that of the same 

composition obtained by different methods (e.g. cooling from melt or phase-

separating the glass by thermal treatment).  

Phase separation has been suggested as a precursor to uniform crystallisation 

in glasses [108]. The majority of phases separated in melts are closer to 

stoichiometry than the initial glass, hence with a stronger tendency to crystallise 

[117]. Moreover, the diffusion zones around the growing particles have been 

suggested as favourable regions for crystalline nucleation [108, 117]. Sodium 

borosilicate glasses are an example, where the silica-rich phase separated from 

the sodium borosilicate phase crystallises during heat-treatment at relatively low 

temperatures [108].  

Particles of a second phase can grow by accretion of material from the original 

homogeneous multicomponent phase, assuming it has the equilibrium 

composition. The isothermal rate of growth can be controlled by either matrix 

diffusion or reaction at the particle-matrix interface [108].   

In phase-separated glasses, once the matrix composition has approximated the 

equilibrium composition, at longer growth times, larger particles grow and smaller 

particles dissolve to decrease the total particle surface. The higher solubility of 

smaller particles provides the driving force for coarsening, resulting in a transfer of 

material from them to the larger particles. In multicomponent glasses with 
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separating phases with similar volume fractions, particles grow into an 

interconnected structures, suggesting that growth occurs either by a spinodal 

decomposition mechanism, or by the classical process described above, 

agglomerating into the connected structure due to their high volume fraction [108]. 

The properties of phase separated glasses can be expected to be different from 

those of single phase glasses of similar compositions, but this assumption is 

subject mainly to a certain critical value (size, relative volumes and distribution) 

and morphology of the phase [117]. Some of the effects caused in fundamental 

glass properties will be considered in the following section, where these properties 

are described. 

5.2.3 Glass properties 

The combination of composition with the thermal history of the glass determines 

its structure and consequently its final properties. Upon reviewing the main aspects 

of glass composition and structure, the most important properties are discussed in 

the following paragraphs: 

i. Viscosity: 

Glass viscosity is the most composition and temperature dependant property 

[117]. Molten glasses exhibit a Newtonian or near-Newtonian behaviour, i.e. the 

velocity gradient during shearing varies linearly with the shearing force applied, 

according to the Newton equation [107]: 
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dxdvAF   , Eq. 5.1 

where F is the shearing force, in Newton, between the parallel adjacent layers 

flowing under the stress, A is the contact area in m2, dv/dx is the velocity gradient 

in m/s (in the direction x perpendicular to the surface), and  is the viscosity in 

Pa.s[107].  

In typical silicate systems such as soda-lime silicate and borosilicate glasses, 

the viscosity is usually so high at temperatures below 400/500 ºC, that flow is 

considered not to occur [107]. 

The addition of alkali oxides (i.e. modifiers) to silicate glasses causes the 

occurrence of the inductive effect, in which charges are transferred throughout the 

Si-O-Si chain, causing a change of bond type at the end of the chain. The 

introduction of Na2O, for instance, causes two oxygen atoms to become non-

bridging, which are less polarised than bridging ones. As a result, their cloud of 

electrons is drawn closer to the silicon atom and distributed between the three 

remaining bridging oxygen atoms [117].  

The bond order between the non-bridging oxygen and silicon atoms 

increases, while that between the silicon atom and three other bridging oxygen 

atoms decreases, hence a re-distribution of charges of the bonds occur throughout 

the chain, compared to that in homogeneous silicon-oxygen networks. A viscosity 

decrease results, as the number of weakened Si-O bonds exceeds by several 

times the number of bonds broken (i.e. strengthened). This effect is less 

pronounced in phase-separated glasses, as the induction occurs at the interface 
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between the alkali-rich particles and silica-rich matrix, in which the inductive effect 

is significantly attenuated with increasing distance from the interface [117]. 

Despite this effect, viscosity changes are particularly pronounced in phase-

separated glasses when the two constituent phases exhibit distinct properties. As a 

rule, the morphology of the high-viscosity phase plays a major role in the glass 

viscosity. Interconnected high-viscosity phases determine the overall system 

viscosity, whereas when droplets are formed, the low-viscosity matrix prevails 

[117]. 

ii. Mechanical properties: 

Regarding the mechanical properties, glasses are considered as almost ideal 

elastic materials, as they behave according to Hooke’s law. The Young’s modulus 

of a glass can vary with composition, but is highly dependent on its structure [119]. 

Typical values for silicate glasses are in the range of 64 to 72 GPa, although an 

acceptable relationship between the Young’s modulus and the composition of the 

glass is difficult to establish due to the dependency of this property on the structure 

and surface conditions [107]. 

The rupture strength values also vary with composition, structure and internal 

stresses, and are highly dependent on the surface condition (where cracks initiate) 

of the glass articles, which often causes practical values to be lower than 

theoretical [119, 120]. The rupture strength depends also on the method employed 

for its measurement, which, in turn, is selected according to the application [107]. 
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iii. Thermal properties: 

Thermal expansion is one of the most important thermal properties of glasses. 

Raising temperatures cause the molecular vibration amplitude to expand, enlarging 

the spaces between the structural constituents, which results in dilatation or 

expansion of the material. The amount of expansion varies with glass chemical 

composition, and depends strongly on its thermal history. 

The coefficient of thermal expansion (CTE) is usually measured using a 

dilatometer. With an initial temperature increase, the glass expansion progresses 

linearly, (e.g. constant CTE), until the glass transition interval is reached, through 

which a non-linear behaviour is observed. From this point, the curve regains its 

linearity and the expansion progresses until softening starts (dilatometric softening 

point – Td), when contraction of the sample is observed due to the pressure 

exerted by the sample holder in the dilatometer. 

Variation of the CTE in the glass transition range depends strongly on the 

thermal history of the glass. This is explained by the fact that rapid cooling of the 

material from the melt produces a looser structure than slow cooling. This looser 

structure undergoes more severe changes in the CTE, as a result of the greater 

structural rearrangement necessary for the corresponding arrangement at the 

specific temperature to be achieved. 

The thermal expansion of glasses also depends on their network 

characteristics: the more cohesive the network the smaller the thermal expansion. 

Therefore, the introduction of modifying oxides into a silica glass causes an 
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increase in thermal expansion because of the discontinuities created in the silica 

tetrahedra network. This increase is higher with increased addition of the modifying 

oxide with lower field intensity [107]. 

iv. Optical properties: 

Glass transparency is the property of prime importance in the majority of its 

applications [121, 122]. It is directly dependant on the nature and local 

arrangement of the constituent atoms, which characterise the flexibility of glasses 

with respect to the variety of ions that can be incorporated into a silica network and 

the refractive indices yielded [122]. Glass transparency is characterised by the 

amount of light transmitted from an incident beam, considering the loss by 

reflection at the surface, refraction, absorption and scattering through the thickness 

of the glass [121].  

In order to be transparent, the material must be homogeneous at a scale 

comparable with the wavelength of light and have low absorption. Incident light 

should neither be absorbed nor scattered, so that high in-line transmittance occurs 

and, as a consequence, high optical transparency is obtained [4]. The presence of 

regions (e.g. secondary phases) which are large compared with the wavelength of 

light, leads to refraction, internal reflection at the boundaries between these 

regions and the matrix, i.e. scattering, or absorption. Transmittance losses occur 

as a consequence, and the material may become clouded or opaque [122]. Light 

interactions with the glass depend mainly on the radiation frequency, angle of 
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incidence, refractive index of the glass and surface condition [120, 121]. Rough 

surfaces reflect light in different directions, scattering the beam of parallel rays and 

producing diffuse reflection [121].  

Refraction occurs due to interactions of the electric field associated with the 

radiation and the outer electron shells of the material’s atoms. The phase’s velocity 

changes proportionally to the polarizability of the outer electrons, hence it depends 

also on composition and homogeneity of the glass. The anions present in a glass 

are more polarizable then cations, as they exhibit looser structures[121].  

Oxygen anions are in the middle of the sequence of polarizability, but its ionic 

refraction is affected by the polarizing influence of the modifying cations, as lower 

polarizability is associated with higher bond rigidity with silicon atoms. The addition 

of modifying atoms thus creates non-bridging oxygen, which exhibit higher 

polarizability and increases the concentration of modifying atoms. As a result, 

increased refractive index is observed. Increases in specific mass are also known 

to produce a similar effect [121]. 

Light transmittance in colourless glasses is limited mainly by absorption bands in 

the infra-red and ultra-violet regions, determined largely by the content of Fe2O3 

and FeO, respectively. However, optical transparencies of over 99 % can be 

observed throughout the visible spectrum, in optical glasses, achieved by the 

careful exclusion of impurities, especially iron. Window glass (soda-lime silicates) 
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commonly exhibits transparency of 85 to 90 %. Modern techniques employ sand of 

low iron content, approaching these values to that of optical quality glasses [120]. 

Absorption can occur if the light frequency and electrons are in perfect 

resonance. The radiant energy is thus converted into another type of energy upon 

interaction with the glass [121]. Minimum absorption is the first requirement for 

clear transparency[4], whereas a grey hue can be observed in materials with 

increased and inhomogeneous absorption[121]. Opacification can ultimately occur 

for significantly high absorptions, or the presence of compositional inhomogeneity, 

impurities, structural defects or colour centres that may interact with the radiation 

causing transmittance losses [120, 121]. Two major effects thus contribute to the 

absorption of light in a glass: true absorption, in which the energy of the light is 

converted into heat and scattering by particles which are smaller than the 

wavelength of the light [122]. 

Scattering can occur in the presence of microheterogeneous centres such as 

separated phases, nucleation, crystallisation[123], impurities or gas bubbles. It is 

defined as a change in propagation direction of radiant energy at the interface 

between phases of different refractive indices [121, 124], at the expense of the light 

transmitted in the forward direction (i.e. in-line transmittance) [122]. Transparency 

is strongly related with the light path, and scattered light needs longer times to 

pass through the material, which explains the optical effects observed as a result of 

scattering [125]. 



111 
 

Phase separation constitutes a source for microheterogeneous centres that can 

cause scattering of light. At the initial stages of phase separation, the centres are 

small with respect to the wavelength of light (e.g. < ), hence scatter is very poor 

and must be viewed as a diffraction phenomenon (Rayleigh scatter). As the 

separated phase nuclei grow, the scatter angle and intensity increase[121]. Tyndall 

scattering can occur when small crystallites precipitate in the glass and turbidity 

may result. If the crystals grow to larger sizes, strain can be caused around them 

due to differences in coefficient of expansion. The glass then becomes optically 

anisotropic and birefringence can be observed [123]. It can be perceptible from 

nuclei sizes of approximately 10 to 20 nm, and when this dimension exceeds 100 

nm, and their concentration is high, the glass becomes cloudy, and ultimately 

opaque if their size reaches approximately 1000 nm [121].  

The introduction of reinforcing phases is also expected to cause decreases in 

the light transmittance of glasses, depending on the optical properties of the 

reinforcing material, its size and content. In the ideal case, the refractive index of 

the reinforcing phase should be as close as possible as that of the matrix, to avoid 

transmittance loss. When the indices of refraction of the two materials are different, 

the difference in optical path may cause destructive interference, resulting in a 

transmission decrease. If the path difference is an integral of wavelength, then 

there is no destructive interference between the media and transmission peaks are 

observed [126, 127].  
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Naganuma and Kagawa [124, 128] showed that for an all-transparent composite 

system, i.e. where both matrix and particles exhibited similar (low) refractive 

indices and high light transmittance in the visible range, the matrix light 

transmittance decreases with increasing volume fraction of reinforcing 

particles[124, 128-132]. The increase in surface area of the particles introduced in 

the transparent matrix favours scattering, causing the decrease in light 

transmittance [124, 128]. 

In the case of nanometre-sized particles, however, light transmittance was 

observed to decrease with increasing particle size, up to dimensions comparable to 

the wavelength of visible light, starting to increase for particles of sizes greater than 

the wavelength [129]. For particles which are small compared to the wavelength of 

visible light, Rayleigh’s condition is satisfied, as described above, and there is little 

or no interaction with the light. For sizes comparable to the wavelength, the Tyndall 

effect occurs and the composites become clouded (Figure 5.3). In the case of 

dimensions greater than the wavelength, light can be transmitted through each 

particle as a monolithic material, although scattering occurs within the composite at 

the interface between the particles and matrix, due to the small difference in 

refractive indices [121]. 
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Figure 5.3: Effect of particle size of nanometre order glass particle-reinforced 
epoxy resin composites [129] 

If, on the other hand, the reinforcing phase consists of an opaque material, i.e. 

with refractive index greater than that of the glass matrix, then the absorption, 

reflection and refraction phenomena will be more pronounced [133], and greater 

transmittance losses can be caused by the shadow region introduced with the 

addition of reinforcements with low transmission (Figure 5.4) [3]. In this case, free 

matrix regions must be preserved to ensure light transmittance through the 

composite. This effect is explained into detail in section 5.4.4. 
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Figure 5.4: geometrical shadow region introduced by addition of opaque 
fibres in a transparent matrix [133] 

5.2.4 Glass sintering 

The driving force for sintering has its origin in the reduction of the total free 

energy of the system (GT), through changes associated with volume (GV), 

boundaries (Gb) and surfaces (GS) of the grains: 

GT = GV + Gb + GS Eq. 5.2 

The main driving force in conventional sintering is GS = SAS. In the case of 

glasses, viscous flow is the main mechanism of mass transport that acts 

throughout the process, and is produced by the driving force of surface tension 
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[134], as described by Frenkel [135]. In the initial stage, the contact (neck) between 

the particles grows according to the equation: 

t
a

x




2

32 

,
 Eq. 5.3 

where  is the radius of the neck in m,  is the radius of the particles in m,  is the 

surface tension of the material in N/m2,  its viscosity in Pa.s and  the sintering 

time in s. Cutler & Henrichsen [136] showed that the sintering time is shorter for 

irregular particles, compared to spheres. Irregular particles have sharper radii at 

the points of contact than spheres. Since the radius is inversely proportional to the 

rate of shrinkage, sharper contacts will result in higher rates of shrinkage [136].In 

the intermediate stage, shrinkage of spherical pores formed upon neck growth in 

the initial stage is proportional to S/ [135]. For silicate systems, the surface 

energy is not significantly altered with composition, besides being independent of 

temperature. Hence the sinterability of a glass powder is primarily determined by 

particle size and viscosity [93].  

Low viscosities imply high sinterability due to the higher rate of viscous flow, 

although gravity-induced flow then causes significant slumping. This effect can be 

avoided by using particles with smaller sizes and homogeneous distribution in the 

green compact. Irregular particles undergo a greater rate of rearrangement during 

the initial stage of sintering, as shear stresses are present, as opposed to the 

normal stresses that act on spherical particles. On the other hand, irregular 
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particles can exhibit shrinkage anisotropy, which may hinder dimensional control of 

the part. The heating rate is also an important parameter. High heating rates may 

result in a delay in densification, but might be required if the glass powder tends to 

crystallize easily [93]. 

5.2.5 Stress relief and annealing 

Cooling from the processing temperature to room temperature generates 

residual stresses in the glass piece as a result of the thermal gradient developed 

throughout the thicknesses of the section. This gradient has a parabolic form, as 

shown in Figure 5.5, where T is the total temperature difference.  

 

Figure 5.5: Distribution of temperature within a glass section during cooling 
at a constant rate [108]. 

The magnitude of these stresses is determined by the cooling rate, coefficient 

of thermal expansion of the glass and the thickness of the section involved. 

Residual stresses generated during the processing of a glass sample may impair 
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its mechanical properties, increasing its brittleness. In homogeneous glasses, 

residual stresses can be minimized by the controlled cooling from the processing 

temperature in an annealing operation. When the glass contains a second phase 

consisting of a material with different thermal properties (e.g. coefficient of thermal 

expansion), the stresses can only be reduced to a minimum level by slow cooling, 

and a further annealing treatment is necessary [137]. 

The concept of annealing in glasses refers to the release of the residual 

stresses developed in glass pieces during fabrication. The release of such stresses 

is brought about through viscous flow, which allows the particles to settle at 

average equilibrium positions that correspond to zero stress [138]. Adams & 

Williamson  [139] demonstrated that the rate of stress release at a constant 

temperature is proportional to the square of the stress (Eq. 5.4), i.e. residual 

stresses of greater magnitude decrease more rapidly than those of smaller 

magnitude.  

 Eq. 5.4 

Integration of Eq. 5.4 gives: 

, Eq. 5.5 

for the calculation of the change in stress during a finite time t, where  is the 

stress after interval t, 0 the original stress in psi, t is the time interval in s and A the 

annealing constant of the glass.  
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However, the annealing constant is not a property of the glass, but an empirical 

value that varies with the thermal history of the glass [139]. Lillie [138] showed that 

the annealing constant of glass pieces depends inversely on their viscosity, which 

depends on the thermal history of the glass. This explains the variation of the 

annealing constant and the consequent non-linearity of Eq. 5.5 [138].  

Hence the annealing temperature of a glass has been defined as the 

temperature at which the viscosity is 1013.4 P, at which most stresses are removed 

within 15 min of exposure [108]. 

This temperature gradient attempts to set up stresses, whose magnitude will be 

proportional to the difference between the temperature at that point in the section 

and the average temperature across the section. In the middle section 

compressive stresses tend to develop, while tensile stresses will act on the 

surfaces [140].  

At the annealing temperature, these stresses are relaxed by viscous 

deformation of the glass. However, these deformations become permanent as the 

temperature drops below the strain point, when the viscosity is too high to allow for 

viscous flow to occur. Consequently, when the equilibrium temperature is reached, 

the portions of stresses that had been relaxed at the annealing temperature 

reappear in reverse, i.e. tensile at the middle plane and compressive at the 

surfaces [139].  

For this reason, annealing schedules have been proposed, based on the 

thickness and CTE of the glass sections (Figure 5.6). The heating rates are 

basically limited by the need to avoid fracture. Cooling down to the strain point is 



119 
 

carried out slowly, to avoid formation of inverse stresses. Below this point, faster 

cooling is permissible since no further relaxation will occur which could result in the 

generation of permanent stresses. The stresses induced below this point are 

temporary and do not affect the residual stresses when the equilibrium temperature 

is reached [137]. 

 

C.T.E. 
(x10-7 °C-1) 

Thickness 
(mm) 

A B C D E 

Heating 
(°C/min) 

t 
(min) 

T 
(°C) 

Cooling 
rate 

(°C/min) 

Cooling 
rate 

(°C/min) 

Cooling 
rate 

(°C/min) 

33 

3.2 400 5 5 39 78 400 

6.3 130 15 10 12 24 130 

12.7 30 30 20 3 6 30 

50 

3.2 260 5 5 26 52 260 

6.3 85 15 10 8 16 85 

12.7 21 30 20 2 4 21 

90 

3.2 140 5 5 14 28 140 

6.3 50 15 10 4 8 50 

12.7 11 30 20 1 2 11 

Figure 5.6: Industrial annealing schedules for the production of glass articles 
[137]. 

Annealing periods: C – Initial cooling to a t (°C) below strain pt. 
A – Heating to 5 °C above annealing point D – Cooling (next 50 °C) 
B – Hold temperature for time t E – Final cooling 
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The strict use of schedules such as those shown in Figure 5.6 depends on the 

application of the glass product, which will determine the acceptable level of 

remaining residual stresses. This is a guideline for the annealing of general 

purpose glasses, but it is also applicable to GMCs. Glassware of complex shape 

requires more complete annealing than that of simple shapes, for which increased 

rates can be used. Optical glasses require extremely rigorous annealing 

treatments, with slower rates than those indicated in the table, so that optical 

birefringence effects are eliminated, besides stabilization at low temperatures to 

avoid changes in the refractive index [137]. 

A well-known method for calculating annealing schedules was developed by 

Corning Glass Works, based on experimental evidence. In this method, the 

annealing temperature range is between 5 °C above the annealing point and about 

50 °C lower than the strain point. The stabilisation time is given by:  

 Eq. 5.6 

where a is the sample thickness and t the relaxation time in minutes. The cooling is 

carried out at 3 different rates. The first cooling stage is determined between the 

relaxation temperature and the strain point minus 1.56  and is carried out at the 

rate , for thicknesses up to 4 mm, and  for thicknesses greater than 

4 mm. For items which are cooled asymmetrically, . In all cases, the 

second cooling rate is twice as fast as the initial one, and follows the cooling from 
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the initial stage until a temperature equivalent to the strain point minus 1.56  minus 

50 is reached. From that point to the equilibrium (room) temperature, the cooling 

rate is 10 times V1 [141]. 

In the case of GMCs, further residual stresses are introduced during cooling 

from the processing temperature, caused by the constraints imposed by the 

introduction of the reinforcing phase. These stresses are generated from the 

mismatch between the CTE of the reinforcing phase and matrix, and can be 

estimated using the expressions [142]: 

 Eq. 5.7 

 Eq. 5.8 

where S is thermally induced residual stress in the matrix (Sm) or fibre (Sf), αm and 

αf are matrix and fibre CTE, E is Young’s modulus of matrix (Em), fibre (Ef) and 

composite (Ec) and ΔT is the change in temperature. Temperature change (ΔT) is 

negative in cooling from processing temperature, hence the nature of residual 

stresses developed in the matrix and fibre depend on their CTE mismatch [142]. 

An accurate treatment of the relevant level of residual stresses developed in the 

composite depend, however, on the analysis of the triaxial stress-state around the 

fibres, which can be obtained using numerical approaches [142]. 

Chawla et al. [12] described the triaxial stress state in a SiC fibre/alumina 

matrix composite, where  =  for a temperature change of -1 ˚C, comparing the 
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values obtained for two different fibre contents, 5 and 35 % (Figure 5.7). Chawla’s 

calculation are in accordance with the expression shown above and estimates for 

the same system by Warren [142]. Moreover, it shows that fibre content exerts a 

more significant influence on the magnitude of axial stresses than the radial and 

tangential components, for fibre-reinforced composite systems [12]. 

 

Figure 5.7: Thermal residual stresses calculated for a SiC fibre/alumina 
matrix composite for a ΔT of -1 ˚C and fibre contents of (a) 5 % and (b) 35 % 

[12], showing uniform axial stresses, and significant greater influence of 
fibre content in axial stresses than in the radial and tangential components 

For a fibre-reinforced composite, if αf > αm, the axial tensile stresses induced in 

the fibres produce an overall net residual compressive stress in the matrix. If αf < 

αm, on the other hand, axial tensile stresses are induced in the matrix, which may 

result in matrix cracking. The former case is therefore desirable, in a moderate 

scale, as fibre contraction produces a tendency for it to pull away from the matrix 
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[13], favouring interface debonding and fibre sliding, hence facilitating fibre pullout 

[12]. 

Residual stresses induced in an alumina fibre (PRD-166) glass matrix 

composite illustrate well the case where αf > αm. The residual stresses induced in a 

PRD-166 alumina fibre/glass matrix composite, with   3 C-1 and a SnO2 

interface with  less than 1 C-1 lower than that of the matrix, were also determine 

by Chawla [12] (Figure 5.8). It was shown that tensile residual stresses are induced 

in the fibre only, while compressive axial and tangent stresses are induced in the 

matrix. The residual stresses built in a composite have significant effect in the 

composite’s interface sliding and matrix cracking stresses. The radial tensile 

stresses induced at the fibre/matrix interface, in this case, will encourage slippage 

and fibre-debonding, whereas the compressive stresses induced in the matrix help 

prevent severe matrix cracking. It is therefore desirable that moderate residual 

stresses are induced in the composite [12]. 
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Figure 5.8: Residual stresses calculated for a glass matrix composite 
reinforced with alumina (PRD-166) fibre, showing that for a system with αf > 

αm, tensile radial (a), tangent (b) and axial (c) stresses are induced in the 
fibre while compressive tangent (b) and axial (c) stresses are induced in the 

matrix. 

 

Calculation of stresses induced in a sapphire fibre-reinforced composite 

indicates that fibre roughness influences significantly in reducing the radial 

stresses at the fibre/matrix interface, as shown in Fig. 5.8 [12]. 

(a) (b) 

(c) 
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Figure 5.9: Thermal residual stresses in a sapphire fibre-reinforced glass 
matrix composite, showing radial stresses of lower magnitude acting at the 

fibre/matrix interface. 

It is difficult to eliminate thermal expansion mismatches in CMCs, which 

therefore must be used in a way to provide favourable conditions for optimal 

residual stresses to be formed. This can be achieved by selection of fibre and 

matrix constituents that exhibit low , but with f > m, as explained above [12]. In 

the case of GMCs, annealing routes such as described in this section thus 

represent an additional means to control and alleviate residual thermal stress 

induced during processing. 

The properties of GMCs will be discussed in Chapter 7, and the influence of 

residual stresses in the interfacial bonding will be considered in more detail. 
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5.3 Materials and methods 

For the preparation of optomechanical composites, two types of glasses and 

three different types of fibres were considered: borosilicate and soda-lime silicate 

glasses, and NextelTM, Saphikon and basalt fibres. These materials will be 

described in the following sections. 

5.3.1 Glass matrices 

5.3.1.1 Borosilicate glass matrix 

Borosilicate glasses were first made by introducing boric acid into flint (alkali 

lead borosilicate) glasses in the 18th century. Nowadays their production plays an 

important role in technical glass technology and is used in diverse applications, 

such as optical glasses, laboratory (heat and corrosion resistant) glassware and 

solder glasses [123], as well as for immobilisation of radioactive wastes [143]. 

Pyrex-type borosilicate glasses have high SiO2 content, and show tendency 

to phase separation. A compromise between minimum expansivity and maximum 

chemical resistance is normally made for typical commercial compositions, in 

which Al2O3 is added to control both phase separation and resistivity [123].  

Schott Borofloat 33 microscope slides are in the Pyrex-type compositional 

range, and were selected for the manufacture of the composites in this study. The 

choice of borosilicate glass was due to its high thermal capability, transparency, 

thermal shock resistance (due to its low CTE) and chemical stability [144]. The low 
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CTE is also favourable for use with fibres that exhibit higher CTE, so that 

compressive thermal stresses are developed in the matrix after composite 

processing [12]. The chemical composition and relevant properties of Borofloat 

33 are shown in Figure 5.10 and  

Table 5.2 respectively: 

 

Figure 5.10: Chemical composition of Borofloat 33, in wt. %[144]. 

 

Table 5.2: Thermal and mechanical properties of Borofloat 33 [144]. 

Density (g/cm3) 2.2 

Young’s Modulus (GPa) 64 

Bending Strength (MPa) 25 

CTE(x 10-6 K-1) (20 – 300 ºC)  3.25 

Melting Point (ºC) ~ 2200 

Softening Point (ºC) 820 

Annealing Temperature (ºC) 560 

Glass Transition Temperature (ºC) 525 

Refractive Index 1.47 
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In addition, phase separation and consequently crystallisation can occur at the 

rates and temperatures listed in Table 5.3, but is usually undesired as it may cause 

haze [123]. This information is relevant for the manufacturing of composites, as 

discussed in session 5.4.1.  

Table 5.3: Crystal growth rates for Borofloat® 33 as a function of temperature 
(courtesy of Schott Nexterion®, Jena, Germany). 

T (°C) Crystal growth (µm/h) 

650 - 

700 9,7 

750 17,5 

800 20 

850 26,8 

900 38 

950 27,7 

1000 9,3 

1025 3,4 

1050 - 

 

5.3.1.2 Soda-lime silicate glasses 

Soda-lime-silicate microscope slides were also used in combination with 

NextelTM, and sapphire fibres, but most importantly with basalt fibres, considering 

their lower thermal capability (see section 4.2.3). The main difference to the 

borosilicate glass is the chemical composition, with the soda-lime silicate glasses 

being alkali-alkaline earth-silicate glasses in the system Na2O-CaO-SiO2, while the 
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former contains boron oxide, which results in a lower CTE [108, 144, 145]. The 

composition and typical properties of soda-lime silicate glasses are listed in Table 

5.4. 

Table 5.4: Typical composition and main properties of soda-lime silicate 
glasses [108, 109]. 

Chemical composition (wt. %) 
72 SiO2, 14 Na2O, 11 CaO, 

1 MgO, 2 Al2O3 

Density (g/cm3) 2.4 

CTE (x 10-6 K-1) (20 – 300 ºC) 9.2 

Melting Point (ºC) 1600 

Softening Point (ºC) ~ 720 

Annealing Temperature (ºC) ~ 520 

Refractive Index 1.51 

Mean Bending Strength (MPa) 69 

Young’s Modulus (GPa) 69 

Fracture toughness (MPa√m) 0.7-0.8 

 

Moreover, the phase separation observed in alkali silicate glasses is 

suppressed in the soda-lime-silicate systems by the combination of the two binary 

systems. The competition for oxygen coordination causes the microphase droplets 

to get so small as to become invisible. In addition, the chemical resistance is 

increased by the addition of CaO [123]. 

The selection of soda-lime silicate glass slides was initially due to their greater 

thermal compatibility with the basalt fibres. These fibres are stable at temperatures 
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of up to 700 ºC (see section4.2.3), which is far below the softening point of the 

borosilicate glass (820 °C). The lower softening point of the soda-lime-silicate glass 

(720 °C) allowed the basalt fibre-reinforced composites to be produced at lower 

temperatures. Moreover, this type of glass was selected as it is the most commonly 

used glass in everyday applications (windows, packaging) and thus it is of great 

interest for the applications envisioned, such as safety windows, besides being an 

extremely low cost material compared to borosilicate glass. 

5.3.2 Composites fabrication: “sandwich structure” 

Fibre-reinforced GMCs were fabricated following the process introduced by 

Boccaccini et al.[19]. The fibres were manually “sandwiched” between microscope 

glass slides, and the glass slide-fibres-glass slide structure was subsequently 

submitted to a thermal treatment (Figure 5.11). During the thermal process, 

bonding of the glass slides occurs upon softening of the glass, which flows in-

between the fibres, avoiding transparency losses. Only limited deformation of the 

glass slide occurs if the heat treatment temperature and time are adequately 

selected. Flat composite sheets were easily obtained by this process. 
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Figure 5.11: Schematic diagram of the “sandwiched” samples configuration 
(after ref [7]). 

A series of composite samples was produced in the systems: A) borosilicate 

glass reinforced with NextelTM 610 fibres; B) borosilicate glass reinforced with 

NextelTM 312 fibres; C) borosilicate glass reinforced with sapphire fibres; and D) 

soda-lime-silicate glass reinforced with basalt fibres. Composites “A” were initially 

produced, in order to optimize the processing technique and parameters, followed 

by the production of composites in the systems B, C and D. The fibres were 

arranged unidirectionally between the glass slides, with periodical spacing between 

them, in order to retain sufficient fibre-free matrix area for minimal transparency 

loss due to the opacity of the reinforcing fibres. This “optical window” concept will 

be explained in detail in section 5.3.4.2. 

The processing temperature was initially chosen based on the properties of 

both the fibres and the glass matrices. Samples were produced by heat-treatment 

at temperatures above the matrices softening point, using a simple single-dwell 

heat-treatment. At a final stage during the design of the process, polyvinyl acetate 

(PVA) glue was employed as a binder, to facilitate configuration of the samples 
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with the fibres carefully aligned in parallel and with periodic spacing. In this case, 

an extra cleaning step was added to the heat-treatment schedule for the removal of 

the binder. 

Figure 5.12shows the general heat-treatment schedule employed for composite 

fabrication. The solid line represents the final double-dwell treatment selected, 

including the cleaning step for removal of the binder, whereas the dashed line 

indicates the initial single-dwell treatment employed. 

 

 
 

Figure 5.12: Schematic of general heat-treatment schedule for composite 
fabrication. 

Stainless steel plates were initially employed as supports for sample fabrication, 

with BN powder sprayed onto their surfaces to avoid the slides glass sticking to 

them. Oxidation of the metal trays was observed and the BN coating detached 

from the support’s surface and stuck to the slides. The support was then 

substituted by alumina trays, which were coated with a release agent [146] 
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produced from a mixture of alumina trihydrate and kaolin in the proportion of 3:2, 

respectively. This powder mixture was dispersed in water, in the proportion of 5:8 

parts, respectively. The resulting slurry was applied on the surface of the tray, and 

dried in an oven at 110 ºC. An image of the tray coated with the release agent is 

shown in Figure 5.13. 

 

 

Figure 5.13: Alumina tray coated with releasing agent to prevent the glasses 
from sticking onto the surface. 

The processing temperature, time and heating/cooling rates were varied and 

the optimal parameters selected upon observation of the resulting composites 

under SEM. Detailed description of the design of the processing route will be given 

in section 5.4, along with discussion of the results obtained and selection of the 

optimal processing conditions which led to “sandwich” type composites of highest 

structural quality. 

In this part of the investigation, SEM was the main characterisation tool 

employed besides visual inspection to assess the quality of the samples produced. 

23 mm 
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The composite slides produced using different heat-treatment parameters were 

inspected initially visually, where the optical transparency and surface 

characteristics were assessed. Cross-sectional samples were then examined 

under the SEM, to evaluate the bonding between the glass slides and infiltration of 

the fibre bundles by the matrix. The heat-treatment schedule that provided the 

optimum combination of complete bonding between the slides and optimum fibre 

bundle infiltration with minimal geometrical distortion of the slides was then 

selected for fabrication of the samples for characterising the composites 

optomechanical properties. 

5.3.3 Thermogravimetric analysis (TGA) 

TGA of the PVA glue used as a binder in the manufacture of composites was 

carried out in a Netzsch Jupiter STA 449C Thermal Balance. The analysis was 

carried out at up to 1000 ºC, with a heating rate of 10 ºC/min, and initial weight of 

approx. 20 mg. With the TGA curve, the temperature at which the glue is burnt out 

was determined. A heat-cleaning step was included at this temperature in the 

thermal treatment for composites manufacture, to ensure complete removal of the 

binder and prevent excessive porosity as a consequence of binder degradation.  

5.3.4 Preliminary characterization of composites produced 

Preliminary processing of samples was carried out and composites were 

produced at different temperatures. The processing route was determined by trial 
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and error, with each composite produced at the temperatures selected being 

analysed. Composite were observed visually and the transparency and flatness of 

the slides assessed. Bonding between the glass slides and matrix flow around the 

reinforcing fibres were assessed during microstructural analyses, as described in 

the following sessions. 

5.3.4.1 Microstructural characterization 

Approximately 5 mm wide samples were extracted from the centre part of the 

as-produced composites and observed under a JEOL JSM 840 scanning electron 

microscope (SEM), in order to assess the bonding between the glass slides and 

infiltration of the fibre bundles by the matrix. The samples were mounted onto 

aluminium stubs with carbon tags and the surface was sputtered with gold for 

improved electrical conductivity and to avoid charging leading to poor image 

quality. Secondary electron images (SEI) were obtained in the SEM, and the 

analysis of the images of the as-produced composites led to the selection of the 

optimal processing conditions for the fabrication of the transparent GMCs. 

X-ray diffraction analysis (XRD) was employed to confirm whether 

crystallization of the glass matrices occurred during heat-treatment for 

consolidation of the composites. A Philips PW1700 series automated powder 

diffractometer was used, with Cu Kα radiation. The analyses were carried out in the 

2 range from 10 to 90º, with a 0.04 step size and 1s per step. Glass matrix 

samples and composites were crushed into powder for the analysis, and spread 

onto a silicon holder surface in a mixture with acetone. The powder covered holder 
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was placed in the XRD chamber after evaporation of the acetone. The resulting 

diffraction patterns were identified based on the database of the Joint Committee 

on Powder Diffraction Data, of the International Center for Diffraction Data. 

5.3.4.2 Characterisation of optical transparency 

Preliminary analyses of the light transmittance of composites with different 

types of fibres and fibre spacing was performed. Basalt, NextelTM and sapphire 

fibre-reinforced composites were analysed and their light transmittance compared 

to assess the influence of the fibres opacity and colour on the resulting light 

transmittance of the composites.  

The composites total light transmittance was determined by spectrophotometry 

in a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. As-produced slides (i.e. 

unpolished) were analysed at this stage, reinforced unidirectionally with the fibres 

interspaced by 1, 2, 4 and 8 mm. Unreinforced blank slides were used as the 

reference measurement (100 % transmittance), to eliminate the noise produced by 

matrix irregularities and evaluate exclusively the influence of the fibres. The 

measurements were carried out in the visible wavelength range (400 to 700 nm), 

and perpendicular to the fibre plane. 

Dericioglu & Kagawa (2002) [3] described that the shadow area produced by 

the inclusion of opaque fibres (e.g. similar to wired glass) causes the absorption of 

light, and therefore the decrease in light transmittance of the transparent matrices. 

Light is thus transmitted in the composites through the free transparent matrix 

(“optical window”) area, and the composites total light transmittance (Tc*) is given 
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as a fraction of the matrix transmittance (TM), decreased by the fraction of shadow 

area in the composite (2Rf/ds) [3]: 
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1*

, Eq. 5.9 

where Rf is the fibre radius and ds the spacing between the fibres. The results 

obtained were compared with the values predicted by the model, to evaluate the 

validity of the equation for the systems investigated in the present research work. 

5.3.4.3 Microindentation 

Indentation experiments were carried out to evaluate the crack propagation 

behaviour at the fibre/matrix interface. A Vickers Zwick/Roell Indentec ZHV micro 

indenter was used for producing indentations, at different loads, on polished cross-

sectional samples, at regions near the fibre/matrix interfaces. Crack propagation 

behaviour was observed to identify any energy dissipation mechanisms such as 

crack deflection. 
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5.4 Results and discussion 

5.4.1 Borosilicate glass/NextelTM fibre composite systems 

Table 5.5 summarizes the different processing parameters used for the 

manufacture of borosilicate glass/NextelTM 312 fibre composites, and the 

respective sample code for identification. 

Table 5.5: Parameters used for manufacturing borosilicate glass/NextelTM 312 
fibre composites (“A”). 

Sample 
Heating 

rate 
(ºC/min) 

Cleaning 
step 

Tmax (ºC) Time (h) 
Cooling 

rate 
(ºC/min) 

A1 10 110 ºC/1 h 850 3 10 

A2 10 
110 ºC/1 h 
480 ºC/2 h 

850 3 10 

A3 10 - 850 6 10 

A4 10 - 850 12 10 

A5 10 - 850 12 3 

A6* 10 - 850 12 10 

A7* 10 - 850 12 10 

A8* 5 - 850 12 10 

A9* 5 - 850 12 10 

*Plain unreinforced glass slides 

 

After initial trials, a temperature of 850 ºC (just above the softening temperature 

of the glass, Tg = 820 ºC) was found to be effective in bonding the slides, without 

significant geometry loss. The fibres exhibit significant static electricity upon 
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removal of the polymeric sizing. Therefore, they were dipped in water to facilitate 

handling when aligned on the surface of the bottom glass slide. For that reason, a 

cleaning step at 110 ºC was used for the evaporation of the remnant water 

contained between the two glass slides (sample A1). The composite obtained was 

translucent, as shown in Figure 5.14. 

 

 

 

 

 

 

 

Figure 5.14: Composite A1, heat treated at 850 ºC, for 3 h demonstrating 
translucent properties. 

Figure 5.15 shows SEI/SEM images of a fracture surface from three different 

regions of the composite slides: (a) between two fibre bundles, where a completely 

bonded interface can be observed; (b) around a fibre bundle, which hinders 

complete bonding as observed in the free matrix region between the fibre bundles; 

(c) the fibre bundle at higher magnification, immersed in the composite, showing 

the outer fibres immersed in the glass matrix, indicating efficient viscous flow 
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around the filaments. However, regions within the bundle were not penetrated by 

the matrix and free inner filaments can be observed, which is undesirable. 

 

 

 

Figure 5.15: SEM images of the matrix/fibre interface of composite A1: a) 
region between two fibre bundles, b) region around a fibre bundle and c) 

fibre/matrix interface. 

A second cleaning step was introduced for removal of possible organic 

residues, at 480 ºC, for 2 h, for the processing of the second sample (sample A2, 

Figure 5.16 and Figure 5.17). 

 

Figure 5.16: Composite A2, heat treated at 850 ºC, for 3 h. 

(a) (b) (c) 

500µm 200µm 100µm 
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Figure 5.16 shows that sample A2 is translucent. Similarly to the previous 

sample, the glass slides were not completely bonded in the region around the 

fibres, as shown in Figure 5.17(a) and (b), despite the complete bonding between 

the glass slides throughout the fibre-free matrix areas. A longer processing time 

was thus used (6 h). The water originally used for handling the fibres was replaced 

by acetone, and the heating step at 110 ºC was no longer necessary. Moreover, 

since the second cleaning step at 480 ºC did not show any significant differences 

in the bonding between the slides, it was also disregarded, and the simplest heat-

treatment cycle of a single dwell was retained. The sample obtained was also 

nearly opaque, as shown in Figure 5.18.  

 

 

Figure 5.17: SEI/SEM images of the fibre/matrix interface of composite A2: 
region around the fibre bundle at low (a) and high magnification (b); and (c) 

detail of the fracture surface at the fibre/matrix interface, showing incomplete 
infiltration of the fibre bundles by the glass. 

The opacification of the composites resulted from the formation of white 

features at the surface of the original glass slides, i.e. at the composite slide’s 

surface and interface between the original glass slides. The shape and position of 

(a) (b) (c) 

500µm 100µm 50µm 
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these features indicated that either small crystallites had formed, or microcracking 

occurred. Closer observation of the slides edges indicated that the 6 h processing 

time was still not sufficient for the complete bonding of the slides. The separation 

between the slides is evident to the naked eye, as indicated in the circled area in 

Figure 5.18(b). 

 

 

Figure 5.18: (a) composite A3, heat treated at 850 ºC, for 6 h, (b) and detail of 
the poorly bonded edges. The composite is nearly opaque. 

An even longer processing time was thus employed (12 h), in an attempt to 

achieve densification without raising the temperature. Extremely low viscosity is to 

be avoided since gravity-induced slumping may occur [93], resulting in deformation 

of the slides. As mentioned above, the focus is on keeping the slide as flat as 

possible, to minimise final machining of the samples.  

The composite produced under this cycle (A4) was also translucent, with similar 

white features on the surface and at the interface between the two slides. Figure 

(a) 

(b) 

1 cm 
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5.19 shows a photograph of this composite. SEI/SEM images of the interface 

between the slides can be seen in Figure 5.20.  

 

Figure 5.19: Composite A4, heat treated at 850 ºC, for 12 h, showing poor 
transparency. 

SEM images show that the regions around the fibre bundles are denser than in 

the previous composites (Figure 5.20(a) and (b)). Rounding of the edges can be 

observed, suggesting that the time left at the temperature was long enough to 

allow viscous flow around the fibres. The outer fibres are completely embedded in 

the matrix, although inner fibres can still be found unbonded (Figure 5.20(c)). This 

indicates that, despite the satisfactory bonding between the glass slides, the 

viscosity was not high enough to ensure good bundle infiltration. 
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Figure 5.20: SEI/SEM images of the fibre/matrix interface of composite A4: (a) 
region between two fibre bundles, (b) region around a fibre bundle and (c) 

fibre/matrix interface and interior region of the fibre bundle. 

All samples produced via the route described exhibited poor transparency, and 

two hypotheses were considered to explain the opacification of the composites: the 

occurrence of i) microcracking during the thermal treatment or ii) matrix 

crystallisation as a result of the times at the processing temperature.  To 

investigate the former, an annealing step was introduced in the heat treatment 

programme (sample A5), besides a slower cooling, but this proved to have no 

effect on the appearance of the composites (Figure 5.21).  

 

Figure 5.21: Composite A5 – heat-treated at 850 ºC, for 12 h and annealed at 
560 ºC, for 30 min, showing lack of transparency. 

(a) (b) (c) 

100µm 100µm 20µm 
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Plain slides, i.e. with no reinforcement, were also processed under the same 

conditions, to verify the possibility of microcracking having been caused by residual 

thermal stresses induced by CTE differences between the fibres and the matrix. 

The conditions for the thermal treatment of plain slides are shown in Table 5.6. 

Four samples were produced with increasing annealing times. 

Table 5.6: Thermal treatment used for consolidating plain unreinforced glass 
slides 

Sample 
Heating 
(ºC/min) 

Tmax (ºC) Time (h) Annealing 
Cooling 
(ºC/min) 

A6* 10 850 12 560 ºC/0.25 h 10 
A7* 10 850 12 560 ºC/0.5 h 10 
A8* 5 850 12 560 ºC/1 h 10 
A9* 5 850 12 560 ºC/2 h 10 

 

 

All the plain glass slides became translucent after thermal treatment, and 

showed exactly the same appearance as the precious composites produced. The 

degree of translucency increased with the annealing time, suggesting that crystal 

growth occurred, since residual stresses would be expected to diminish with 

increasing annealing times. Figure 5.22 shows the four plain glass samples 

produced. 
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Figure 5.22: Plain unreinforced glass slides bonded together, from left to 
right: samples A6, A7, A8 and A9 (see Table 5.6 for heat treatment 

conditions) 

 

Thermal stress induced microcracking was, in fact, not expected to occur, 

considering the small CTEs difference between the fibres and matrix (3 and 3.25 x 

10-6 ºC-1 respectively). XRD analysis of the composites was then performed, in 

order to identify the second hypothesis considered: matrix crystallization. 

Figure 5.23 shows XRD of samples A4, A3 and A1,revealing the presence 

(metastable polymorph) cristobalite (JCPDS/ICDD Powder Diffraction File (PDF) 

number 77.1317), i.e. devitrification of the glass slides occurred upon thermal 

processing. 

 

1 cm 
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Figure 5.23: XRD from composite samples A4, A3 and A1. 

 

 

SEM observation of the composites interface suggests that surface 

crystallization occurs during the heat-treatment, as crystallites are present along 

the interface between the glass slides, i.e. at the original slide’s surface (Figure 

5.24). 
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Figure 5.24: Crystallization at the glass slides interface and detail of the 
crystals under higher magnification 

Information about crystal growth of this particular glass composition (Borofloat® 

33) was supplied by the manufacturer (Table 5.3, section 5.3.1). Crystal growth 

occurs upon phase separation, and, according to the data supplied, 850 ºC was 

one of the temperatures at which crystal growth occurs at the fastest rate. The 

pattern also shows increasing peak heights with increasing time. This suggests 

greater crystal growth upon longer exposures, explaining the decrease in 

transparency observed Figure 5.22. 

XRD of devitrified glasses may correspond closely but not completely to a 

known crystal. This can be due to the partial replacement of certain ions in the 

devitrified crystalline structure, by other ions with similar size and charge, giving 

rise to solid solutions, which modify the XRD spectra. It is beyond the scope of this 

20 µm 

200µm 
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work to investigate the crystallization of the matrix, since it causes its opacification 

and is, therefore, undesirable and to be avoided.  

The occurrence of crystal growth can, however, be explained by the occurrence 

of phase separation, which has been recognised as a precursor to crystal growth 

[108]. In the case of borosilicate glasses, crystallisation is further encouraged as 

the separated matrix is rich in silica, i.e. the stoichiometric composition of the 

amorphous phase is close to that of the ordered crystal to be formed [118] (see 

section 5.2.2). In this case, the work of nucleation is small, so the difference in 

surface tension is only conditioned by the energy gained on ordering an 

amorphous region to crystalline lattice [123]. 

Crystallisation has been previously observed in borosilicate glasses, where 

cristobalite crystals can form concurrently with densification, within a range of 

temperatures close to that indicated in Table 5.3 [147, 148]. Nakashima et. al.[147] 

demonstrated that crystallisation occurs in a temperature range following the range 

for phase separation (Figure 5.25). Above the upper temperature crystallisation is 

no longer observed and clear transparent glasses are obtained [147], as it is no 

longer energetically favourable for crystals to grow. The driving force for 

crystallisation is strongly dependant on temperature, hence sintering is favoured at 

temperatures above the range within which it is too high [148].  
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Figure 5.25: Time-temperature-transformation diagram for a borosilicate 
glass with similar composition to that of the glass investigated in the present 

work, showing the temperature range for crystallisation, which is close to 
that provided by the manufacturer (see Table 5.3, section 5.3.1.1) 

A new series of composites was then fabricated at higher temperatures to avoid 

crystal growth in the glass matrix and, consequently, opacification of the 

composites. A summary of the parameters used, and the respective sample 

identification codes is given in Table 5.7. 
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Table 5.7: Parameters used for manufacturing borosilicate glass/NextelTM 610 
fibre composites (“B”) 

Sample 
Heating rate 

(ºC/min) 
Tmax 
(ºC) 

Holding time 
at Tmax (h) 

Cooling rate 
(ºC/min) 

B1 20 1000 1 20 

B2 20 950 1 20 

B3 20 1000 0.5 20 

B4 20 1000 0.25 20 

B5 20 1000 0 20 

 

 

 

Complete optical transparency was observed in all composites produced via the 

conditions described above, despite the use of opaque fibres as reinforcement. 

This shows that the “optical window” concept described in section 5.3.4.2 can be 

exploited to obtain highly transparent GMCs reinforced with opaque NextelTM 

fibres. In addition, no crystal formation was visually observed, and greater 

slumping and consequent loss of slide geometry occurred as a result of the higher 

temperature employed for heat-treatment (Figure 5.26). 
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Figure 5.26: Composite B1, heat treated at 1000 ºC, for 1 h showing high 
transparency despite the use of opaque fibres. Shape distortion occurred 

after heat-treatment at higher temperatures. 

 

SEI/SEM images of the composites (Figure 5.27) show that good densification 

was obtained. Rounding of the glass edges around the fibres was observed (Figure 

5.27(a)), to a greater extent than in the previous composites, as a result of the 

lower viscosity achieved at the processing temperature employed (1000 °C). A 

greater number of filaments can be seen embedded in the matrix (Figure 5.27(b)), 

proving that infiltration of the fibre bundle was also enhanced by increased 

processing temperature. Several unbonded filaments are still present, however, 

suggesting that complete infiltration of the bundle cannot be achieved in the 

present system by simply increasing processing temperature.  
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Figure 5.27: SEM images of the matrix/fibre interface of composite B1: (a) 
region around a fibre bundle; (b) detail of the fibre/matrix interface; and (c) 

fibre/matrix interface at higher magnification 

A lower temperature (950 ºC) was also employed for comparison, which is 

within the limits of the crystal growth range, and the same holding time of 1 h. A 

composite obtained under these conditions is shown in Figure 5.28 (sample B2). 

The samples looked similar to the previous ones (B1) heat-treated at 1000 ºC, 

showing that the use of a lower temperature does not avoid slumping, and shape 

distortion still occurred.  

 

Figure 5.28: Composite B2, heat treated at 950 ºC, for 1 h, showing high 
transparency but shape distortion. 

(a) (b) (c) 

100µm 50µm 20µm 
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SEI/SEM images of the regions around the fibre bundles show high 

densification and the same effect mentioned previously: the outer filaments were 

adequately embedded in the glass matrix, while the inner ones have no interaction 

with the glass. Figure 5.29(a) shows one fibre bundle, where the free standing 

inner fibres were pulled out of the sample. Figure 5.29(b), on the other hand, 

shows a fibre bundle where the inner free standing fibres remain seen trapped 

among the outer ones, even though no interaction with the matrix was observed. 

 

 

Figure 5.29: SEI/SEM images of the matrix/fibre interface of composite B2, 
showing lack of infiltration of fibre tows by the glass matrix. (a) cavity left by 
the unbonded inner filaments and (b) unbonded inner filaments entrapped 

within the fibre tow despite the poor infiltration by the glass 

Based on these results, the temperature of 1000 ºC was maintained, and the 

influence of the holding time was assessed. Holding times of 30, 15 and 0 min 

were employed for the manufacture of samples B3, B4 and B5, respectively. All 

samples produced were completely transparent and dense, despite the shorter 

(a) (b) 
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holding time, except for sample B5. Figure 5.30 shows images of the three 

samples. 

 

Figure 5.30: Borosilicate glass/NextelTM 610 fibre composites showing high 
transparency: (a) B3, heat treated at 1000 ºC for 30 min; (b) B4, heat treated at 

1000 ºC for 15 min; and (c) B5, heat treated at 1000 ºC for 0 min, which 
exhibited little shape distortion but poor bonding. 

Figure 5.30(c) shows the composite produced by a thermal treatment at 1000 

°C with no dwell (composite B5), i.e. direct cooling from Tmax. Almost no slumping 

was observed, however the slides edges are still clearly visible, proving that a 

dwell at the processing temperature is always necessary independent of 

temperature or viscosity of the glass. SEM observation of composite B5 confirmed 

the poor bonding between the glass slides (Figure 5.31(a)), despite the evidence of 

interaction between the matrix and some outer filaments that can be found 

embedded in the matrix (Figure 5.31(b)). 

 

(a) (b) (c) 
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Figure 5.31: SEM images of the fibre/matrix interface of composite B5 
showing (a) lack of adequate bonding between the glass slides and (b) detail 

of the outer filaments embedded in the matrix. 

SEI/SEM images (Figure 5.32) of sample B3 (30 min holding time) showed a 

similar result to that observed previously, in which the outer fibres in the bundle 

were completely covered by the glass matrix, whereas some filaments from the 

inner part of the bundle remained unbonded. 

 

Figure 5.32: SEM images of matrix/fibre interface region of composite B3: a) 
region around a fibre bundle; and b) detail of some fibres strongly bonded to 

the matrix. 

(a) (b) 

(a) (b) 
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The use of a shorter holding time of 15 min (Figure 5.33 – sample B4) showed 

that good densification can be obtained with this thermal treatment. A good 

bonding between the slides was observed, as shown in Figure 5.33(a). Figure 

5.33(b) shows the region around the fibre bundle, where the glass matrix seems to 

have infiltrated it in a similar manner as observed with the previous processing 

parameters, i.e. outer filaments embedded in the matrix with unbonded inner 

filaments (Figure 5.33(c)). 

 

Figure 5.33: SEM images of the matrix/fibre interface of composite B4: a) 
region around a fibre bundle; b) detail of the fibre/matrix interface after 

fracture; and c) detail of the outer fibres strongly bonded to the glass matrix. 

As mentioned previously, the desizing of the fibres causes the filaments to 

separate from the original tow, and build-up of surface electrostatic charge. The 

latter causes difficulty in handling the fibres and configuring the composites, 

whereas the former causes further difficulty in the determination of the composites 

properties such as fibre volume content. With a varying filament count, the 

determination of the volume content of reinforcements is restricted to the 

determination of filament count per individual fibre tow, which besides being 

laborious and time consuming, introduces sources of errors in property 

(a) (b) (c) 
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calculations. To overcome this issue, several composites were produced with the 

as-received fibres, and a heat-cleaning step was introduced prior to the 

consolidation step, for the degradation of the polymeric layer, based on the results 

obtained from the TG analyses of the fibres (see section 4.4.2). 

A series of composites with greater number of fibres, separated by periodic 

spaces was then produced with as-received fibres, as it is the intended 

configuration of the optomechanical composites. Due to the significantly higher 

fibre content and small spacing, composite samples produced with a heat-

treatment time of 15 min were not completely dense, i.e. the glass matrix did not 

flow completely between the fibres, and some voids were observed between the 

fibre tows. A 30 min heat-treatment dwell was therefore selected as the most 

appropriate for the production of composites with periodically spaced fibres. 

Figure 5.34 shows a photograph of a NextelTM 610 fibre-reinforced borosilicate 

GMC with fibre spacing of 2 and 1 mm, produced at 1000 °C for 30 min with the in-

situ desizing. The composite is in the as-produced state, with no final machining. 

 

 

Figure 5.34: NextelTM 610 fibre-reinforced borosilicate GMC with 2 and 1 mm 
fibre spacing 

20 mm 

2 mm 1 mm 
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The samples produced with as-received fibres and the in-situ desizing exhibited 

a similar visual aspect to the samples obtained previously, with the advantage of 

having fibre tows of equal diameter and filament count. Figure 5.35 shows an SEM 

image of the region around the NextelTM 610 fibre. 

 

 

Figure 5.35: SEI/SEM image of a NextelTM 610 fibre tow in the borosilicate 
glass matrix, in the sample shown in Figure 5.34 

The image confirms that it was possible to reproduce the results obtained 

previously with in-situ desized fibres, even when a significantly higher fibre content 

was used, proving the suitability of the method for production of composites for 

enhanced mechanical properties.  

5.4.2 Borosilicate glass/sapphire fibre composite system 

A series of samples in the borosilicate glass/sapphire fibre system (samples 

“C”) was produced, firstly under the processing condition initially employed for the 
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manufacture of the NextelTM composite systems (850 ºC/12 h). Table 5.8 shows 

the parameters used for the manufacture of the samples.  

Table 5.8: Processing parameters used for fabricating borosilicate 
glass/sapphire fibre composites (“C”). 

Sample 
Heating 

rate 
(ºC/min) 

Cleaning 
step 

Tmax 

(ºC) 
Time at 
Tmax (h) 

Annealing 
Cooling 

rate 
(ºC/min) 

C1 10 - 850 12 - 10 

C2 10 300 ºC/5 h 850 12 - 10 

C3 10 300 ºC/5 h 850 12 560 ºC/3 h 10 

 

 

The same opacification effect observed for the NextelTM fibre-reinforced 

composites was also observed in this system, i.e. the glass matrix crystallised on 

processing. Figure 5.36 shows the photographs of the opaque composites 

obtained. The manual arrangement of the sapphire fibres was extremely laborious, 

and frequently sliding and misalignment occurred after sandwiching between the 

glass slides and before composite consolidation. PVA glue was used as a binder to 

aid composites configuration (samples C2 and C3 - Figure 5.36(b) and (c)), hence 

a cleaning step was introduced in the thermal treatment to remove the binder. The 

processing route of sample C3 (Figure 5.36(c)) also included an annealing step of 

3 h to investigate the opacification, as previously carried out for the NextelTM fibre-

reinforced composites. 
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Figure 5.36: Borosilicate glass/sapphire fibre composites, consolidated at 
850 ºC for: (a) 12 h  (C1); (b) 12 h (C2), heat cleaned at 300 ºC for 5 h; and (c) 

12 h, heat cleaned at 300 ºC for 5 h and annealed at 560 ºC for 3 h 

 

SEI/SEM images of the composites show the effective bonding between the 

glass slides, despite the apparent formation of crystals at the interface between 

them (Figure 5.37). 

 

 

 

Figure 5.37: SEI/SEM image of sapphire fibre-reinforced borosilicate glass 
composite showing crystallization at the interface between the glass slides 

(a) and a pulled-out sapphire fibre in the mid-section of the composite 
indicated by the circle in (b) 

(a) (b) (c) 

(a) (b) 

100µm 500µm 
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5.4.3 Soda-lime glass/basalt fibre composite system 

The processing temperature for this system is constrained by the temperature 

of application of the fibres (700 ºC). Table 5.9 summarizes the parameters used for 

processing these composites, and the respective sample identification codes. 

Table 5.9: Parameters used for manufacturing soda-lime glass silicate 
glass/basalt fibre composites (“D”). 

Sample 
Heating 

rate 
(°C/min) 

Cleaning 
step 

Tmax (°C) 
Time at 
Tmax (h) 

Cooling 
rate 

(°C/min) 

D1 10 - 680 24 10 

D2 10 - 680 48 10 

D3 10 - 700 39 10 

D4 10 - 750 39 10 

D5 20 - 800 0.25 20 

D6 20 - 850 0.25 20 

D7 20 - 900 0.25 20 

 

 

To preserve the fibres integrity, a temperature lower than 700 ºC was initially 

employed (680 ºC). A very long processing time, however, was necessary for the 

densification of the composites. Processing times of 24 and 48 h were used, and 

the composites obtained are shown in Figure 5.38 (composites D1 and D2, 

respectively). Similar to the NextelTM fibre-reinforced composites, exploiting the 

optical window concept explained in section high optical transparency was 

observed despite the opacity of basalt fibres. 
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Figure 5.38: Soda-lime glass/basalt fibre composites heat treated at 680 ºC 
for 24 (a) and 48 h (b), showing high transparency despite the long 

processing time 

Figure 5.39 shows SEM images of the composite D1, processed at 680 °C for 

24 h. Composite D2, processed at the same temperature for 48 h is shown in 

Figure 5.40. Very poor consolidation was observed in both cases (Figure 5.39(b) 

and Figure 5.40(a)), and limited bonding occurred between the slides (Figure 

5.39(a)), indicating that a higher temperature should be employed to obtain a low 

enough viscosity of the glass matrix that will allow for better densification and fibre 

bundle infiltration. 

 

Figure 5.39: SEI/SEM images of the fibre/matrix interface of composite D1: (a) 
dense region between two fibre bundles; (b) fibre bundle in the glass matrix; 
and (c) outer fibres bonded to the glass matrix and free standing inner fibres. 

(a) (b) 

(a) 

(a) (c) 

200µm 100µm 

100µm 
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Figure 5.40: SEI/SEM images of composite D2: (a) between two fibre bundles; 
(b) fibre bundle at higher magnification showing details of the outer fibres 

almost embedded in the matrix (circled) 

Despite the poor bonding between the glass slides, some of the outer fibres in 

the bundles were embedded in the matrix, as shown in Figure 5.39(c) and Figure 

5.40(b), marked with black circles. This effect was observed in both samples, 

therefore it is independent of processing time, indicating that the fibre and matrix 

are likely to have formed a strong bonding. 

Composite samples were then produced at 700 ºC, the temperature limit for 

application of the basalt fibres (composite D3, Figure 5.41). A long processing time 

was necessary again, despite the higher temperature used. Consecutive trials 

were carried out until satisfactory consolidation was obtained after 39 h, which 

resulted in dense and transparent composites (Figure 5.41). 

 

(a) 

(b) 

500µm 50µm 
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Figure 5.41: Soda-lime silicate glass/basalt fibre composite D3, heat-treated 
at 700 ºC for 39 h showing a highly transparent composite. 

Figure 5.42(a) and (b) show detailed SEI/SEM images of this composite. Some 

of the outer fibres in the bundles were embedded in the glass matrix (Figure 

5.42(c)), as observed previously in samples produced under lower temperature, 

despite the better densification around the fibre bundles (Figure 5.42(a) and (b)). A 

slight change in the visual aspect of the fibres (e.g. colour) was observed, 

indicating that there may have been some degradation of their properties with the 

long exposure to the high temperature. 
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Figure 5.42: SEI/SEM images of the matrix/fibre interface of composite D3: 
fracture surface around a fibre bundle at low (a) and high magnification (b); 

and c) strongly bonded fibres at the fibre/matrix interface. 

 

In a compromise between good densification and minimal damage to the 

reinforcing fibres, higher processing temperatures were used that would allow good 

composite densification to be obtained as well as minimization of the exposure of 

the fibres to high temperatures. 

The temperature of 750 ºC was firstly employed, with the same processing time 

of 39 h, for comparison between the parameters previously employed. This 

temperature is just above the softening point of the glass (720 ºC session 5.3.1.2), 

causing a higher degree of slumping and deformation of the slides (Figure 5.43), 

indicating that the viscosity was lower enough to allow for a shorter processing 

time. The significantly greater deformation of the glass slides, compared to the 

previous samples, is justified by the fact that the processing was carried out above 

the softening point. 

(a) (b) 
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Figure 5.43: Soda-lime glass/basalt fibre composite D4, heat treated at 750 ºC 
for 39 h showing increased shape distortion. 

SEM analysis of the composite showed, however, that complete infiltration of 

the fibre bundles was still not achieved (Figure 5.44(a)). A significant number of 

filaments remained embedded in the matrix (Figure 5.44(b)), reinforcing the idea 

that there is a strong chemical affinity between the glass matrix and basalt fibres. 

 

 

Figure 5.44: SEI/SEM images of composite D4: (a) region around a fibre 
bundle; (b) fibre/matrix region at higher magnification showing poor 

infiltration of the fibre bundle by the glass. 

(a) (b) 

100µm 10µm 
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That being considered, higher temperatures with extremely shorter times were 

expected to provide better densification and infiltration of the glass into the fibre 

bundles, due to the lower viscosity of the glass. Moreover, shorter exposure of the 

fibres to high temperatures could minimize possible damage to their properties. 

New composite samples were thus produced at 800 ºC, for 15 min (composite D5), 

which exhibited high transparency (despite the use of opaque fibres), and less 

shape distortion as a result of the shorter processing time (Figure 5.45) 

 

Figure 5.45: Soda-lime glass/basalt fibre composite D5, heat treated at 800 ºC 
for 15 min showing high transparency. 

 

SEI/SEM images of composite D5 are shown in Figure 5.46. The resulting 

fibre/matrix interaction was very similar to that in compositesD3 and D4 (Figure 

5.46(b) and (c)), although enhanced bonding was observed between the fibre 

bundles (Figure 5.46(a)). 
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Figure 5.46: SEM images of the matrix/fibre interface of composite D5: a) 
region between two fibre bundles; b) region around a fibre bundle and c) 

bonded fibres to the glass matrix. 

 

Temperatures of 850 and 900 ºC were then employed, which resulted also in 

highly transparent and dense composites, shown in Figure 5.47(a) and (b), 

respectively. Significantly higher slumping occurred during processing at 900 ºC, 

as expected, resulting in a higher loss of the slides geometry and flatness. 

 

 

Figure 5.47: soda-lime silicate glass/basalt fibre composites processed at (a) 
850 °C and (b) 900 ºC, both  for 15 min 

(c) 

(b) (a) 

500µm 100µm 20µm 

(a) (b) 
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Enhanced glass flow resulted in better densification around the fibre bundles, 

for both processing temperatures, as shown in Figure 5.48(a) and Figure 5.49(a). A 

significant number of the outer filaments can be seen embedded the matrix (Figure 

5.48(b) and Figure 5.49(b)), which was expected since it had been observed at 

lower temperatures.  

 

 

 

 

 

Figure 5.48: SEI/SEM images of composite D6: (a) region around a fibre 
bundle and (b) higher magnification image of outer filaments embedded in 

the glass matrix. 

 

Figure 5.49: SEI/SEM images of composite D7: (a) region around a fibre 
bundle and (b) higher magnification image showing the outer filaments 

embedded in the glass matrix. 

(a) (b) 

(a) (b) 
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5.4.4 Preliminary analysis of composites produced: light transmittance and 

crack propagation path 

Composites reinforced with basalt and NextelTM fibres exhibited similar light 

transmittance behaviour, as shown in Figure 5.50, where nearly constant light 

transmittance is observed throughout the visible wavelength range of the spectrum.  

Composites with 8 mm fibre spacing showed lower light transmittance than that 

of components with smaller spacing or greater shadow area, contrary to what was 

expected. This behaviour indicates that the difference in shadow area introduced at 

each fibre content is relatively small, so that the presence of other scattering 

effects such as defects and irregularities in the matrix predominate, determining to 

a large extent the light transmittance of the composite, irrespective of the fibre 

content and spacing. 

 

Figure 5.50: UV light transmittance of basalt and NextelTM fibre-reinforced 
soda-lime silicate glass composites, normalized by the measurement in 

relation to the unreinforced blank slides (matrix) processed under the same 
conditions as the composites 

Basalt fibre composites NextelTM fibre composites 
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Figure 5.51 shows the average light transmittance of the same composites 

plotted against fibre spacing. The dashed line represents the theoretical values 

calculated with Eq. 5.9 (section 5.3.4.2), from the measured matrix light 

transmittance. The calculated curve showed power law function behaviour, 

predicting that dependence of the composites transmittance upon the amount of 

free matrix area is more pronounced at lower fibre spacings. The composites 

behaved according to the prediction, which is favourable for the enhancement of 

mechanical properties while remaining optimal light transmittance. Optimisation of 

the composite microstructure should contemplate incorporating the maximum fibre 

content possible that does not affect dramatically the light transmittance of the 

matrix.  
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Figure 5.51: Basalt and NextelTM fibre-reinforced soda-lime silicate glass 
normalised transmittance (Tc/Tm), compared to the theoretical light 

transmittance (dashed line), calculated using Eq. 5.9 [3] 

The similar transmittance behaviour of both composite systems confirms that 

the decrease in light transmittance is independent of the nature and intrinsic light 

transmittance behaviour of the fibres, as long as they consist of opaque material, 

as predicted by Dericioglu & Kagawa [3]. Furthermore, the differences observed 

between the values measured for the composites compared to the theoretical 

prediction are attributed to the presence of imperfections in the matrix. 

Imperfections such as irregularities, microcracks or residual porosity increase light 

scattering, which consequently decreases the transmitted light intensity. 

The observation of the crack propagation path produced by indentation 

provided a qualitative assessment of the behaviour of cracks when approaching 
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the fibre/matrix interface, which is one of the most important aspects of fibre-

reinforced ceramics, in relation to toughening mechanisms (see Chapter 7) [13]. 

Figure 5.52(a) shows Vickers microindentations produced on a NextelTM 610 fibre-

reinforced soda-lime silicate GMC. Indentation cracks occurred at loads above 300 

g. Spalling starts to occur with loads above 500 g (Figure 5.52(b)). 

 

 

 

Figure 5.52: Vickers indentations and respective loads on a NextelTM 610 
fibre-reinforced soda-lime silicate GMC (a) and spalling caused by 

indentation with loads above 500 g (b) 

Cracks produced with up to 500 g are found to be deflected at the fibre/matrix 

interface. Figure 5.53 shows an example of this type of behaviour. Indentation 

cracks on the soda-lime silicate matrix deflect when the interface with the NextelTM 

fibres is reached, indicating the potential of the composite system to exhibit energy 

dissipating mechanisms for toughening. 

 

500 g 

1 kg 

25 g 50 g 
100 g 200 g 

300 g 

50 m 100 m (b) (a) 
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Figure 5.53: Indentation cracks on NextelTM fibre-reinforced soda-lime silicate 
glass composite produced with a load of 500 g, showing evidence of crack 

deflection at the fibre/matrix interface 

The same effect was observed in borosilicate GMCs reinforced with NextelTM 

fibres. Indentation cracks were produced at loads higher than 500 g, whereas 1 kg 

indentations were seen to cause spalling (Figure 5.54(a)). Cracks were deflected at 

the fibre/matrix interface, however, as shown in Figure 5.54(b). 

 

 

Figure 5.54: Microindentation on borosilicate glass NextelTM fibre composite 
at 1 kg and 500 g (marked by arrows) (a) and crack deflection at the 

fibre/matrix interface (b) 
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In the case of sapphire fibre-reinforced composites, the indentation size was 

small compared to the fibre diameter, therefore cracks were produced both by 

micro and macroindentation (Figure 5.55).  

 

Figure 5.55: Micro (a) and macroindentation (b) (marked by arrows) on 
sapphire fibre-reinforced borosilicate GMCs and respective indentation 
loads, illustrating the size of indentation compared to the fibre diameter 

Figure 5.56 shows an indentation crack produced in a sapphire fibre-reinforced 

borosilicate glass GMC using a load of 3 kg. Crack deflection occurs even at higher 

indentation loads, as a result of the greater diameter of the fibre, indicating the 

strong potential of the sapphire fibres to enhance the composites toughness. 

 

Figure 5.56: Reflected light image (a) of a 3 kg indentation crack deflected at 
the fibre/matrix interface of a sapphire fibre-reinforced borosilicate GMC. The 

transmitted light image (b) discloses the crack path more clearly 
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5.5 Conclusions 

Preliminary investigation of the manufacturing route confirmed that the 

proposed processing method is efficient and reliable in the production of 

transparent GMCs. The pressureless heat-treatment of the “sandwich” structures 

provides the appropriate conditions for glass flow to occur, leading, under optimal 

conditions, to the complete consolidation of the glass composites. As mentioned 

previously, the experiments described in this section were focused on optimization 

of the thermal process, and primarily concerned with the behaviour of the glass 

matrix during composite processing, to develop well-bonded, dense composites 

with the highest possible optical transparency. 

For the systems consisting of borosilicate glass and NextelTM or sapphire fibres, 

a processing temperature of 1000 ºC and holding time of 30 min, with a heat-

cleaning step prior to the consolidating step, at 350 °C for 1 h, proved to be optimal 

to manufacture transparent GMCs with unidirectionally-aligned reinforcing fibres. 

Excellent bonding between the matrix slides was obtained with the heat-treatment 

schedule selected, which provided the appropriate conditions for the glass to flow 

around the fibre bundles and consolidate the composite.  

A thermal treatment at 850 ºC for 15 min was selected as the most appropriate 

for the soda-lime silicate glass-based composites. Basalt fibres were used as 

reinforcement in this case, in order to evaluate their behaviour during composite 

manufacture considering their lower thermal capability compared to NextelTM or 
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sapphire fibres used. The in-situ desizing was not employed, in this case, but can 

be added to the thermal cycle when desirable. 

Considering that the optical behaviour of the composite is not influenced 

significantly by the intrinsic optical characteristics of the fibres, besides the lower 

thermal stability of basalt fibres, the NextelTM 610 and sapphire fibres were 

considered the most appropriate reinforcements for the fabrication of 

optomechanical glass composites. Similarly, investigation of composite systems 

containing the NextelTM 312 fibres was not taken further due to the lower thermal 

stability of these fibres compared to that of NextelTM 610 fibres. Moreover, the 610 

series is of ceramic and metal composite grade and therefore exhibits appropriate 

properties for composite manufacture, having been used extensively in CMCs (see 

section 2.4). 

A detailed characterisation was thus carried out of composite systems 

comprising the combination of NextelTM 610 or sapphire fibres with soda-lime 

silicate and borosilicate glass slides, which were the composite systems selected 

to be developed and characterised in this research project. The processing 

parameters selected and optimised in this study were employed for the fabrication 

of samples for further analysis of optical and mechanical properties, which will be 

described in the chapters to follow. 
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6 Development of fibre/matrix interface 

6.1 Introduction 

Incorporation of an intermediate layer (e.g. coating) between fibre and matrix is 

an effective approach for preventing chemical reactions between fibre and matrix 

during composite fabrication. This is particularly relevant in the alumina/silica 

system, in which various intermediate compounds can be formed, and 

consequently a strong fibre/matrix interfacial bond can develop [12]. 

Several processes have been employed for depositing coatings on fibre 

surfaces, as described in Chapter 2. The sol-gel process in particular has been the 

focus of research as a method for depositing of thin layers (in the order of 1 µm) 

[149], more recently of fibre coating layers, for which the dip-coating method has 

been employed [150]. It is a relatively simple technique, which allows the formation 

of oxide materials at relatively low temperatures compared to conventional 

techniques. 

In the following sections, the development of a sol-gel dip-coating route for the 

deposition of tetragonal zirconia on NextelTM fibres will be described. The analysis 

of the sol-gel method and synthesis of the material will be described initially, 

followed by a description of design of the dip-coating method and analysis of 

coated fibres. 
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6.2 Fibre/matrix interfaces 

Control of the fibre/matrix interface is of extreme importance for obtaining tough 

ceramic composites. The importance of the interface in a CMC is attributed to the 

fact that it occupies an extremely large area of the composites, besides the fact 

that the matrix and reinforcement form a system that is not in thermodynamic 

equilibrium [13].  

Figure 6.1 shows schematically the failure of fibre-reinforced CMCs. It 

illustrates how weak fibre/matrix interfaces can deflect cracks propagating in the 

matrix, in a direction perpendicular to the original propagation, allowing extra 

expenditure of energy, resulting in toughening of the composite [12]. Interface 

debonding, crack bridging by fibres and fibre pullout are other energy dissipating 

processes that occur upon crack deflection. Composites with strongly bonded 

interfaces, on the other hand, exhibit a low-energy fracture process, not unlike the 

monolithic ceramic [105]. 
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Figure 6.1: Failure mode and crack propagation in CMCs with strong or weak 
interfacial bonding [12] 

The fibres must be bonded to the matrix, as a continuous medium, so that 

material integrity is ensured. Crack deviation must occur to avoid fibre failure, but 

once it has occurred, efficient load transfer through the interfaces is required, so 

that the load is still carried by the matrix [14]. The magnitude of the interfacial 

shear strength and the frictional stress plays an essential role in the degree of 

toughening obtained on the introducing a fibre reinforcement into a brittle matrix 

[151].  

Cook and Gordon [8] estimated that for fibre/matrix systems where both 

components have identical elastic constants, the critical interfacial adhesion is 

approximately 1/5 of the main stress component at the crack tip. For interfaces with 

higher strength, the material fails like a homogeneous brittle solid. On the other 

hand, negligible interfacial strength results in composite materials of excessively 
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low strengths (e.g. talc or graphite). Finally, when the interfacial bonding strength is 

in the appropriate range, increased energy of fracture can be achieved [8], and 

composites with excellent mechanical properties are obtained [13]. 

Mechanical or chemical bonds can occur at the interface. Mechanical bonds 

results from thermally-induced residual stresses and local roughness effects, while 

chemical bonds are inherent of the composite constituent materials and their 

chemical affinities. The strength of the former is lower than that of the latter [14], 

thus mechanical bonds are important in CMCs, since weak interfacial bonds allow 

energy dissipating processes to occur as mentioned above [12]. 

Mechanical bonding originates on cooling of the composite from the processing 

temperature. Higher matrix shrinkage (i.e. caused by the CTE mismatch between 

fibre and matrix) results in the gripping of the fibre by the matrix. Moreover, 

penetration of the crevices on the fibre surface by the matrix (e.g. by viscous flow) 

can also lead to increased mechanical bonding via the interlocking effect. This 

radial gripping stress (r) is related to the interfacial shear stress (i) by the 

following equation [12]: 

 

 Eq. 6.1 

 

where is the coefficient of friction acting between the fibre and the matrix. Figure 

6.2 shows schematically the two stresses acting at an interface. 
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Figure 6.2: Interfacial stresses acting on a mechanically bonded fibre/matrix 
interface in fibre-reinforced composites [12] 

Chemical bonding occurs in some composite systems, resulting in a reaction 

zone, with solid solution or compound formation. The reactions involve atomic or 

molecular transport by diffusional processes. The thickness (x) of the reaction zone 

depends on the diffusivity (D) and time (t) [12]:  

. Eq. 6.2 

Such chemical reaction zones increase the interfacial bonding strength in the 

composite [12]. Especially in the case of oxide-oxide composites, the fibre/matrix 

bonding is found to be significantly higher than that for conventional carbon or SiC 

fibre-reinforced composites [15]. The introduction of an interphase or coating, i.e. a 

thin layer of material bonded to the fibre and the matrix, can allow this limitation to 

be overcome by preventing formation of chemical reaction zones at the interface 

[14].  

Fibre Matrix 
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Processing of CMCs often involves exposure at high temperatures. Since 

diffusivity increases exponentially with temperature, interfacial layers may be 

formed in what is known as reaction or interdiffusional bonding [13]. On the 

contrary to the effect of the formation of chemical bonding at the interface, the 

formation of interfacial layers is not necessarily detrimental to the composite 

properties, since, in some cases, weak and compliant interfaces may be formed, 

which facilitate the occurrence of toughening mechanisms, e.g. in carbon or SiC 

fibre-reinforced composites [15]. 
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6.3 Coatings and considerations for interface material selection 

Incorporation of an intermediate layer (e.g. coating) between fibre and matrix is 

an effective approach to prevent chemical reactions from occurring at the interface 

during composite fabrication. This is particularly relevant in the alumina/silica 

system, in which various intermediate compounds can be formed, leading to a 

strong chemical bonding at the fibre/matrix interface [12]. The main materials that 

have been employed as interfacial layers in oxide-oxide composites are C, BN, 

SnO2, LaPO4 (monazite) and ZrO2[105].  

Interfacial coatings can aid in the toughening of composites, via different 

mechanisms and they have been classified into five main groups, according to the 

mechanism. Common to all types of coatings, chemical reactions are undesirable 

since they increase the magnitude of the bonding strength, as explained previously 

[152]. The different types of coatings are: 

- Low toughness coatings with easy cleavage planes, such as carbon or 

boron nitride 

- Fugitive coatings 

- Porous coatings 

- Coatings involving volume change 

- Segregation coatings 

Most CMCs rely on the relative weakness and compliance of carbon coatings 

either deposited on the fibres or formed from in-situ decomposition of the fibre 
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during processing for crack deflection [153]. Carbon coatings can be readily 

deposited by chemical vapour deposition (CVD) [74], and carbon was one of the 

first materials chosen, based on the excellent properties obtained with the use of 

SiC reinforcing fibres in CMC’s, due to formation of a carbon-rich layer upon 

degradation of the fibre at elevated temperatures [153]. Carbon coatings have also 

been deposited by the pyrolysis of previously-deposited carbon-containing 

materials, although deterioration of the reinforcing fibres can occur due to the high 

temperatures employed in the coating process [74]. 

Carbon exhibits easy cleavage planes, providing favourable fracture behaviour 

when used as the interface material for enhancing the toughness of the composites 

[154]. The major drawback of carbon, however, is its low oxidation resistance, 

which makes it unsuitable as a coating in oxide-oxide composites, which are 

intrinsically oxidation resistant [105]. At temperatures above 1000 °C, a SiO2 layer 

is formed which is self-sealing as it prevents the access of oxygen to the interface. 

On the other hand, when exposed to intermediate temperatures (700 to 900 °C), 

uninterrupted oxidation causes significant fibre strength losses [153].  

Oxidation of the carbon layer has also been found to feed the chemical reaction 

between SiC fibres and borosilicate glass matrices. The solid reaction products 

formed increase the bonding along the interface and consequently the interfacial 

shear strength [151]. Moreover, the presence of a carbon interface may 

contaminate the transparent matrix causing its blackening and consequently 

opacification [74]. 
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The use of fugitive carbon and molybdenum coatings was investigated by Davis 

et al. [155]. The purpose of this type of coating is to manipulate the sliding 

resistance by controlling the thickness of the coating and the resulting gap between 

fibre and matrix left upon its degradation. Fibre strength losses were observed, as 

a result of chemical reaction between coating and fibre during the coating process, 

in the case of carbon coatings. Mo coated fibres formed of ridges on the fibre 

surface, due to surface and interface diffusion, which caused stress intensification 

during loading, and consequently decreased fibre strength. 

Several other types of materials have been deposited by CVD, e.g. BN [24, 82, 

91, 156, 157], SnO2 [82, 156-158], and TiO2 [24]. Coating layers ranging from 40 

nm [82] to 2 m [159] have been reported, although the process remains in the 

developmental stage [153]. 

6.3.1 Coatings for oxide fibre/GMC systems 

Glass composites reinforced with CVD BN-coated NextelTM 440 fibres showed 

enhanced fracture behaviour (quasi-ductile) and fracture strength, as a result of 

fibre pull-out [24, 82]. BN has also been used as a coating for SiC fibres [91, 160, 

161]. In all cases the BN layer provided the interface to facilitate fibre pull-out and 

to improve flexural strength. Moreover, the BN coating protects the fibres from 

being damaged on processing [160]. On the other hand, it was observed that the 

gases used during the CVD/CVI deposition of BN can degrade the fibre surfaces, 

impairing their reinforcing potential [161]. 
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The BN layers also react with some types of glasses. Incorporation of a BN 

coating layer in a Schott 756 GMC resulted in formation of micro and nanobubbles, 

which decreased the composite’s transparency [24]. For this reason, Hülsenberg et 

al.[24] deposited a TiO2 layer onto the BN coating. The TiO2 layer reacted 

chemically with the matrix, forming a strong bond. It did not react with the BN layer, 

however, providing the weak interface for debonding and pull-out to occur [24]. 

Nevertheless, similar to carbon, BN exhibits poorer oxidation resistance than usual 

candidate oxide fibres and matrices [153]. 

Chawla et al. (2000) [105] presented a comprehensive review on interface 

materials employed in CMC’s. Only two GMC materials, however, were 

considered, where SnO2 was used as the interfacial material in Al2O3fibre-

reinforced borosilicate glasses. PRD-166 Al2O3 and Saphikon sapphire fibres 

were employed, both coated with SnO2 by CVD [162]. The coating layer provided 

the diffusion barrier intended and it was also shown that the residual stresses due 

to thermal expansion mismatch exhibited favourable distribution to the mechanical 

properties of the composites.  

A preliminary study of the composite system had shown that crack deflection 

and secondary cracking occurred upon bending and diametral compression of 

Al2O3/SnO2/glass laminates and discs, respectively, confirming the weakness of 

the interface [159]. In the case of the PRD fibres, however, an increased 

roughness resulted in a large induced radial clamping stress, which consequently 
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inhibited fibre pull-out. The smoother Saphikon fibres showed greater fibre pull-out, 

proving the effect of the roughness on the toughening of the composite [163].  

The influence of the same coating and a BN coating on NextelTM 480 fibres in a 

GMC has also been investigated [156]. Composites withSnO2at the interface 

showed 3-point bend strength increases of 30 % compared to those of the 

composites with uncoated fibres, whereas composites with BN at the interface 

exhibited 15 % increase in strength. On the other hand, fracture toughness was 

only improved in the BN-containing composite. The value was twice as high as that 

of the composite with uncoated fibres, indicating formation of a weak interface, 

compared to the brittle behaviour of the SnO2-containing composites.  

In a later study [157], reaction products were found between the SnO2 coating 

and the SiO2 present in the fibre, which was believed to cause degradation of the 

fibres, enhancing their separation from the matrix. As a result, lower Young’s 

modulus was measured for the composites with coated fibres, compared to the 

same composite with uncoated fibres. The same effect was observed with the BN 

coating, except for the thickest layer (0.3 m), for which essentially equal moduli 

were measured compared to the uncoated fibre composite [157]. 

Recent experiments with SnO2 coatings on alumina fibres [82] show that the 

diffusion of Sn-ions into the glass matrix can occur during hot-pressing, resulting in 

a strongly-bonded fibre and limited crack-deflection and fibre pull-out. Another 

disadvantage of this oxide is the high temperature required for its deposition, which 
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can result in degradation of the fibre properties, depending on the reinforcing fibre 

selected [82]. 

The use of oxides as coating layers in all oxide composite systems is a more 

oxidation-resistant alternative to carbon and BN, where effective characteristic 

composite fracture and properties for enhanced toughness have been observed for 

several systems [153]. Several authors investigated the use of monazite (LaPO4) 

as an interphase for Al2O3 composites [160, 164-166]. Rare-earth and alkaline 

earth phosphates, tungstates and vanadates generally bond weakly and have 

therefore been investigated as weak interfaces in composite systems [167]. LaPO4 

is a refractory compound hence the most thoroughly investigated interface 

compound in oxide-oxide composites. The major difficulty encountered is the 

elevated temperatures required for heat treatment of monazite, which degrades the 

properties of NextelTM 610 and 720 fibres [166]. However, these oxide interfaces 

have not been investigated in GMC systems. 

Coating techniques that employ a liquid phase have been used extensively for 

the deposition of oxides layers [19, 20, 22, 23]. The precursor liquid containing the 

coating material can easily infiltrate fibre bundles and coat all the filaments, which 

can be done at room temperature, avoiding long exposures at high temperatures 

and consequently thermal damage to the reinforcing fibres. 

Davis et al. developed a slurry process for coating NextelTM fibres with La-

monazite where no high temperature degradation was observed. The degradation, 

in this case, was attributed to the low pH of the solution [165]. Adjustment of the pH 

resulted in increased retained strength. Moreover, it was shown that addition of 
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Al2O3 powder to the monazite precursor draws the coating liquid to the fibre 

surface, preventing fibre bridging normally observed in liquid precursor coating 

methods, as shown in Figure 6.3, and resulting in a porous composite containing 

La-monazite homogeneously coated fibres.  

 
Figure 6.3: Monazite coating from precursor solution in higher (a) and lower 

(b) concentrations, showing fibre bridging due to the accumulation of 
solution at the fibre contacts due to capillary forces. Dispersed monazite 

grains in a mixed monazite/alumina powder coating (c) and the 
homogeneous monazite layer formed upon alumina powder addition to the 
monazite precursor (d). The alumina grains provide a network of particle-
fibre contacts that draws the liquid around the fibre surfaces, forming a 

homogeneous monazite coating layer. 

(a) (b) 

(d) (c) 
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Damage-tolerant behaviour was observed for the porous composites obtained, 

both with NextelTM 440 [165] and NextelTM 610 [164] fibres, which was attributed to 

fibre pull-out and debonding facilitated by the porous matrix. Fully dense sapphire 

fibre/LaPO4 composites were produced by hot-pressing and exhibited potential for 

enhanced toughness [164].  

Analysis of the tensile strength of monofilament sapphire fibre-reinforced 

alumina composites with monazite interfaces, however, showed that there is no 

significant improvement in strength on introducing of either of the coatings, except 

for a higher Weibull modulus compared to that of control composites with uncoated 

fibres. Similar results were obtained for the same composite system with a hibonite 

(CaAl12O19) coating layer [168]. Although the mechanical strength was high 

considering the thermal degradation of the fibres, the poor toughening achieved 

was attributed to the high porosity of the composites. Achieving full density without 

thermal damage of the fibres is perhaps the main difficulty in using a refractory 

material [164]. 

Kaya & Butler deposited a NdPO4 coating on NextelTM 720 fibres, for reinforcing 

alumina matrix composites. The fibres were coated by slurry impregnation and the 

alumina matrix deposited on the coated bundles by eletrophoretic deposition, for 

the production of a minicomposite for tubular tensile and flexural strength tests. A 

dense coating layer was produced, and no chemical reaction was observed 

between the coating and the fibre or the matrix. The tensile strength of the mini-

composite was 50 % higher than that of the original fibre bundle and a damage-

tolerant behaviour was observed from the load-displacement curve. Toughening 
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mechanisms such as crack deflection, fibre debonding, crack bridging and fibre 

pull-out were observed, both at room temperature and at 1300 °C [169].  

Lev et al.[170] developed a method comprising the in-situ oxidation of metallic 

Ti and Zr coatings deposited by magnetron sputtering, for the creation of a layer of 

their oxides on sapphire fibres. Coating layers of both oxides were successfully 

deposited. In the case of the TiO2 layer, diffusion of metallic Ti anions in the 

oxidizing layer occurred at a higher rate than the diffusion of oxygen cations to 

replace them, leaving a layer of voids between the coating and the fibre. The voids 

layer facilitated debonding, indicating the potential of the interphase for the 

toughening of oxide-oxide composites. On the other hand, limited diffusion of Ti 

into the fibre was observed by secondary ion mass spectrometry (SIMS), indicating 

the occurrence of chemical reactions between fibre and coating. Limited 

information was provided about the ZrO2 layer and the contribution of both coatings 

to the ultimate composite strength was not evaluated [170]. 

TiO2 coating layers have also been deposited on the reinforcing fibres by the 

sol-gel technique [19, 23]. Boccaccini et al.[19] investigated the influence of a TiO2 

coating on a NextelTM 440 fibre-reinforced soda-lime silicate GMC. Composites 

exhibited average light transmittance of approximately 50 % and evidence of fibre 

pull-out upon fracture, indicating the potential of the material to create a weak 

interface and favourable conditions for toughening. A different system containing 

basalt fibres with the same coating in a borosilicate glass matrix was also 

investigated [23]. In this case, a slight increase was observed in the bend strength 

of the composites containing the TiO2 interface. 
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ZrO2 has been employed previously as an interfacial layer in alumina systems, 

mostly due to the lack of solid solubility between the two oxides, since they form a 

binary eutectic [105]. Improved fracture resistance was observed in an Al2O3 

fibre/ZrO2 minicomposite-reinforced borosilicate GMC [20]. Slurry infiltration was 

used to prepare the minicomposite, which was then sandwiched between 

borosilicate glass plates and consolidated by hot-pressing. A load-bearing 

behaviour was observed during three-point bending test, as well as increasing 

strength with increasing minicomposite content. Quantitative analysis by 

luminescence spectroscopy proved that minicomposite unit bridging is the main 

toughening mechanism providing the load-bearing behaviour of the composite [22].  

Gu et al.[171] deposited monoclinic ZrO2 coatings on alumina fibre mats by a 

sol-gel technique. Coatings of 1-2 m were obtained, which infiltrated the fibre 

mats well, resulting in formation of a homogeneous coating layer on the fibre 

filaments (Figure 6.4). The sol-gel process thus proved to be a suitable route for 

coating fibre bundles or mats for reinforcement in CMCs. 

 

Figure 6.4: ZrO2 coated NextelTM  720 fibres by the sol-gel technique [171] 
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The choice of material can be generally based on inspection of phase 

diagrams, in which no solid solubility should be observed in the fibre or matrix 

materials, such as in binary eutectic systems [105]. The Al2O3-ZrO2 phase diagram 

(Figure 6.5) shows this type of behaviour, which indicates the chemical 

compatibility of ZrO2 as a coating in Al2O3-based systems [172]. 

 

 

 

Figure 6.5: Calculated Al2O3-ZrO2 eutectic phase diagram showing no solid 
solubility between the two materials 
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A number of precursors have been employed in the preparation of zirconia sol-

gel coatings. The chemical behaviour of the precursors is the predominant factor in 

controlling the properties of the resulting coating [173]. Zirconia gels have been 

prepared by hydrolysis and condensation of alkoxides or metal halides, however 

these alkoxides are highly reactive and have to be controlled by modifying the 

precursors with complexing ligands [174]. Zirconium oxychloride has been 

employed previously, with different acidic solutions used as complexing agents, 

both in alcoholic [175], aqueous [106, 173, 174, 176-184] or mixed solutions [185, 

186]. The resulting zirconia layers usually exhibited metastable cubic [173], 

monoclinic [186] or tetragonal structure when dopants such as Y2O3, CeO2 or MgO 

were employed [175, 177-180, 182, 186], and in some cases a mixed 

monoclinic/tetragonal structure [106, 183]. 

In the following section, the aspects involved in the sol-gel technique will be 

discussed in detail as a route for fibre coating for producing of GMCs. 

6.3.2 Sol-gel coatings 

The sol-gel technique has been investigated as an alternative to conventional 

methods for the deposition of thin ceramic coatings, such as sputtering, CVD and 

plasma spray. This technology has been available for over 20 years and consists 

roughly in the preparation of a solution of the desired alkoxide, which is applied to 

the substrate by spinning, dipping or draining. Uniform coatings can be deposited 

with a typical thickness on the order of 1 m [149].  
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Films of varied functionalities have been deposited by sol-gel [149]. Among 

them, the application of a coating layer on fibre tows or textiles represents a 

promising application of sol-gel coatings, considering the ease of processing. 

Infiltration of the fibres can be easily achieved and uniformly-coated fibres obtained 

by controlling the solution viscosity, coating speed and drying and thermal 

treatment parameters [106, 171, 187]. Another advantage is the low processing 

temperatures generally required to form the desired oxides [175]. On the other 

hand, thicker layers cannot be deposited by the technique, due to the same 

problems encountered for bulk samples during drying, when shrinkage and 

cracking may occur [149]. 

The chemical reactions that occur during an alkoxide sol-gel process can be 

simplified to [187]: 

- condensation-polymerisation: 2M (OR)x-1OH-H2O+(OR)x-1M-O-M(OR)x-1 

- hydrolysis: M(OR)x+H2O-M(OR)x-1OH+ROH 

where M is a metal species and R an organic group. An oxide skeleton is formed 

as a result of these reactions, which gels when in contact with the substrate and 

exposure to atmosphere, becoming rigid. The remaining solvent can be dried 

readily, and the coated layer thermal treated to the desired structure and for 

densification [187].  

Initially, precursor solutions with the desired chemistry are peptized into 

colloidal suspensions (sols), which gel to an amorphous structure with the desired 

chemistry. This gel is then decomposed without melting, by calcination at relatively 
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low temperatures, at which the organics present from the precursors are 

decomposed [93, 188].  

Metal alkoxides are the most widely used precursors in sol-gel processes, as 

they readily react with water, although inorganic precursors can also be 

hydrolysed. Condensation can occur between two partially-hydrolysed molecules, 

linking them together and liberating small molecules such as water or alcohol. This 

reaction can continue, forming polymeric chains containing the metal atom, until a 

continuous polymeric chain is formed, and a colloidal suspension of oligomers in 

water or alcohol resulting from condensation is formed. The condensation process 

continues further, enclosing a continuous liquid phase forming a gel. When a 

particulate gel is formed, i.e. from a particulate sol, the bonding (Van der Waals 

forces) is reversible and the particulate can be redispersed by shaking [188].  

The gel is then dried, usually into an amorphous substance that can be 

crystallized by thermal treatment (calcination). During calcination, the hydrates, 

carbonates and other compounds are decomposed and the volatiles are expelled. 

An equilibrium ceramic structure is then formed, and a conventional ceramic 

monolith, fibre, or coating can be obtained [145, 187]. An overview of the sol-gel 

process is shown in Figure 6.6, where different possible processing routes and 

materials obtained are represented: 
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Figure 6.6: Overview of the sol-gel process and different types of materials 
produced (http://www.chemat.com/html/solgel.html, accessed 8 August 

2009). 

 

The dip-coating method has been widely employed in the deposition of thin 

oxide layers on substrates of varied shapes [106, 171, 173, 175, 186, 189]. It 

consists of the withdrawal of a substrate from a fluid sol, resulting in the deposition 

of a solid film. Gravity draining and solvent evaporation are the main phenomenon 

involved, accompanied by further condensation reactions. The technique requires 

considerably less equipment and is potentially less expensive, besides allowing 

tailoring of the microstructure of the deposited film [150]. 
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6.4 Experimental methodology 

6.4.1 Introduction 

A sol-gel coating process was developed in this research project, which was 

based on previous work by Jayaseelan et al. [178, 182], for the deposition of ZrO2 

coatings on reinforcing fibres. The method comprises mixing zirconyl chloride and 

oxalic acid aqueous solutions under intense agitation to form an oxalate sol, 

according to the reaction [177]:  

ZrOCl2 + H2C2O4 ZrOC2O4 + 2HCl Eq. 6.3 

Solutions of 0.5 molar concentration were prepared, i.e. 0.5 mole of the solute 

to 100 ml H2O, and the oxalic acid solution was slowly poured into zirconyl 

oxychloride solution until peptisation had occurred, when a sudden increase in 

viscosity was observed, accompanied by formation of white flocculates. The 

viscous sol was then agitated until formation of a clear sol. The preparation of the 

sol by itself was initially investigated and will be described in section 6.5.1. 

The use of yttrium nitride in the sol mixture was also investigated. Introduction 

of this substance promotes the formation of Y2O3 in the ZrO2 microstructure, which 

induces the formation of tetragonal ZrO2, instead of the monoclinic crystalline 

phase obtained with pure ZrO2. 3 mole% concentration of Y2O3 to ZrO2 was used 

for stabilizing tetragonal ZrO2 in the coating [175, 177, 178, 182]. 
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6.4.2 Rheological behaviour of sol 

The rheological behaviour of the sol was analysed in a Bohlin CVO-120 

rheometer with concentric cylinder geometry, at 22 °C. The viscosity of the 

precursor zirconyl oxychloride solution was measured, and subsequent 

measurements of pH and viscosity were carried out during addition of oxalic acid 

for the preparation of the sol. 2 measurements were carried out at a 0.01 Pa shear 

stress with a 60 s interval between each measurement. The rheological behaviour 

of the final sol was also analysed, and the viscosity and shear stress registered as 

a function of shear strain, upon equilibration at each shear rate.  

6.4.3 Differential thermal analysis (DTA) 

Differential thermal analysis was employed in the characterisation of the sol-gel 

process to evaluate the thermal treatment of the coatings. A Stanton Redcroft 

Thermal Analyser STA-780 series was used to analyse as-dried powder samples. 

The difference in the temperature between the reference material, in this case 

alumina, and the sample was recorded. The temperature changes associated with 

physical and structural processes, such as calcination and crystallization, were 

recorded in the form of endothermal or exothermal peaks. The analysis was carried 

out in air, to the maximum temperature of 600 ºC, at a heating rate of 10 ºC/min. 

Further analysis at up to 1300 ºC was carried out to detect possible changes in the 

crystalline structure at such temperatures, on sintering of the coated fibres. 
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6.4.4 X-ray diffraction analyses 

XRD analysis was carried out to determine the crystalline phase formed upon 

calcination of the sol-gel material. A Philips PW1700 series automated powder 

diffractometer was used, with Cu Kα radiation. The analyses were carried out in the 

2 range from 10 to 90º, with a 0.04 step size and 1s per step.  

As-dried and calcined samples were analysed to determine if crystallization 

occurred as a result of the thermal-treatment and to identify the crystalline phase 

formed. The powder samples were mixed with acetone and the mixture spread 

over a silicon holder surface, which was placed in the XRD chamber upon 

evaporation of the solvent. Coated fibres were also analysed, in this case directly 

fixed onto the holder with adhesive tape. The resulting diffraction patterns were 

identified based on the database by the Joint Committee on Powder Diffraction 

Pattern Data (International Center for Diffraction Data). 

6.4.5 ZrO2 sol-gel coating of fibres 

Upon preliminary thermal characterization of the sol-gel technique and 

establishment of the route for preparing the coating material, the method of 

depositing of the coating was designed. Coating of the as-received fibres and the 

fibres treated with ammonium solution was compared, as well as the use of 

vacuum impregnation during immersion of the fibre tows in the sol. The withdrawal 

of the fibres from the sol was carried out manually and the resulting coating 

morphology was compared to that of a coating deposited with the aid of an in-
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house built dip-coater, and a withdrawal speed of 0.5 mm/s. Different drying 

methods were compared, including drying in air, at room temperature and oven 

drying. Table 6.1 summarizes the parameters used for each coating compared. 

Table 6.1: Sol-gel coatings and processing parameters. 

Coating Activation Description Drying Calcination 

1 X 
Pure ZrO2 

triple-coating 

60 ºC/3 

days 

500 ºC/3 h, ↑↓3 

ºC/min 

2 X 
Pure ZrO2 

triple-coating 

40 ºC/1 day 

80 ºC/1 day 

 

 

 

 

 

 

* 

3 

NH4OH/3 h, 

dried at 

Troom/overnight 

3Y-ZrO2 

single-coating 
Troom/12 h 

4 

NH4OH/12 h, 

dried at 

Troom/15 min 

3Y-ZrO2 

single-coating 
Troom/12 h 

5 
NH4OH 

dipping 

Y2O3-ZrO2 

single-coating 
Troom/12 h 

6 
NH4OH 

dipping 

Coating 5 with 

0.5 mm/s 

withdrawal 

speed 

Troom/12 h 

7 X 

Coating 5 with 

vacuum 

impregnation 

Troom/12 h 

40 °C/24 h 

60 °C/10 h 

90 °C/12 h 

100 °C/10 h 
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The parameters described in the table for drying and calcination thermal 

treatment of the as-withdrawn fibres were determined based on the results 

obtained from preliminary characterization of the sol-gel powder produced, and will 

be described in detail in section 6.5. 

Considering the different constitution of NextelTM and sapphire fibres, different 

types of coatings were deposited for each type of fibre, to achieve the purpose of 

preventing the formation of strong fibre/matrix bonds. Deposition of a uniform 

coating layer on the sapphire was intended, while in the case of NextelTM fibres, 

infiltration of the fibre tows was desired, to form a “mini-composite” with the ZrO2 

(coating) matrix surrounding the Al2O3 fibres. A similar system has been 

investigated previously [20], where the ZrO2 matrix was deposited with a slurry 

infiltration method and the composites obtained exhibited favourable mechanical 

behaviour [20]. The detailed methodology developed for deposition of both types of 

coating will be described in section 6.5.3. 

6.4.6 Characterisation of sintering behaviour of the sol-gel coating 

To establish the most appropriate temperature for sintering the ZrO2 coated 

fibres, densification of the sol-gel prepared powder was examined based on the 

standard BS ENV 725-11:1994 [190]. For this analysis, the densities of the sol-gel 

ZrO2 sintered at different temperatures were measured and compared to those of 

the green bodies, as an indication of the efficiency of the sintering temperature. For 

the density measurements, pellets were produced using the as-dried powder 



205 
 

obtained with the sol-gel route described. A relatively low pressure was used for 

the compaction of the pellets, considering the actual coatings possess an “as-

coated” structure, i.e. are not compacted at all. 

The density measurements were carried out by the geometrical bulk method 

and the evacuation (Archimedes) method, according to the standard BS EN 623-2. 

Three samples were analysed for each of the temperatures investigated: 900, 

1000, 1100, 1200 and 1300 °C.  

For the geometrical bulk method, the mass and dimensions of the samples 

were measured before (ma, La) and after sintering (m, L), and the following were 

calculated: 

- Mass variation:  Eq. 6.4 

- Sintering shrinkage: , Eq. 6.5 

where L is the greatest dimension of the sample (e.g. diameter) 

- Relative density: , Eq. 6.6 

where d is the density after sintering and dth is the theoretical density of ZrO2 (6 

g/cm3)  

- Densification: , Eq. 6.7 

where is the green body relative density and the relative density of the 

material after sintering 
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In the case of the evacuation method, kerosene was used as the immersion 

liquid, due to the aqueous nature of the precursor sol, i.e. the dried powder is 

soluble in water. The samples were first dried at 110 °C for 2 h, for the 

measurement of the dry mass (m1) upon cooling. The kerosene was then infiltrated 

into the sample under vacuum, and the immersed mass (m2) was measured.  

The specimens were then withdrawn from the immersion and the soaked mass 

(m3) was measured, i.e. the mass of the wet sample upon removal of excess liquid 

with a damp cloth. The bulk density (ρb), apparent solid density (ρs) and the 

apparent porosity (πa) were calculated using the following equations: 

 Eq. 6.8 

 Eq. 6.9 

, Eq. 6.10 

where ρL is the density of the immersion liquid (kerosene). The density of the 

kerosene itself having been measured with a pycnometer flask, according to 

standard BS 4522:1988, and using the equation: 

, Eq. 6.11 

where mk and mw are the apparent mass of kerosene and water, respectively, 

required to fill the flask, ρ is the density of water at the temperature at which the 
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measurement was carried out (e.g. 20 °C) and A is the buoyancy correction 

, where ρa is the density of air (e.g. 0.0012 g\ml). 

6.4.7 Microstructural characterization of ZrO2 sol-gel coated fibres 

SEM and EDS analyses were carried out for morphological and compositional 

analysis of the coated fibres. As-coated fibres were mounted directly onto 

aluminium stubs, for observation of the surface morphology of the coatings. Cross-

sectional samples were also observed. In this case, the fibres were mounted in 

epoxy resin for surface preparation by grinding (SiC paper grit 320 to 1200) and 

polishing (diamond suspension of 6, 3 and 1 m grain size). In both cases a C 

coating was deposited by sputtering to avoid charging effects in the SEM. 
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6.5 Results and discussion 

6.5.1 Sol preparation 

Figure 6.7 shows the change in pH associated with adding oxalic acid to the 

zirconyl chloride solution. The pH decreases with the continuous addition of acid, 

while the viscosity increases slightly until a sudden increase, accompanied by a 

discontinuity in the pH values, when the sol becomes a thick and white gel. Further 

agitation of this gel results in formation of a clear sol [177]. 

 

 

Figure 6.7: Variation of zirconyl oxychloride solution pH with addition of 
oxalic acid indicating pH stabilization when the sol forms accompanied by a 

sudden increase in viscosity 
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The analysis of the rheological behaviour of the as-prepared sol confirms the 

decrease is viscosity upon agitation: the fluid exhibited shear-thinning behaviour, 

(Figure 6.8). The viscosity decreases with increasing shear strain. Similar 

rheological behaviour had been observed previously by Baklanova et al. [106] for a 

zirconyl oxychloride sol-gel process for the dip-coating of NicalonTM fibres, where 

the rheological behaviour of sols with different concentration was compared. A 

substantially higher viscosity was observed at strain rates lower than 500 s-1 upon 

20 % water mass loss, whereas the increasing viscosity with shear strain was 

observed in both cases, independent of the sol concentration. 

 

 

Figure 6.8: Shear-thinning behaviour of zirconyl oxalate sol – the viscosity 
decreases as the shear stress is increased as a result of the increase in the 

deformation rate (shear strain) 
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Settu & Gobinathan [177] attributed this behaviour to the rather even 

distribution of ions and adsorption of protons on the colloidal particles favoured by 

shaking. The formation of the flocculate (white) thick gel was explained by the 

variation in the potential energy barrier between the colloidal particles. The 

magnitude of this barrier determines whether the particles are coagulated or 

dispersed. This energy barrier varies directly as a function of the dielectric constant 

of the medium. Figure 6.9 shows a plot of the energy barrier as a function of 

surface separation. It illustrates how the net energy barrier, represented by the 

dashed line (2), varies with increasing surface separation, as a function of the 

balance between the electrical double-layer repulsion (line 1) and van der Waals 

attraction (line 3) between the particles. 

 

 

Figure 6.9: Net energy barrier (2) between colloidal particles as a result of the 
balance between the electrical double-layer repulsion (1) and van der Waals’ 
attraction (3) between the particles, as a function of surface separation [177] 
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Initially, a small amount of oxalic acid is added to the zirconyl chloride and 

yttrium nitrate solution, causing only a small decrease in the dielectric constant of 

the total system as a small amount of hydrochloric acid is formed, so that the white 

flocculates disappear immediately. For each mole of oxalic acid, two moles of 

hydrochloric acid are formed (Eq. 6.3, section 6.4.1), so that as the addition 

increases, a greater decrease in the dielectric constant of the system occurs, and 

despite the ionic repulsion between the particles, they collide with sufficient kinetic 

energy to stick together creating the thick and white colloidal gel.  

The double-layer term may decay rapidly at higher concentrations, so that the 

van der Waals attraction is still significant for separation beyond the range of 

repulsion, so that the particles reside at a secondary minimum indicated by the 

arrow in Figure 6.9. A significantly weaker attraction results which can be easily 

overcome by shear, hence the rheological behaviour demonstrated and the 

physical changes that occur upon vigorous stirring of the gel. 

Preliminary analysis of the powder obtained by the sol-gel process led to the 

evaluation of the material obtained, in terms of microstructural characteristics, and 

most importantly, the thermal behaviour. DTA of the as-dried powder provided 

useful information to the design of the calcination treatments. Figure 6.10 shows 

the DTA curve for the as-dried powder. 
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Figure 6.10: DTA curve of as-dried sol-gel derived powder showing the peaks 
related to the calcination and crystallization of the material 

 

A broad endothermal peak can be observed between 50 and 250 ºC, with its 

maximum around 100 °C, which can be attributed to the evaporation of water. A 

second peak occurs between 250 and 350 °C, as a result of the degradation of the 

organics from the precursor. Once the organic molecules are degraded, zirconium 

oxide is expected to form. An exothermal peak is observed at approximately 500 

°C. XRD analysis of the same powder before and after DTA confirms the formation 

of crystalline zirconia upon thermal-treatment (Figure 6.11). 
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Figure 6.11: XRD pattern of as-dried sol-gel powder and monoclinic ZrO2 
formed upon thermal-treatment at 600 ºC 

 

 

XRD of the thermally-treated powder during DTA was matched to the pattern 

exhibited by monoclinic ZrO2, in its naturally-occurring form (baddeleyite). The 

same analyses were repeated for the powders produced with the addition of Y2O3 

for the stabilization of the tetragonal phase. The DTA curve for the Y2O3-stabilized 

ZrO2 is shown in Figure 6.12. 
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Figure 6.12: DTA curve of 3Y-ZrO2 sol-gel as-dried 

 

 

The behaviour during thermal treatment is identical to that of the pure ZrO2, i.e. 

calcination occurs over the same temperature range, as well as crystallization. 

XRD of the thermally-treated powder, however, proved the efficiency of the Y2O3 

addition, where XRD typical of tetragonal yttrium-zirconium oxide (Y0.15Zr0.85O1.93) 

was obtained (Figure 6.13). 
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Figure 6.13: XRD pattern of 3Y-ZrO2 powder produced by sol-gel showing the 
formation of yttrium zirconium oxide upon calcination of the sol 

The composition containing Y2O3 was selected for use as the coating material 

for composites manufacture, due to the favourable mechanical properties of 

tetragonal zirconia (e.g. transformation toughening mechanism). The method for 

dip-coating the fibres was then designed and will be described in the following 

section. 

6.5.2 Sintering of the coating 

Analysis of the densification of the ZrO2 powder produced was carried out to 

determine the optimal temperature for sintering of the coated fibres. As explained 

previously (see section 6.4.6), thermal treatments were done at 900, 1000, 1100, 
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1200, 1300, 1400 and 1500 °C, and the densities of the samples sintered at each 

temperature were measured and compared to that of the green compact. Figure 

6.14 shows a pellet produced with the as-dried zirconyl oxalate powder. 

 

Figure 6.14: Powder compact produced from the as-dried Zirconyl oxalate sol 
for the measurement of density before and after thermal treatment 

An average green density of 1.87 (g/cm3) was measured for the compacted 

pellets. Comparison between the mass and dimensions of the green and sintered 

pellets showed that both mass variation and shrinkage are similar for all 

temperatures employed (Figure 6.15), to averages of 54.724 % and 38.64 %, 

respectively. The significantly high mass loss is attributed to the calcination of the 

organics from the precursors in the sol-gel process, explaining the large area of the 

peak obtained from the DTA analysis (see section 6.5.1). A slightly lower shrinkage 

rate was observed at 900 ºC, suggesting that poorer densification was achieved at 

this temperature. These measurements were carried out for three samples sintered 

at each temperature, as indicated in the graphs (N). 
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Figure 6.15: Shrinkage and mass variation at different temperatures, both 
showing constancy throughout the temperature range analysed 

 

 

The comparison between the densification rates at the temperatures evaluated 

confirm that sintering at 900 ºC is less efficient at densifying the samples (Figure 

6.16). 

N = 3 
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Figure 6.16: Densification rates at increasing sintering temperatures (for 1 h), 
showing the poorer densification obtained by sintering at 900 ºC 

An increase in apparent porosity was observed for the samples sintered at 900 

ºC (41.1 %), compared to the green bodies (23.5 %). This suggests that pores are 

created during calcination, as a result of the decomposition of the remaining 

organics and chlorine from the sol-gel processing. A decrease in apparent porosity 

is then observed for the subsequent temperatures, which remains nearly constant 

throughout the temperature range between 1000 and 1200 ºC, to an average of 

24.7 %. A further decrease is then observed upon sintering at 1300, 1400 and 

1500 ºC, where a minimum of 13.3 % is achieved (Figure 6.17). 

N = 3 
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Figure 6.17: Apparent solid density and porosity of samples sintered at 
increasing temperatures for 1 h showing an increase in porosity upon 

calcination followed by sintering at 900 ºC 

Similarly, the density increase observed between the green body and the 

specimens sintered at 900 ºC is approximately half the increase observed 

subsequently for the specimens sintered at 1000 ºC (2.1 to 3.3 to 4.5 g/cm3). The 

density values remain nearly constant for the following sintering temperatures 

(Figure 6.17).  

These results suggest that a higher rate of pore shrinkage is obtained when 

sintering at temperatures above 1000 ºC, therefore denser materials should be 

obtained. A compromise, however, has to be made between maximum 
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densification of the coating and minimum reaction between the coating and the 

fibre, limiting the maximum temperature employed for sintering the coating.  

Jayaseelan et al. reported the pressureless sintering of ZrO2-Al2O3 composites 

obtained by the same method, to relative densities >99 %, at approximately 1500 

ºC [178, 182]. This indicates that strong bonds must form between both oxides at 

this temperature, which, in the present case is not desirable. To avoid reaction 

between the Al2O3 fibres and ZrO2 coating, as well as to avoid thermal damage to 

the fibres, coated fibres were sintered at 1300 ºC, considering the results obtained 

from the densification measurements. Sintering of the coating layer was only 

carried out upon the deposition of a continuous ZrO2 layer. This result was only 

achieved upon design of the dip-coating method, which will be described in the 

following section, as will the resulting coated fibres. 

DTA of the as-dried sol-gel was repeated and carried out to 1300 ºC, to 

observe if changes in the crystalline structure would occur at such temperatures 

(Figure 6.18). The same calcination behaviour was obtained as in previous 

analysis (see section 6.5.1), followed by a smooth line during the continuation of 

the thermal treatment, indicating that no structural changes occur over the 

temperature range employed for sintering, as well as during cooling from the 

sintering temperature. 

 

 



221 
 

 

Figure 6.18: DTA and TGA of the as-dried sol-gel powder, simulating the 
calcinations and sintering thermal treatment, where no structural changes 

can be observed upon calcination 

The TG curve showed that the weight is reduced to approximately 50 % during 

calcination, and is maintained stable during subsequent sintering. The mass 

variation observed during the thermal analysis was consistent with the mass 

variation measured for the pellets before and after sintering at different 

temperatures, as explained previously. 

6.5.3 Fibre coating 

Coating experiments were initially performed using a pure ZrO2 sol, without the 

addition of Y2O3, concurrently with experiments that were initially carried out for the 

preparation of the sol. In this way, the pure ZrO2 produced was first characterised 
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compared to that produced with the addition of Y2O3, demonstrating its effect on 

the microstructure of the powder and coating produced. 

All the coatings produced were calcined at 500 ºC for 3 h. No sintering process 

was employed at this stage, where only a preliminary characterization of the 

products obtained was carried out, for optimisation of the coating method. Sintering 

of the coating was investigated upon selection of the optimal coating conditions 

(section 6.5.2). 

For the first two coatings (coatings 1 and 2), triple-dipping of the fibres into the 

sol was carried out to ensure that thick coating layers were obtained. Slow drying 

and calcination were employed for Coating 2 (see section 6.4.5). A triple-dwell 

calcination treatment was employed for Coating 2, for each of the three 

characteristic temperatures observed by DTA curve (see section 6.5.1), to avoid 

sudden shrinkage leading to severe cracking of the coating. In both cases, 

however, cracked and poorly adhered coatings were obtained (Figure 6.19), 

although Coating 2 was slightly more homogeneous than Coating 1, as a result of 

the slower drying and calcination. Deposition and calcination of each layer 

separately was then carried out to try and achieve enhanced homogeneity. 
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Figure 6.19: ZrO2 sol-gel coating on NextelTM fibres: Coating 1 ((a) and (b)) 
and Coating 2 ((c) and (d)), showing poor adhesion and severe cracking in 
both cases, even though a thick layer (~3.5 µm)was deposited on the fibres 

 

Zr was identified by EDS in the fragments present around the fibres (Figure 

6.20), while no Zr was detected directly on the fibres surface, confirming the 

absence of a continuous layer. Cl was also identified, as a remainder of the sol. 

The Si and Al detected are components of the fibres. 

 

(a) (b) 

(c) (d) 

40 µm 

40 µm 

40 µm 

20 µm 
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Figure 6.20: EDS spectrum of ZrO2 Coating 2 on NextelTM fibres. 

 

For subsequent coatings, the fibre surface was activated by immersion in 

ammonia solution. In a first attempt, the fibres were immersed in ammonium 

solution for 3 h and dried in air overnight (Coating 3), before single dip-coating. A 

more homogeneous layer was obtained, even though cracking was still present, as 

shown in Figure 6.21a. A longer ammonium solution immersion (12 h) with a 

shorter drying period of 15 min (Coating 4) was then employed, and an even more 

homogeneous layer was obtained, as shown in Figure 6.21b. For the next coating, 

the fibre was dipped in the ammonia solution prior to coating with the sol, i.e. 

without a drying step (Coating 5). A similar layer as in Coating 4 resulted (Figure 

6.21(c)). 
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Figure 6.21: ZrO2 sol-gel coatings a) coating 3, surface activated for 3 h and 
dried overnight; b) coating 4, surface activated for 12 h and dried for 15 min; 
c) coating 5, surface activated by dipping in the solution, and subsequently 

immersing in the coating sol. 

EDS analysis (Figure 6.22) of the fibres surface showed Zr as well as the fibre’s 

aluminium. XRD of the coated fibres (Figure 6.23) revealed corundum as the fibres’ 

crystalline structure, and tetragonal yttrium-zirconium oxide, as obtained previously 

from the XRD analysis of the dried powder produced by the sol-gel process. 

 

 

Figure 6.22: EDS spectrum of ZrO2 coating 2 on NextelTM fibres. 
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Figure 6.23: XRD pattern of NextelTM 610 fibres coated with ZrO2. 

 

The sapphire fibres were also coated in the same way (Coating 5), and a highly 

homogeneous and thin coating layer was observed. Figure 6.24 (a) an intact and 

(b) a cracked region of the coating layer on a sapphire filament. In Figure 6.24(b), 

the exposed uncoated surface can be seen, where Zr was not detected by EDS, 

unlike on the filament surface where Zr was detected as well as the aluminium 

from the fibre, confirming the presence of the coating layer on the fibre surface.  

 

a a 
a a 

a) Yttrium Zirconium Oxide 
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Figure 6.24: (a) ZrO2 sol-gel coated sapphire fibre; (b) cracked region of the 
coating. 

Coating speed is another parameter that can influence the morphology of the 

coating. It influences directly the thickness of the coating, and consequently the 

adhesion and morphology of the deposited layer. Figure 6.25 shows the fibres with 

a coating layer deposited using a dip-coater. The coating process employed in 

Coating 5 was reproduced, and a withdrawal speed of 0.5 mm/s was employed. 

The coating exhibited similar characteristics to the coatings deposited previously 
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without controlling the speed, showing that the speed does not affect the 

morphology of the coating on irregular as significantly as it affects that of layers 

deposited on flat surfaces. 

 

 

 

 

 

 

 

 

Figure 6.25: ZrO2 coated NextelTM fibres by the sol-gel technique, with 
controlled coating speed of 0.5 mm/s (Coating 6) (a) at high and (b)low 

magnification 

It was observed that the ammonium solution caused localized gelation of the 

sol around the fibres, as a result of the change in pH. The better homogeneity and 

adhesion of the coatings produced with the aid of the ammonium solution was 

attributed to this localized gelation.  

For this reason, in subsequent coatings, the fibres were kept immersed in the 

sol until gelation was completed and a viscous white gel was obtained. This 

process takes approximately 10-12 h. Moreover, the immersed fibres were 

subjected to vacuum impregnation before gelation occurred, in order to enhance 

(a) (b) 
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the penetration of the fibre tows by the sol. Long fibre lengths were coated using 

this method, and upon withdrawal hung up for drying at room temperature. Figure 

6.26 shows an image of a fibre tow immersed in the gel before withdrawal. 

 

Figure 6.26: NextelTM fibre tow immersed in the zirconyl oxalate gel before 
withdrawal for drying 

Drying causes the rigidity of the fibres to be increased. Upon drying at room 

temperature, the fibres were thus cut to the desired length, and then dried following 

the parameters established. The cut fibres are shown in Figure 6.27. 

 

Figure 6.27: NextelTM fibres cut after drying at room temperature for 12 h, 
prior to drying at 40 °C for 24 h. 
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The fibres were then calcined upon application of the first coating layer. The 

image of the fibres upon calcination of the first layer is shown in Figure 6.28. 

 

Figure 6.28: ZrO2 coated NextelTM fibres (Coating 7) deposited by vacuum 
impregnation of the sol into the fibre tows under high (a) and low (b) 
magnification, showing the presence of a continuous coating layer 

A continuous coating layer was present on most of the filaments, confirmed by 

EDS detection of Zr. Vacuum impregnation of the sol was thus efficient in aiding 

the uniform infiltration of the fibre tow. A coating with enhanced homogeneity was 
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deposited onto the fibres as a result of the prolonged immersion in the sol during 

gelation.  

The slow drying employed helped prevent the coating layer from cracking, 

although some cracking is still present and could not be avoided completely, due to 

shrinkage during calcination. On the other hand, calcination of the coating provided 

rigidity to the fibre, so that the second layer could be applied to fill in the defects 

such as cracks and gaps left upon deposition of the first coating. The experimental 

set-up built for the deposition of the second layer is shown in Figure 6.29. 

 

 

Figure 6.29: Experimental set-up for the application of a second ZrO2 coating 
layer on NextelTM fibres 

The procedure followed for the application of the first layer was repeated: 

vacuum impregnation of the fibres with the sol, which remained immersed during 

gelation, withdrawal and drying at room temperature overnight, 40 °C for 12 h, 60 

50 mm 
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°C for 10 h, 90 °C for 12 h and 100 °C for 10 h. The as-dried fibres were thermally 

treated for calcination and subsequent sintering of the coating layer. 

Figure 6.30 shows cross-section SEI/SEM images of coated samples after 

sintering, where a continuous layer of ZrO2is observed around the fibre tow (Figure 

6.30(b)). The thickness of the layer varies around the tow, as a result of 

accumulation of the sol in some regions between the filaments (Figure 6.30(a)). 

Void regions between the filaments are still present, however a thin(e.g. <1 m) 

coating layer  is present between the individual filaments (Figure 6.30(c)). Closer 

observation of the filaments (Figure 6.30(c)) also confirms that despite the 

presence of the ZrO2 layer, necks have started to form between the Al2O3 fibre 

filaments, which indicates the start of filament-to-filament sintering. 

 

 

 

 

 

 

 

 

 

Figure 6.30: SEI/SEM cross-section image of ZrO2 coated NextelTM 610 fibres 
upon sintering at 1300 ºC (b), higher magnification of the edge of the fibre 

tow (a) and detail of the  ZrO2 layer between the individual filaments (c) 
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The coating layer was highly rugose surface, as a result of cracking of the 

coating layer upon shrinkage (Figure 6.31(a)). Spheroidisation of the particles also 

occurred (Figure 6.31(b)), as a result of the high temperature employed and long 

exposure time during thermal treatment. 

 

 

 

 

 

 

 

 

 

 

Figure 6.31: SEI/SEM image of the surface of ZrO2 coated fibres 

Based on these results, a coating process was thus developed and employed 

to coat a number of fibres which were then used as reinforcement in the composite 

systems investigated. Figure 6.32 illustrates the method designed and employed 

for the coating of fibres and for manufacturing GMCs. 

10 m 

2 m 

(a) 

(b) 
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Figure 6.32: Schematic diagram of the ZrO2 sol-gel coating process 
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6.6 Conclusions 

The sol-gel process was investigated as a method for depositing a ZrO2 layer 

on NextelTM and sapphire fibres for reinforcement of GMCs. The process was 

initially investigated for the synthesis of tetragonal zirconia, where the sol 

characteristics and thermal behaviour were analysed, leading to the design of the 

coating process and thermal treatment for the production of a “minicomposite” 

comprising a ZrO2 matrix with the NextelTM fibres embedded.  

A tetragonal zirconia layer was successfully deposited onto sapphire fibre and 

NextelTM filaments. In both cases, the ZrO2 layer will serve as a coating barrier 

against the formation of strong chemical bonds between reinforcing fibres and the 

glass matrix. In the case of NextelTM fibres, the production of aZrO2 matrix/NextelTM 

fibre “mini-composite” was achieved by deposition of a second layer after 

calcination of the first layer, enhancing homogeneity of the coating and penetrating 

between the filaments to cover some of the voids and cracks formed in the first 

coating layer, followed by sintering of the double-layer coated fibres. Both “mini-

composites” and coated sapphire filaments were incorporated as reinforcement to 

GMCs. In the following chapter, the composites’ optical and mechanical behaviour 

will be described. 
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7 Optomechanical properties 

7.1 Introduction 

The main objective of incorporating high modulus fibres into brittle ceramic 

matrices is their contribution to increased toughness, although enhanced strength 

and modulus are also desirable [12]. This is the case for glasses especially, which 

possess extremely low resistance to crack propagation, and can therefore benefit 

tremendously from fibres incorporation [15]. 

In this chapter, evaluation of the mechanical properties of the composite 

systems developed is presented. A brief review of fracture mechanic concepts, as 

well as the aspects involved in the determination of mechanical properties of CMCs 

is included, with emphasis on the interfacial properties as the key factor 

determining the macroscopic mechanical behaviour of the composites. The 

methods and techniques employed in the optomechanical characterisation of the 

composites developed in the present project will then be described, followed by the 

results and discussion. 



237 
 

7.2 Fracture mechanics concepts 

Early experiments by Griffith showed discrepancies between the theoretical 

estimates of fracture strength of glasses and the actual values obtained 

experimentally [191]. These discrepancies were attributed to the existence of flaws 

in the material, which magnify the stress locally and lower the material’s global 

strength [192]. 

Fracture analysis can be approached by two alternative methods: the energy 

criterion and stress intensity approach. The energy criterion was described by 

Griffith and Irwin, as the dependence of crack extension (fracture) on the energy 

available for crack growth [193]. Energy is stored in the material during loading as 

strain energy, released when failure occurs. Estimation of this energy, i.e. work of 

fracture, is therefore given by the thermodynamic surface energy of the newly 

formed surfaces [194]. It is related to the area under stress-strain curve and is a 

measure of fracture toughness in terms of strain energy density [195].  

An ideally tough material must exhibit high strength and ductility. In summary, 

the yield strength (material property) and fracture toughness in terms of total strain 

energy density (variable of crack-free materials) can be compared as [195]: 

σys
duct < σys

tough < σys
brit Eq. 7.1 

Wbrit > Wtough > Wduct Eq. 7.2 
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Ductile fracture occurs as a result of the high energy dissipation through plastic 

deformation and slow crack growth due to strain hardening at the crack tip. Brittle 

fracture, on the other hand, is a low energy-dissipating process, due to the 

absence of plastic deformation, resulting in high crack velocities and consequently 

catastrophic failure [195]. 

Griffith described the fracture behaviour of a plate of an elastic material 

containing a crack with basis on the potential energy decrease, related to the 

stored energy release and the work done by external load, and surface energy 

increase due to the presence of a crack arising from a non-equilibrium 

configuration of the nearest atom at any surface in a solid [195].  

Using Inglis’ stress analysis [196] and based on the energy balance assumption, 

the critical conditions for fracture were defined by Griffith as the point at which 

crack growth occurs with no net change in total energy [192]. Specific surface 

energy and potential energy decreases were estimated for a plate containing a 

crack with length 2a, subjected to a constant stress (), remotely from the crack 

face, assuming the plate’s width >> 2a (i.e. plane stress conditions prevail) [193, 

195], as shown in Figure 7.1:  
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Figure 7.1: Plate containing a through-thickness crack of radius ρ, as the 
basis for Griffith’s energy criterion for fracture behaviour [193] 

The crack increases in size if the potential energy available in the plate is 

sufficient to overcome the surface energy of the material [193]. The Griffith energy 

balance is thus expressed as [192, 195]: 

U = U0 – Ua + Uγ, Eq. 7.3 

where U is the total energy in the cracked body, U0 the potential energy of the 

uncracked body, Ua the elastic energy due to the presence of a crack and Uγ the 

elastic surface energy due to the formation of cracked surfaces. Ua is expressed as 

[192, 195]: 

   Eq. 7.4 
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where β is a constant: 1 for plane stress and 1 – ν2 for plane strain conditions, ν is 

the Poisson’s constant,  the half-crack length, σ the applied stress and E is 

Young’s modulus.  Uγ is calculated from the total crack surface area as , 

since the formation of a crack requires the creation of two new surfaces, where γs 

is the specific surface energy [192, 195]. 

Crack size and total surface energy can be determined by applying the 

equilibrium condition, i.e. the first order derivative with respect to crack length is 

equal to zero [192, 195]: 

 Eq. 7.5 

Rearranging Eq. 7.5 gives an important expression in linear elastic fracture 

mechanics (LEFM) [192, 195]: 

  Eq. 7.6 

The second part of the equation is the stress intensity factor (KI), which is the 

crack driving force. Its critical value is a material property and is therefore referred 

to as its fracture toughness, i.e. the resistance to crack extension. In brittle solids, 

crack extension is completely governed by the critical value of KI. Failure occurs 

when the crack reaches its critical size ( ), hence KIc can be experimentally 
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determined at a fracture stress when the crack length reaches a critical or 

maximum value prior to rapid crack growth [192, 195]. 

Irwin proposed an equivalent approach in a more convenient form to solve 

engineering problems, defining the energy release rate (G) as a measure of the 

energy available for an increment of crack extension. In other words, the rate of 

change in potential energy with crack area [193]: 

 Eq. 7.7 

Fracture occurs when G reaches a critical value (Gc), i.e. . This 

means that critical combinations of stress and crack size were achieved 

( ) and the energy was sufficient to overcome the resistance of the 

material. Gc is thus a measure of fracture toughness. If the material is 

predominantly linear elastic, the similitude assumption is valid, i.e. Gc is 

independent of the cracked body’s size and geometry [193]. 

Crack growth can be stable or unstable, depending on how G and wf vary with 

crack length. Plotting of the material’s resistance to crack extension R (2wf) or G 

against crack length indicates the material’s response to loading at a constant 

stress, showing whether stable or unstable crack growth should be expected at 

certain stress levels. Stable crack growth occurs when G = R, or . If , 
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then unstable crack growth occurs. Two different types of R-curve behaviours are 

illustrated in Figure 7.2 [193]: 

 

Figure 7.2: Typical R-curve behaviours of materials with constant (a) and 
rising (b) resistance to crack propagation [193] 

 

Figure 7.2 (a) shows a material with constant resistance to crack growth, in 

which fracture occurs when stress reaches 2. The driving force then increases 

above resistance, which is constant, and unstable crack growth results. In this 

case, a Gc can be defined accurately. Materials with rising R-curve behaviour 

(Figure 7.2(b)), however, unstable crack growth occurs when the stress tangent to 

the R-curve is reached, from which point the driving force increases at a higher 

rate than the slope of the R-curve. In this case, crack growth initiation values can 

be used, which can be determined by an analogous definition to the 0.2 % offset 

(a) (b) 
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yield strength in tensile tests, although it is virtually impossible to provide the 

precise moment of crack initiation in most materials. Ideally brittle materials exhibit 

flat R-curve, as surface energy is an invariant material property [193].  

The stress analysis of cracks show that, in a polar coordinate axis with the origin 

at the crack tip, the stress field in any linear elastic cracked body is given by [193]: 

 [193],  Eq. 7.8 

where ij is the stress tensor, r and  are as defined in Figure 7.3, k is a constant, 

Am is the amplitude, fij is a dimensionless function of  in the leading term and gij
(m) 

a dimensionless function of  for the mth term [193].  

 

Figure 7.3: Stresses acting at crack tip during fracture 
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The proportionality constants k and fij in Eq. 7.8 depend on the loading mode, 

which is illustrated in Figure 7.4 [193]: 

 

Figure 7.4: Crack loading modes [193] 

The stress intensity factor replaces k by . The stress fields ahead of a 

crack tip in an isotropic linear elastic material can thus be written as [193]: 

 

 Eq. 7.9 

 Eq. 7.10 

 Eq. 7.11 
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for modes I, II and III, respectively. Different solutions for intensity factors are given 

depending on specimen configuration, considering their geometry and flaw size. By 

considering the appropriate correction factor (Y), K can be related to the through-

crack solution as   [193], where  is the characteristic stress, and 

 the characteristic crack dimension [193]. 

In the stress intensity approach, the critical combination of local stress and strain 

at the crack tip is used as an alternate measure of fracture toughness, and is 

referred to as KIc. The stress intensity factor is given by   in an infinite 

plate subject to a remote tensile stress with a through thickness crack, and is the 

driving force for fracture. Failure occurs when KI=KIc, which is thus a measure of 

material resistance [193]. 

The major difficulty in the stress intensity factor approach is to carry out 

mathematical stress analyses of the crack tip in composite materials. The energy 

release rate approach is thus more commonly used as it implies an easily 

understood physical interpretation that is equally valid for either isotropic or 

anisotropic materials [191]. The stress intensity factor is a local parameter, while 

the energy release rate is a description of global behaviour. For linear elastic 

materials these approaches are equivalent and can be related by , for 

plane stress and , for plane strain conditions [193]. 
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The energy term in Griffith’s equation refers simply to the stored elastic energy 

consumed with the appearance of new fracture surface, assuming this is the only 

energy-absorbing process in fracture [197]. Nakayama [198] thus described a 

method to determine the fracture energy, or work of fracture, in heterogeneous 

materials, considering that the effective energy consumed during fracture can be 

measured provided that the specimen fails in a stable mode by the introduction of a 

pre-crack [198]. Its major advantage is that it substantially supplements the 

potential energy criterion which has been generally accepted in linear elastic 

fracture mechanics. The following uncertainties in its definition, however, have 

limited its use and consequently acceptance or mention in materials research and 

engineering books [199]: 

- The relationship between wof and conventional fracture mechanics criteria 

- The dependence of wof on specimen geometry and test conditions 

- The influence of crack growth resistance behaviour on wof 

- Its application to practical materials engineering 

For linear elastic bodies, wof must be a characteristic material property, as it is 

independent on crack increment a. However, some ceramic materials and 

composites, as well cement-based materials exhibit rising R-curve behaviour, in 

which case their wof values include an additional energy increment R associated 
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with such behaviour (wof = i + R). Moreover, wof is highly dependent on the 

unnotched remaining ligament lengths of test specimens [199]. 

Hence, when applied to fibre-reinforced composite materials, energy 

consumption processes must be considered in the calculation of wof. Such 

processes include: fracture energy for matrix and fibre cracking (m and f, 

respectively), debonding-generated surface energy (db), elastic energy (br), stored 

in the bridging fibres and surrounding matrix and frictional energy dissipation upon 

fibre pullout (po) [199]. 

In low toughness materials, brittle fracture is the governing mechanism of failure 

and the critical stress varies linearly with KIc. In this case, linear elastic fracture 

mechanics (LEFM) is applicable to the problem, as failure stress is dependent on 

fracture toughness. Fracture mechanics in composites is still an open field since 

there are several mechanisms of crack propagation and failure, hence it is difficult 

to develop uniform criteria for such materials [200]. In orthotropic composites, in 

particular, some of the deviations from the principles of fracture mechanics are 

[201]: 

- Crack propagation along fibre direction, while in linear fracture mechanics it 

is assumed that the crack always grows in its original direction 

- Mixed mode crack tip displacement is observed in single mode-loaded 

materials, as opposed to linear fracture mechanics based on separation of crack 

displacement modes 
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- The principles of linear fracture mechanics were developed on the basis that 

crack tip stress distributions are independent of materials properties and 

orientations, while investigations showed that crack tip stresses developed in 

orthotropic materials are indirectly functions of materials properties and 

orientations 

Moreover, material toughening by mechanisms such as crack bridging and fibre 

pullout (rising R-curve behaviour) is another important parameter that limits the use 

of linear fracture mechanics in CMCs. Many models have been developed to 

determine fracture toughness of composite materials, most of them based on linear 

fracture mechanic analysis, but considering the load transfer and redistribution 

between fibres and matrix. Different composite systems and configurations present 

different interactions between multiple fibre cracks, matrix and interface cracks, 

hence appropriate models must be used for determining fracture toughness [202]. 

If incorporation of a second phase causes or intensify existing R-curve behavior, 

a significant reduction in strength scatter normally observed for brittle materials can 

be observed, as a result of the occurrence of toughening mechanisms. 

Consequently increases in Weibull modulus (m) can be observed for such 

composite systems. This effect can be explained by the occurrence of stable crack 

growth prior to catastrophic failure, experienced by the defects. Instability occurs 

once the rate of increase of stress intensity factor with the crack growth attains the 

value of the slope of the R-curve. As a consequence, larger defects undergo 

greater increase in failure stress than smaller defects, hence narrowing strength 
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distribution.  Another effect of the reinforcing phase might be the introduction of 

larger but more uniform defects, resulting in the cutting of the upper tail of the 

strength distribution, thus also reducing m [142]. 

Monolithic ceramics and CMCs exhibit typically linear elastic fracture behaviour 

[193], therefore the effective modulus theory can be used to estimate their 

mechanical properties. As a consequence, it has been shown that the stresses 

around the crack tip can be interpreted in a similar manner to that for isotropic 

materials [191]. In the case of unidirectional CMCs, experimental results showed 

that if the crack propagates at an angle to the fibre’s main axis, KIc is still a material 

constant, and does not depend on crack length but on fibre orientation. In this 

case, the principles of linear elastic fracture are held conditionally and special FEM 

models and calculations must be made to obtain stress intensity factors. On the 

other hand, if the crack lies along a principal material direction, i.e. along the fibre 

axis, which is the most usual case for unidirectional fibre-reinforced composites, 

then the same interpretation as that for isotropic materials is valid [201]. 
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7.3 Mechanical properties of brittle matrix composites 

Several parameters are known to influence the mechanical properties of CMCs. 

Firstly the proportion and distribution of the constituents (matrix, reinforcement) 

and their properties will determine the processing route and main resulting 

properties such as density and degree of mechanical strength and/or elasticity [13]. 

The fracture behaviour, however, and consequently the composite’s toughness, 

are strongly related to the interaction between the constituents, which also takes 

into account the nature of the interface and level of bonding between matrix and 

reinforcement [12, 13].  

CMCs reinforced with continuous fibres exhibit important failure/ damage 

behaviour in mode I, II or mixed mode loading as well as under compressive 

loading. Their failure characteristics under flexural loading are illustrated in Figure 

7.5[203].  

 

Figure 7.5: Failure mechanism and damage during flexural loading of fibre-
reinforced composites [203] 



251 
 

The mechanisms that operate during crack propagation through the matrix are: 

matrix fracture; debonding at the crack tip and crack deflection; debonding in the 

crack wake and crack deflection; frictional sliding between the fibre and the matrix; 

fibre failure and finally fibre pullout. The occurrence of such mechanisms depends 

on the nature of the system, which will dictate which mechanism dominates the 

macroscopic failure behaviour and fracture toughness of the composite material 

[12]. 

Damage-tolerant CMC’s exhibit steady state cracking and significant non-

linearity before the maximum stress value is reached. This means that a small 

crack in the matrix will grow at a rate dependent on its length, until it becomes 

sufficiently long and is bridged by the fibres. The steady state cracking state is then 

reached under these conditions, during which crack growth continues at a constant 

rate. An equilibrium crack then opens at some distance from the leading crack. The 

load then becomes fully supported by the fibres and the stress intensity associated 

with matrix cracking becomes independent of the crack length [12]. 

The enhancement of mechanical properties in fibre-reinforced ceramic 

composites has been attributed to the occurrence of energy dissipating 

phenomena such as crack deflection and fibre pullout. The former results in 

closure stresses on the crack faces, while the latter leads to frictional energy 

dissipation when the loosely-gripped fibres are pulled out of the matrix [12]. It has 

been shown that the interfacial characteristics of the composites play a major role 

in the occurrence of such mechanisms [105, 153]. Therefore, control of the 
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structural behaviour and enhancement of toughness in fibre-reinforced ceramics is 

effectively possible through control of the interface region [203]. 

In composite materials, changes in properties from point to point can be 

expected due to the heterogeneity at the constituent material level. For the purpose 

of macromechanical analyses, however, the properties of composite laminas (e.g. 

stress-strain relationship) can be expressed in terms of average effective 

properties of an equivalent homogeneous material, if the length over which the 

macromechanical averaging is to take place is much larger than the dimension of 

the heterogeneity (e.g. fibre diameter) [191]. 

The analysis of mechanical properties of composite materials usually follows the 

approach illustrated in Figure 7.6 [200]: 
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Figure 7.6: Schematic drawing of approach to analysing mechanical 
behaviour of fibre-reinforced CMCs 
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Initially, the average properties of the composite laminas are determined from 

the individual properties of the constituents, considering the ply to be 

homogeneous.  The properties of the composite lamina can be optimised at this 

stage [200]. Macromechanical analysis of the lamina can then be carried out to 

determine the stress-strain relationships of the lamina, which can be further 

extrapolated to a laminate system of the same composite material [200]. This 

relationship is governed by the generalised anisotropic Hooke’s law for 

homogeneous orthotropic layers [191]. 

Flexure tests have been used commonly to analyse the mechanical behaviour 

of ceramics. In the case of CMCs, special attention must be taken in the 

interpretation of results, considering the anisotropic nature of the system. A typical 

stress-strain curve for a CMC under tensile stresses is shown in Figure 7.7.  

 

Figure 7.7: Stress-strain curve characteristic of a damage-tolerant CMC 
under uniaxial loads. The occurrence of fibre pullout leads to energy 

dissipation and consequently prevents catastrophic (brittle) failure [12] 
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Initially, elastic behaviour is observed, followed by the appearance of 

microcracks in the brittle matrix. Crack bridging by the fibres then follows until they 

fail, when fibre pullout starts to occur. These phenomena characterize non-

catastrophic behaviour of CMC’s. Composites with strong interfacial bonding tend 

to fail catastrophically, as none or little energy dissipation takes place on loading 

[12]. 

In the following sections, general aspects of the fibre/matrix interface will be 

considered and the criteria for occurrence of crack deflection and the associated 

toughening mechanisms will be discussed. Finally a description of the analyses of 

mechanical properties available in the literature for different GMC systems and 

their properties will be presented. 

7.3.1 Crack deflection at the interface 

Experiments confirm that the deflection of matrix cracks leaving the reinforcing 

fibres intact is essential to increase fracture toughness. The deflection of cracks is 

usually described as the change in the crack propagation direction from 

perpendicular to the fibre to parallel to the fibre axis [153]. Cook and Gordon [8] 

described the variation in the stresses acting at the crack tip, either under plane 

strain or plane stress, as shown in Figure 7.8 [8]. 
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Figure 7.8: Stress variation from the crack tip along its axis, in tip radii units, 
after Cook and Gordon [8] 

Cook and Gordon [8] predicted that a weak interface may fail ahead of the 

crack tip, under the effect of a maximum x, creating a secondary crack. The 

distance at which rupture occurs is related to the interface strength, so the 

strongest interface that fails under the effect of ruptures at a distance of one tip 

radius of the crack tip, where x reaches its maximum. The main crack then 

propagates into the interface, debonding it [8]. This failure mode has been 

observed in several composites systems [159] and is represented in Figure 7.9(a). 
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 Another deflection mode was suggested in which the interface fails under 

shear stress, on planes at approximately 45° to the crack plane, ahead of the 

crack, forming C rings. The crack then turns parallel to the fibre axis, at or near its 

surface, while the matrix crack advances until it intersects the coating shear 

cracks, as shown in Figure 7.9(b). 

 

Figure 7.9: Crack deflection modes acting on the fibre/matrix interface (or 
coating) showing the interface failure ahead of the matrix crack, either under 

tensile or shear stresses, with the formation of a crack (a) or by the 
bifurcation of the advancing matrix crack (b) (after Kerans [153]) 

It has been observed that the strain-to-failure increases with decreasing coating 

thickness [204]. The intact coating layer thickness decreases as the matrix crack is 

deflected, therefore thinner coating layers can tolerate higher strains before the 
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deflection process is repeated. Moreover, in the case where the strain-to-failure 

does not increase, the local stress state changes and as a result the coating crack 

may not possess sufficient stress concentration to influence fibre failure 

significantly [153]. 

He & Hutchinson [9] proposed an energy-based criterion for predicting interface 

mechanics in composite systems containing materials with different elasticity. An 

elasticity mismatch parameter was stipulated as: 

 Eq. 7.12 

where , E is the elastic modulus of each material and  the 

Poisson’s ratio. They calculated the energy release rate of deflected to penetrating 

cracks, as a function of . Cracks impinging the interface perpendicularly showed 

the most critical behaviour, in which for  values from -0.5 to 0.25, it was 

demonstrated that interfacial debonding and sliding occurs when the inequality 

below is satisfied: 

 Eq. 7.13 

wherei is the interface debond energy and 2 the fracture energy of the second 

material or fibre in Mode I.  

Another energy-based criterion was proposed by Gupta et al. [205], which takes 

into account the anisotropic nature of the fibre. It was considered that crack 

deflection will occur along the interface (in competition with the direction 
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perpendicular to the fibre), when the energy release ratio of crack growth along the 

interface (Gd) to perpendicular to the fibre (Gp) is greater than the ratio of work of 

delamination (Gci) at the interface to work of fracture across the fibre (Gcft): 

 Eq. 7.14 

Crack deflection can then occur either in one or two directions, the latter 

offering a greater energy release rate [205]. 

Detailed fracture observation in CMCs is difficult, therefore understanding the 

fibre/matrix debonding sequences and mechanisms remains limited and 

determination of an appropriate failure criterion has not yet been accomplished 

[153]. Moreover, reliable data necessary for the models is not readily available for 

all systems [105]. 

Load transfer between the fibre and the matrix is still possible upon debonding. 

In many composite systems comprising coated fibres as the reinforcing phase, 

during processing, the matrix shrinks onto the coating, which shrinks onto the fibre, 

causing frictional resistance after debonding. If this frictional resistance is small, 

the fibre tends to break away from the matrix crack due to variable resistance 

along its length. On the other hand, for higher frictional resistance, the fibre tends 

to break at the crack, where the stress concentration is the highest. Subsequently, 

the broken fibre pieces are pulled-out from their cavities with continuous straining, 

causing work against the frictional resistance at the interface. The work produced 

during fibre pullout contributes more significantly to the composite toughness than 

that produced by debonding [105]. 
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Chawla [12] considered that for fibre pullout to occur, the interfacial strength 

must be relatively low. The strength transferred to the fibre when the ceramic 

matrix fails has to be lower than the fibre ultimate strength (fu) and the interface 

must fail in shear, i.e. the interfacial shear stress must be greater than the 

interfacial bonding strength (i).  Balancing the forces acting on a fibre of diameter 

d, with a length l embedded in the matrix (Figure 7.10), it was determined that fibre 

pullout occurs when the following equation is satisfied [12]: 

 Eq. 7.15 

where lc is the critical embedded length that allows fibre pullout to occur. 

 

Figure 7.10: Fibre being pulled-out from the matrix illustrating the conditions 
for the occurrence of pullout (after Chawla [12]) 

Although micromechanical analyses have contributed to the understanding of 

composite fracture behaviour, there are no proven failure criteria for these 

materials. Moreover, problems involving the properties, geometry and statistics of 

thin interfaces are not well-known, hence there remains a need for continued 

investigation and comparison of experimental  data with theoretical predictions 

[153]. 
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7.3.2 Mechanical properties of oxide fibre-reinforced GMCs 

Several authors have investigated the contribution of fibrous reinforcements to 

the mechanical properties of GMCs. As a whole, composites reinforced with 

uncoated oxide fibres show similar properties and fracture behaviour to those of 

the unreinforced matrix. Limited toughening mechanisms are observed as a result 

of the strong bonding between fibre and matrix [156, 159].  

Based on the initial results obtained with the use of SiC fibres as 

reinforcements in CMCs, in which the formation of a carbon-rich layer at the 

interface results in excellent fracture behaviour [153], several types of interfaces 

have been investigated for use in oxide fibre-reinforced composites, including their 

contribution to the occurrence of toughening mechanisms [156, 159]. Special 

attention has been given to oxide materials, as the main focus of the investigation 

in the area of oxide-oxide composites is superior oxidation resistance (sections 2.2 

and 6.3). 

SnO2 is one of the materials most thoroughly investigated for interfaces in 

GMCs. Early results obtained from the flexural behaviour of a notched bar 

consisting of a borosilicate glass plate bonded to an -Al2O3 plate with a SnO2 

interfacial layer showed that secondary cracking occurs, in accordance with Cook 

and Gordon’s model [8] (see section 6.2). This behaviour indicates that the SnO2 

layer offers great potential for forming a weak interfacial layer in alumina/glass 

systems, although no quantitative analysis was presented [159]. 
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In addition, the incorporation of such layers into Al2O3fibre-reinforced 

borosilicate glass composite systems showed that the flexural strength is 

improved, although no increase in toughness is observed compared with the 

properties measured for uncoated fibre-reinforced composites in the same system 

[159]. In another composite system, the SnO2 coating was deposited on Al2O3-

ZrO2 (PRD-166) and sapphire fibres, in order to assess the influence of the fibre 

roughness. The smoother sapphire fibre showed a greater extent of fibre pullout 

[163], indicating lower interfacial bonding strength.  

Analysis of the Young’s modulus of PRD-166 fibre-reinforced borosilicate glass 

composites showed increasing modulus with increasing fibre content, as expected 

[157]. Incorporation of the SnO2 coating caused a slight decrease in the elasticity, 

suggesting that the contribution of the coating to the composite’s stiffness is 

negligible. Borosilicate glass reinforced with NextelTM 480 fibres were also 

analysed and showed lower elastic moduli than those of PRD-166 fibre-reinforced 

composites. Coating with SnO2 also did not produce a significant effect in the 

composite’s elastic properties. Moreover, the shear modulus of the composites did 

not seem to be affected by the coating. These results were attributed to a higher 

level of fibre misorientation of the coated fibres compared to uncoated ones [157].  

The incorporation of NextelTM 440 alumina fibres into borosilicate glass matrices 

led to an increase in flexural strength and fracture toughness [82]. Generation of a 

BN interface increased the 3-point bend strength and fracture toughness, 

accompanied by quasi-ductile behaviour. ZenTronTM glass fibres, on the other 

hand, did not show any beneficial effect, except when a SnO2 interfacial layer was 
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incorporated and an increase in the 3-point flexural strength was observed. The 

material exhibited, however, brittle fracture behaviour, consistent with the negligible 

increase in fracture toughness. The coating however decreased the composite’s 

tensile strength, for both alumina and glass-fibre systems, attributed to the 

degradation of the fibre tensile strength during the high temperature coating 

process.  

Boccaccini et al. investigated the use of NextelTM 440 fibres as a reinforcement 

in soda-lime silicate glasses [19], for the fabrication of optomechanical composites. 

Qualitative analysis of the composites produced showed evidence of fibre pullout 

upon fracture of composites with a TiO2-fibre coating. Composites produced with 

basalt and Vetrotex glass fibres were also investigated, although the fracture of 

the composites was brittle, similar to the behaviour of the uncoated NextelTM 440 

fibre-reinforced composites. Further analysis of the mechanical properties of basalt 

fibre-reinforced composites with a TiO2 interface showed increased bend strength 

and favourable failure behaviour, where evidence of pullout was observed. The 

fibre content, however, was relatively high (~15 %) and therefore the composites 

produced were not transparent. 

The contribution of the thermal expansion mismatch to the stress-strain 

behaviour of GMCs was analysed by Hülsenberg et al. [24]. Fibres of lower, 

greater or similar CTE to that of the matrix were employed. The results clearly 

showed that similar CTE cause a slight clamping of the fibres, which increases the 

composite’s strength, but limits fibre pullout to a restricted stress range. A greater 
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extent of damage tolerance was observed in composites with fibres of greater CTE 

than that of the matrix. It was also observed that the introduction of a BN/TiO2 layer 

provides weak interfaces and consequently promotes the occurrence of pullout, as 

the TiO2 layer prevents BN from reacting with the fibre or matrix. 

A system comprising an Al2O3 fibre/ZrO2 minicomposite as reinforcement in 

silicate matrices was proposed by Dericioglu & Kagawa [20]. Transparent 

borosilicate matrix composites were fabricated which showed favourable load-

bearing behaviour, which increased with increasing fibre content. Evidence of fibre 

pullout was observed within the minicomposite, indicating that the alumina fibres 

and the ZrO2 matrix form a weak interface for enhanced toughness, despite 

possible strong bonding with the glass matrix. In-situ analysis of the interfacial 

stresses during crack propagation resulted in R-curve behaviour in agreement with 

the experimental values, proving that minicomposite unit bridging is the dominant 

mechanism contributing to the improvement of fracture toughness [22].  

Table 7.1 summarises of the main GMCs examined for optomechanical 

applications, and some of their properties. Only composite systems containing 

oxide fibres have been considered, as these are the focus of the present work. 

Moreover, the values of properties presented are only representative of the main 

optomechanical properties as the techniques employed for their measurement may 

differ. A more detailed analysis will be given further within the experimental section 

of this work, where literature values will be compared to those measured 

experimentally on the composite systems investigated here. 
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Table 7.1: Optomechanical properties of oxide fibre-reinforced GMCs 
(literature results) 

Author Year vol. % 
Transmittance 

(%) 

Flexural 
strength 

(MPa) 

KIc  

(MPa m1/2) 

Hülsenberg et 
al.[24] 

2008 8 - 35 - 40 - 350* up to 6 

Raab et al.[82] 2006 5 - 12 - 51 - 91* 0.9 - 3.3 

Bernardo et 
al.[23] 

2006 5 
 

71 - 90** 
 

Boccaccini et 
al.[7] 

2005 5 18 - 75 - 
 

Dericioglu & 
Kagawa[20] 

2003 3-7 50 - 90 69 - 81* 0.95 

Boccaccini et 
al.[19] 

2003 10 47 - 54 - 
 

Dericioglu & 
Kagawa[3] 

2002 
0.19-
0.75 

52 - 
 

Iba et al.[17] 1999 3-10 25 
  

Iba[16] 1996 5 - 7 10 - 40 
  

Vaidya et 
al.[156] 

1992 28 - 64 - 86* 0.94 - 2.12 

*3-point bending           
**4-point bending 
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7.4 Experimental procedure 

Composites in the systems comprising borosilicate and soda-lime silicate 

glasses reinforced with sapphire or NextelTM 610 fibres with or without a ZrO2 

interface were fabricated and comprehensively characterised. The sol-gel dip-

coating process employed for the deposition of the ZrO2 interface was described in 

Chapter 6.  

The effect of the introduction of reinforcing fibres into the glass slides on the 

optical and mechanical (“optomechanical”) properties of the composites was 

evaluated. The optical properties were evaluated by means of a 

spectrophotometer, in which the visible light transmittance of the composites was 

measured as a quantitative indication of their transparency. 

With regard to the mechanical properties of the composite slides, the fibre 

push-in technique was employed to measure the fibre/matrix interfacial sliding 

resistance, to indicate the bonding between the reinforcing fibres and the glass 

matrices. The interface between the fibre and matrix was examined by 

transmission electron microscopy (TEM), in order to investigate if intermediate 

layers formed as a result of the chemical reactions between the fibre and the 

matrix at the processing temperature.  

The tensile strength of the fibres was measured before and after deposition of 

the ZrO2 coating, to assess the effect of the coating process on the fibre tensile 

strength. The composites flexural strength was then measured using 3-point and 4-
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point bend tests, while fracture toughness was obtained by the flat chevron notch 

technique. Observation of the fracture surfaces of both bend and flat chevron notch 

test samples was carried out by SEM.  

In the following sections, each of the techniques employed and the 

methodology followed by the evaluation of the optomechanical properties of the 

glass composite slides produced will be described.  

7.4.1 Optical transparency 

Following the results obtained in the preliminary light transmittance 

measurements described in section 5.4.4, a detailed analysis of the composites 

light transmittance was carried out, for the fibre spacing range selected (e.g. 1 to 4 

mm). Composite slides of 26 x 76 x 1.5 mm3 were fabricated, ground with SiC 

paper grit 180, 220, 320, 500, 800 and 1200, and finally polished with 6, 3 and 1 

µm grain size diamond suspension. 

The total light transmittance of the composites was determined using a 

Shimadzu UV-3600 UV-VIS-NIR spectrophotometer, as described in section 

5.3.4.2. In this case, composite samples were prepared with fibre spacings of 1, 2, 

3 and 4 mm and 1.5 mm thick. The actual fibre spacings upon manufacture were 

measured by image analysis using a NOVEX Zoom Stereo Microscope RZ, 

equipped with a digital camera. Transmitted light images of the composites were 

captured, where the total dark (shadow) area produced by the opaque NextelTM 

fibres was measured by image analysis, in the Moticam Image 2.0 software. The 
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fibre diameter and spacing were measured using the Adobe Photoshop CS3 

software. In the case of the sapphire fibre-reinforced composites, ordinary reflected 

light images were used. 

7.4.2 Fibre push-in test 

The fibre push-in test was used to estimate the fibre/matrix interfacial friction, 

applying the mathematical model described by Kuntz & Grathwohl [206]. These 

measurements were carried out at the University of Bremen (Germany), in 

collaboration with the Advanced Ceramics Group. For this test, polished cross-

sectional samples of the composites were prepared. 

A Vickers indenter was used, connected to a Piezo-translator with a step 

resolution of approximately 2 nm and a Piezo load cell of 500 N maximum load, 

and approximately 0.5 mN accuracy. The load applied depended on the fibre 

diameter: for the NextelTM fibre (~12 m dia) reinforced composites, loads of up to 

45 N were applied, whereas for the sapphire fibre (~150 m dia) composites, loads 

between 10 and 40 N were used for indentation. An optical microscope attached to 

the equipment was used for aligning the fibres and registering the indentations 

after testing.  

Typical indentation times of 10 s were used for the two load-unload cycles. The 

hysteresis area between the unload-reload cycle was used to calculate an 

equivalent interfacial friction via [207]: 
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 , Eq. 7.16 

where A is the unload-reload hysteresis area in the force-displacement graph 

(N.m), Fmax is the maximum load achieved before fibre sliding occurs (N), Rf is fibre 

radius (m), Ef is fibre Young’s modulus (Pa) and  is the equivalent interfacial 

frictional stress (sliding resistance) in Pa. At least 7 specimens were indented and 

the average equivalent interfacial friction was calculated for each composite 

system. 

A schematic drawing of the experimental set-up is shown in Figure 7.11 [208]. 

 

 

 

Figure 7.11: Schematic diagram of push-in test experimental set-up (at the 
University of Bremen, Germany) (according to [208]) 
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7.4.3 Transmission electron microscopy 

TEM analysis was carried out in a JEOL 2000 FX Electron Microscope, for the 

characterization of the fibre/matrix interfacial area. TEM samples of the composites 

were prepared by the focused ion beam technique (FIB) in a FEI FIB TEM 200 

workstation, with a gallium ion source. Bombarding the surface with the ions 

emitted by the source allows for either imaging or milling of the samples, 

depending on the current employed.  

For the FIB preparation of TEM samples, polished cross-sectional samples 

were initially prepared, which were then gold-coated and mounted into the 

equipment, under high vacuum. Imaging was initially carried out using low currents 

(30 – 50 pA), and the interfacial areas of interest were selected. TEM samples 

were then cut by progressive FIB milling of localized areas, under higher currents 

(300 pA), thinning the section down to a thickness of approximately 100 nm. Final 

polishing of the TEM section was done using intermediate currents (~ 100 pA). The 

polished section was then lifted from its cavity by a glass needle, under the light 

microscope, and mounted onto a TEM grid. 

7.4.4 Fibre tensile strength 

The measurement of fibre tensile strength was done to assess the possible 

effects of the coating process on the fibres mechanical properties. NextelTM 610 

fibres were analysed before and after the coating process. 
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The test was carried out in accordance with the standards BS EN 1007-5:2003 

and 1007-4:2004 [209]. The specimen preparation involved the use of a paper tab, 

with a window in the centre, as shown in Figure 7.12 [210]: 

 

 

 

Figure 7.12: Schematic representation of specimen fixture for the fibre 
tensile strength test 

Liquid cyanoacrylate glue was used to fix the fibre tows between the paper 

tabs. A liquid glue was necessary for the infiltration of the tow, sticking all filaments 

together and to the paper, thus avoiding slippage during tensile loading. The gauge 

length of 25 mm was used to establish the force-displacement curves. 10 and 40 

Fibre tow 

Glue 
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mm specimens were also tested for determining the load train compliance (C1). 

Table 7.2 shows the dimensions of the paper tabs for each gauge length 

employed. 

Table 7.2: Gauge length (L1) and respective tab dimension (L2) in mm for the 
tensile strength test of fibres (see Figure 7.12) 

L1 L2 

10  0.5 30  1 

25  0.5 45  1 

50  0.5 70  1 

 

 

Loading was carried out at the rate of 0.02/min, based on the study of Wilson & 

Visser [211] and on the load-displacement behaviour of fibre tows initially tested, 

as recommended in the standard. 

At least 20 specimens were loaded and their tensile strength (rup) was 

calculated from the rupture load (Frup) and the initial tow area (A0) by the following 

equation [210]: 

 Eq. 7.17 

where A0 was obtained from the fibre tow linear density (in g/mm), to bulk density 

(in g/mm3) ratio. In the case of the coated fibres, these properties were measured 

by the method described in section 4.3.3, whereas in the case of the as-received 

fibres, the linear density value obtained experimentally (also described in section 

4.3.3) was employed, however the nominal density provided by the manufacturer 
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was used, as this property was not assessed in the initial characterization of the 

reinforcing fibres. 

Weibull statistical distribution of was calculated to enable comparison between 

the tensile strength of the fibre tows in the as-received state, upon deposition of the 

first coating layer and calcination at 500 °C, and at the end of the coating process, 

upon deposition of the second layer and sintering at 1300 °C. The Weibull modulus 

depends on the mathematical method employed, as well as the gauge length [212]. 

In the present work, the values were calculated for comparative purposes and the 

same method and gauge lengths were applied for all samples analysed. The 

cumulative probability distribution of the tensile strength was calculated according 

to the equation [212]: 

 Eq. 7.18 

where Pi is the failure probability at stress i, ni the number of fibre tows that failed 

at or below stress i and n the total number of fibre tows tested.  

Considering the Weibull probability equation for fibres with the same gauge 

length [213]: 

 Eq. 7.19 

where P is the probability of failure as calculated above at each stress (), 0 the 

Weibull characteristic stress at a probability of failure of 0.632 and m the shape 

parameter or Weibull modulus. ln [ln (1-P)] versus ln was then plotted and the 

linear equation y = mx - B obtained from the best fit line, where y = ln [ln (1-P)], x = 
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ln, and m is the inclination of the curve [214]. The Weibull characteristic strength 

(0) was also obtained from the same equation, by equating B to mln0. The 

average strength ( ) of the fibre tows was then obtained from the equation [209]: 

,  Eq. 7.20 

where the Γ is a mathematical function whose value was obtained from reference 

[209]. All parameters were calculated and used in the comparison of the properties 

exhibited by the fibres before and after coating, as explained previously, to 

determine the effect of the coating process on the properties of the fibres. 

7.4.5 Flexural strength: bend test 

Measurement of the flexural strength of the composites and the unreinforced 

glass matrices was carried out using a Hounsfield H5KS S-Series unit. A 5 kN load 

cell was used for preliminary 3-point bend tests on NextelTM fibre-reinforced 

composites. Further analysis of the 4-point bend strength was done in an Instron 

4500 Universal Testing machine. Both 3 and 4-point bend tests were carried out in 

accordance with British Standard EN 658-3:2002 [215].  

To evaluate the true influence of the fibres on the flexural strength of the 

material, the same were placed in the lower half of the bending bars, where 

fracture is initiated during bending, and which is submitted to tensile loading. 

Schematic drawings of the composite configurations are shown in Figure 7.13 for 

3-point (Figure 7.13(a)) and 4-point (Figure 7.13(b)) bend tests. 
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Figure 7.13: Schematic of the bend test sample and loading configuration for 
(a) 3-point and (b) 4-point (redrawn from ref. [215]) 

The span lengths for both tests are indicated in Figure 7.13. For the 

manufacture of samples, glass slides of different thicknesses were used. The fibres 

were sandwiched between 1 mm and 2 or 3 mm thick soda-lime silicate or 

borosilicate glass slides, respectively, in order to be located near the bottom 

surface. Samples with approximately 75 x 13 x 2.5 mm3 dimensions were 

fabricated. The final thickness of the samples was limited by the original thickness 

of the glass slides used for composite manufacture. To comply with the 

recommended span/thickness ratio of 20, and to ensure that the samples failed 

under tensile loading [12], the span length was calculated to the maximum length 

(a) (b) 
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that required minimum sample machining. Nevertheless, most of the samples were 

ground to the appropriate thickness calculated. 

The main vulnerability of flexural tests is related to surface quality, small 

effective volume of specimens.  Therefore surface preparation is extremely 

important [216]. The samples were ground (SiC paper grit 180 to 1200) and 

polished using diamond suspensions with 6, 3 and 1 m grain size, to avoid 

superficial flaws that could cause stress concentration and fracture at lower loads. 

Upon polishing, the samples were annealed at 560 ºC for 15 min [108, 109, 144] to 

release the residual stresses possibly created during surface preparation. 

At least 5 specimens of each composite system were tested. The maximum 

breaking load (Fm) was recorded and used to calculate the flexural strength using 

the equation: 

 Eq. 7.21 

where L is the span length for the 3-point bend test, and in the case of the 4-point 

bend test, the difference between outer and inner span lengths; bh2 is the cross-

sectional area of each sample and f,m the final flexural strength. The Young’s 

moduli of the composites and glass slides were calculated from the slope of the 

load versus displacement curves of 4-point bend tests. 

The composites’ flexural strength was predicted theoretically by using the 

strength of materials approach [12], which determines the rupture strength under of 
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a composite constituted by linear elastic materials, i.e. that behave accordingly to 

Hooke’s law, is given by: 

 [12],  Eq. 7.22 

where σf, σm and σcl are the fibre, matrix and composite’s flexural strength in the 

longitudinal direction and Vf is fibre volume fraction. The nominal σf and σm 

employed in the calculations were, respectively, fibre strength values provided by 

the supplier and matrices flexural strength obtained experimentally. Flexural 

strength of coated fibres (minicomposite) was first estimated using Eq. 7.7 and the 

value obtained was used to calculate the final composite’s flexural strength. Table 

7.3 shows the values employed: 

Table 7.3: Flexura strength values of each composite component used to 
estimate the composites’ flexural strength 

Fibre/matrix Flexural strength 

Sodalime silicate glass matrix 53 MPa 

Borosilicate glass matrix 39 MPa 

Zr2O minicomposite matrix 1300 MPa 

NextelTM fibre 3100 MPa 

NextelTM/ZrO2 minicomposite 2740 MPa 

Sapphire fibre 3100 MPa 
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Flexural strength of Y2O3-stabilized tetragonal ZrO2 was used in the estimation 

of the minicomposite’s flexural strength, considering a coating volume fraction of 

20 %, as calculated by image analysis, using the same method described in 

section 4.3.3 for determination of the fibres’ physical properties. 

7.4.6 Fracture toughness: flat chevron notch (FCN) technique 

Measurement of fracture toughness was done by the flat chevron notch (FCN) 

technique [217], which consists in the application of tensile forces in the direction 

perpendicular to the fibre plane, on a sample notched at the interfacial plane 

(Figure 7.14). This test was carried out at the Institute of Physics of Materials of the 

Academy of Sciences of the Czech Republic (Brno). 

The FCN technique was specifically developed for testing brittle composite 

materials with similar geometrical configuration as that of the composite materials 

described in this work. It was designed to enable determination of fracture 

toughness of particularly thin and flat specimens (slides) with the reinforcement 

regularly dispersed with periodical inter-fibre spacing on a plane perpendicular to 

the thickness [217].  

Other techniques available and most commonly employed, such as the 

Brazilian disk test or the CNB test are not appropriate for such composite 

geometry, as they generally require greater thicknesses, which motivated the 

development of the FCN technique. The specimens’ thickness is, however, limited 

to a minimum 4 mm for the FCN test. This is to ensure that they are sufficiently stiff 
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to avoid development of bending forces instead of pure opening. The presence of 

bending forces can lead to deflection of the propagating crack from the interface 

plane [217]. 

It was however proven to be an effective procedure to enable characterisation 

of fracture behaviour of composite materials as described above. Different to 

conventional bend test for fracture toughness measurement, in the FCN test the 

chevron notch tip localises the fracture plane at the fibre/matrix interface (Figure 

7.14), allowing post-test microstructural characterisation of fracture surface at the 

fibre plane, besides quantification of fracture toughness [217]. 

 

 

 

Figure 7.14: Schematic representation of the flat chevron notch technique for 
the measurement of fracture toughness. The dashed line represents a 

possible fracture plane during sample loading (courtesy of Dr I. Dlouhy, 
Institute of Physics of Materials, Brno, Czech Republic) 

At least 10 specimens of each type of composite were tested. Fracture 

toughness was calculated from the maximum force at fracture (Fmax) in the load 
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versus displacement curve, the sample dimensions (W and B) and the geometrical 

function Ymin
* calculated by finite element analysis, using the following equation: 

 Eq. 7.23 

 

 

The experimental set-up is shown in Figure 7.15. 

 

 

 

Figure 7.15: Experimental set-up for the flat chevron notch technique for 
measurement of composites fracture toughness (courtesy of Dr I. Dlouhy, 

Institute for Physics of Materials Brno, Czech Republic) 

10 mm 

Loading pins 

Aluminium holders 
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7.5 Results and discussion 

7.5.1 Optical transparency 

Figure 7.16 shows a NextelTM 610 fibre-reinforced (2 mm spacing) soda-lime 

silicate glass composite sample used for light transmittance measurements. The 

legend behind the composite slide is perfectly readable, qualitatively indicating the 

high light transmittance of the composite. 

 

 

Figure 7.16: Optically transparent NextelTM fibre-reinforced soda-lime silicate 
glass (2 mm fibre spacing) 

The light transmittance of the NextelTM fibre-reinforced composites is shown in 

Figure 7.17, for composite samples with different fibre spacing. Overall, both the 

matrix and composites total light transmittance was nearly constant within the 

visible wavelength range.  
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Figure 7.17: Total light transmittance of glass matrix and composites with 
increasing fibre spacing 

Figure 7.18 shows the average light transmittance of each composite analysed, 

throughout the visible wavelength range of the spectrum, as a function of the 

corresponding shadow area. The values were normalized with the matrix light 

transmittance (Tc/Tm). The light transmittance of the composites was found to vary 

according to the trend predicted by Kagawa & Dericioglu’s mathematical model [3], 

as indicated by the trend line introduced in Figure 7.18. The light transmittance 

decreased with increasing shadow area (e.g. increasing fibre content), as lower 

fibre contents correspond to smaller shadow areas, and consequently the greater 

window area leads to higher transmitted light intensities.  The scattering of the 

results observed was attributed to the presence of light scattering phenomena 
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which are not taken into account in the mathematical model, such as light 

scattering and absorption caused by matrix defects, irregularities or impurities. 

 

 

Figure 7.18: Normalized total light transmittance of NextelTM fibre-reinforced 
composites with increasing fibre content (shadow area) - the dashed line 
represents the values predicted by the mathematical model proposed by 

Dericioglu and Kagawa [3]. 

The minimal light transmittance value observed, for the maximum fibre content 

analysed, was around 0.6 of the matrix total transmittance, which is relatively high 

compared to previous results, which range between 0.1 and 0.9 (see section 

2.2.1), showing that a compromise between high light transmittance and high fibre 

content can lead to composites with excellent light transmittance and potentially 

enhanced mechanical properties. The sapphire fibre-reinforced composites, on the 
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other hand, exhibited maximum light transmittance of approximately 0.9 of the 

matrix light transmittance. 

7.5.2 Fibre/matrix interface characteristics 

Cracking of NextelTM fibres upon indentation during the push-in test indicates 

that the interfacial sliding resistance is potentially large, i.e. strong bonds between 

fibre and matrix may have formed during composite manufacture. Interface sliding 

is usually prevented by radial compressive stresses generated by thermally-

induced residual stresses [218]. 

Possible formation of a strong interface by excessive chemical reaction during 

composite fabrication was assessed by TEM analysis. Figure 7.19 shows a bright-

field image of a region between two NextelTM fibres in the borosilicate glass matrix, 

showing a fine interface was formed, and no evidence of the formation of an 

intermediate layer was observed. The diffraction patterns exhibited the typical 

characteristics of amorphous and crystalline structures for the matrix and fibre 

regions, respectively.  

Similar EDS spectra were obtained for the matrix both at a central region and at 

an area closer to the fibre/matrix interface, hence excluding the possibility that a 

strong chemical bond between fibre and matrix was formed during composite 

fabrication. A slightly higher Al peak was observed at the interfacial region, which 

can be explained by the proximity to the fibre. The Cu observed in both spectra is 



285 
 

from the TEM grit, whereas the Ga is residual from the FIB preparation (see 

section 7.4.3). 

 

 

Figure 7.19: (a) TEM image of NextelTM 610 fibre-reinforced borosilicate glass 
composite showing the interfacial region between two fibres and respective 
diffraction patterns; EDS spectrum at the centre of the matrix region (b) and 
at the interface with the fibre (c). No evidence of formation of a reaction layer 

during composite processing was observed 
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Figure 7.20 shows TEM images of the fibre/matrix interface of a NextelTM fibre-

reinforced soda-lime glass composite. Figure 7.20(a) shows the diffraction pattern 

of the fibre, while Figure 7.20(b) shows the diffraction pattern of the matrix, 

characteristic of crystalline and amorphous structures, respectively, confirming that 

no crystallization occurred in the glass matrix. 

 

Figure 7.20: TEM image of the interfacial area of two different NextelTM 610 
fibres in the soda-lime silicate matrix showing the typically amorphous 

diffraction pattern detected in the matrix area and the crystalline pattern 
confirming from the fibre, and brighter features formed at the interface 

indicating chemical reaction between the fibre and the matrix 

Several bright features were observed near the fibre/matrix interface, although 

the diffraction pattern of the matrix did not show evidence of the presence of 

crystallites. EDS spectra from the fibre, matrix and brighter features regions (Figure 

7.21) showed higher Al contents in the regions where the bright features were 

observed, which suggests that Al diffused from the fibre into the matrix, and 

therefore indicates that the fibre started to react chemically with the glass, and a 

strong interfacial bond may have formed. 

400 nm 400 nm 

(a) (b) 
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Figure 7.21: EDS spectra at the different regions in the composites indicating 
a higher content of Al in the region where bright features can be observed 

near the fibre/matrix interface 
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The push-in technique is based on the fibre/matrix debonding, therefore further 

analysis of these composites was not possible. This behaviour does not 

necessarily mean, however, that an excessively strong fibre/matrix bond has 

formed, and toughening can still be expected to occur despite the difficult fibre 

debonding, e.g. based on the lack of significant chemical reaction (Figure 7.19 and 

Figure 7.20). 

Sapphire fibre-reinforced soda-lime silicate GMCs exhibited significantly lower 

sliding resistance (10 MPa) than that of the borosilicate GMCs reinforced with the 

same fibre (21 MPa), with and without the ZrO2 interfacial layer. Figure 7.22 shows 

the interfacial sliding resistance of sapphire fibre-reinforced soda-lime silicate 

(SS/Sap) and borosilicate GMCs, compared with values for similar composite 

systems [28, 206, 219, 220] 

 

Figure 7.22: Interfacial sliding resistance of sapphire fibre-reinforced soda-
lime silicate (SS/Sap) and borosilicate (BS/Sap) GMCs. Values obtained were 

comparable to those for commercially established SiC/Duran composites 
[206] 
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Lower values had been reported previously for epoxy matrix composites 

reinforced with sapphire fibres (2 MPa), measured using the same technique, 

although using a different analytical model to derive the sliding resistance [219]. 

NextelTM 720 fibre-reinforced alumina/mullite composite exhibited values of 

approximately 5 MPa [28], although it comprised a porous matrix. The porosity not 

only leads to the formation of weak fibre/matrix interfaces, but also reduces the 

rate of crack energy release rates in comparison to dense matrices [28].  

A frictional stress of 3.5 MPa has been reported for SiC fibre-reinforced lithium 

alumina-silicate(LAS) glass-ceramic composites [220], and 15 MPa in a 

borosilicate (Duran) glass matrix [206]. SiC fibre-reinforced Duran (borosilicate) 

GMCs are well known for their excellent mechanical properties, in particular 

fracture toughness [1, 73], attributed to the weak interfacial bond provided by the 

carbon-rich layer formed between fibre and matrix [153]. The sapphire fibre-

reinforced composite systems presented herein exhibited a similar level of 

interfacial sliding resistance as the SiC fibre/Duran systems [206], indicating that 

a weak interfacial bond may be present, as expected. 

The interfacial frictional stress is described by the equation [206]: 

, Eq. 7.24 

where µ is the coefficient of friction, c the interface clamping stress prior to loading 

and  the normal stress created due to the Poisson deformation of fibre and 

matrix. The Poisson ratio contribution can be considered the same for both 

systems, and the different interface friction values obtain are thus attributed to the 
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clamping stress only. Shetty [221] described the residual compressive (clamping) 

stress according to: 

, Eq. 7.25 

where Em is the Young’s modulus of the matrix, m and f the matrix and fibre CTE 

respectively, m the Poisson’s ratio of the matrix and ΔT the temperature gradient 

from cooling, when the thermal stresses are built up.  

The difference in the values observed for the sapphire fibre-reinforced 

composites with soda-lime silicate and borosilicate glass matrices can be attributed 

to the difference in CTE of the two matrices employed, besides the greater 

temperature gradient to which the borosilicate GMCs were exposed during cooling, 

considering the higher temperature employed for manufacturing. The borosilicate 

glass has a significantly lower CTE than that of the soda-lime silicate glass (3.25 

and 7.9 x 10-6 °C-1 respectively). In the case of the soda-lime silicate glass 

composite, m - f> 0, hence a compressive radial residual stress is induced, 

while for the borosilicate glass composite m - f< 0, in which case a tensile 

residual stress can only occur if chemical bonding has formed between fibre and 

matrix [221]. A summary of the properties of the two systems investigated and the 

interfacial clamping stress calculated with Eq. 7.25 is given in Table 7.4. 
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Table 7.4: Properties of composite components and clamping stress 
calculated with Eq. 7.25 

Composite 
Em 

(GPa) 
m 

(x10-6 °C-1) 
f 

(x10-6 °C-1) 

ΔT 
(°C) 

0 
(MPa) 

Sapphire/soda-lime silicate 69 9.2 7.9 820 60 

Sapphire/borosilicate 64 3.25 7.9 970 221 

 

 

Incorporation of a ZrO2 coating layer did not alter the sliding resistance of 

borosilicate GMCs reinforced with sapphire fibres, and a similar interface frictional 

stress was obtained (approximately 22 MPa), although a greater scattering in the 

results was observed. Monolithic ZrO2 generally has CTE  ranging between 9.5 to 

11 x10-6 °C-1[145], similar to that of the sapphire fibres, hence the similarity in the 

interface frictional stress. 

The push-in test is a useful tool for predicting the fibre/matrix interaction in a 

composite material. The results indicated that the sapphire fibre investigated in the 

present work may provide favourable interfacial conditions for the occurrence of 

energy dissipation mechanism during GMC fracture. 

Introduction of a ZrO2 interfacial layer did not effectively lower the interface 

frictional stress in the composite, although it provides additional interfacial area for 

the occurrence of such mechanisms. In the case of the NextelTM fibres, a complete 

analysis was not possible, and the interfacial sliding resistance could not be 

determined, indicating that an initial clamping stress was formed upon composite 

manufacture which may hinder energy dissipation during crack propagation. In this 



292 
 

case, introduction of a coating layer is more important, and its effects on the 

mechanical properties of the composites more evident. 

7.5.3 Fibre tensile strength 

Table 7.5 shows the average tensile stress obtained for the as-received 

NextelTM fibres, fibres coated with one layer of ZrO2, which were submitted to 

calcination only, and the fibres which, upon calcination of the first coating layer 

were submitted to the deposition of a second layer, which was then sintered at 

1300°C. The nominal value calculated from the roving break load provided by the 

manufacturer [94] is also given for comparison.  

Table 7.5: Average tensile strength of as-received and ZrO2 coated NextelTM 
610 fibres with 1 and 2 layers 

 As-received ZrO2-coated 

 - 1 layer 2 layers 

Weibull modulus (m) 3.85 3.65 2.15 

Average tensile 
strength -  (MPa) 1257 1067 582 

Weibull characteristic 

strength - 0 (MPa) 
1390 1183 657 

Nominal tensile 
strength 

1144 - - 
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The as-received fibres had an average tensile strength comparable to the 

nominal value, validating the method employed. However, a significant decrease in 

strength was observed upon sintering of the 2 coating layers. The fibres coated 

with a calcined ZrO2 layer had slightly lower strength, while the sintered double-

layer coated fibres had on average 46 % retained strength, indicating that strength 

loss occurred due to the thermal processing of the coating. 

The plot of cumulative fracture probability against fibre tensile strength 

represents the strength distribution for the as-received and coated fibres at the two 

stages of the coating process (Figure 7.23). The graph shows that deposition of the 

first layer does not alter significantly the average strength and distribution, whereas 

sintering of both layers resulted not only in a strength loss, but also a greater 

scattering of the results. 

 

Figure 7.23: Probability plot of tensile strength of NextelTM fibres as-received, 
coated with 1 layer of calcined ZrO2 and 2 layers of ZrO2 sintered at 1300 °C 
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Weibull plot of the results (Figure 7.24) also indicate embrittlement of the fibres 

besides the strength loss that occurs upon coating and sintering at 1300 °C. The 

as-received fibres exhibited a Weibull modulus of approximately 3.8, comparable to 

the values encountered by others, 3.7 – 3.9 [222]. The modulus decreased slightly 

to 3.6 upon deposition and calcination of the first layer, dropping more drastically to 

2.1 upon sintering of the double-layered coating. Moreover, the double-layer 

coated fibres exhibited a shape for which two separate fits seem more appropriate. 

This effect is attributed to the presence of different types of flaws in the sample, 

and this single two-parameter Weibull distribution cannot be applicable for 

statistical purposes [209]. 

 

 

Figure 7.24: Weibull plot of the tensile strength of as-received and ZrO2-
coated NextelTM alumina fibres 
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The NextelTM fibres’ temperature limit for application determined by the 

manufacturer, at which a maximum strength loss of 30 % is observed, is 1300 °C, 

the same temperature employed for the sintering of the coating, hence the strength 

loss observed. The excellent thermochemical stability of alumina is usually 

attributed to its fine grained structure [211]. Significant grain growth is observed in 

the NextelTM 610 fibres at temperatures above 1200 °C, from approximately 65 to 

160nm [94] and the strength loss is attributed to this effect. The effect of thermal 

exposure of NextelTM 610 fibres was studied by Cu et al.[223]. Grain growth upon 

exposure to temperatures above 900 °C was determined as the primary reason for 

strength loss, although structural defects induced during the thermal exposure 

were also considered as a secondary cause. Filament-to-filament sintering has 

also been identified previously as a cause for strength loss [224], due to formation 

of induced shear stresses along the bond line when bonded filaments are bent or 

twisted [225]. 

In the case of the coated fibres developed in the present work, some filament-

to-filament bonding was observed (Figure 6.30, section6.5.3), which may have 

contributed to the fibre tensile strength decrease. This effect was previously 

observed in the simple thermal treatment of the fibres [225], whereas in the present 

case a coating was deposited, which can be seen between most of the filaments, 

thus avoiding the excessive formation of filament-to-filament bonds. This is an 

important consideration since the main objective of the coating process is to 

provide a weaker interface than that between the bare fibre and matrix, where 

energy dissipation may occur during fracture of the composite. The lower fibre 
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tensile strength, therefore, may not be a limitation and increased composite 

toughness is still expected to result. 

7.5.4 Flexural strength 

The flexural strength of the composites was initially assessed by the 3-point 

bend test [215]. NextelTM fibre-reinforced soda-lime silicate glass composites were 

tested, with varying fibre content (fibre spacing), and their flexural strength was 

compared to that of the unreinforced matrix processed under the same conditions. 

Composites reinforced with fibres which had been coated with a single-layer of 

ZrO2 were also analysed. Figure 7.25 shows the average strength of composites 

as a function of fibre spacing. Decreasing spacing (increasing fibre content) 

resulted in greater average flexural strength, as expected. 

The flexural strength results show that, at the lowest fibre contents (greatest 

fibre spacings), the fracture strength of the composite material is slightly lower than 

that of the unreinforced matrix, although this result is not statistically significant, as 

explained below (Table 7.6). However, the results confirm that the volume of higher 

modulus fibres is not sufficient to produce an increase in the strength of the 

material as a whole. Composites with similar content of ZrO2-coated fibres (4 mm 

fibre spacing) showed slightly higher strength (Figure 7.25). 



297 
 

 
Figure 7.25: Flexural strength (3-point bend test) of NextelTM fibre-reinforced 

soda-lime silicate GMCs versus fibre spacing 

Table 7.6 shows the equivalent fibre content (vol. %) for each fibre spacing 

employed and the student’s t value for each type of sample. The student’s t test 

showed that the increase in flexural strength observed was not significant. In all 

cases the t value calculated was smaller than the critical value of 2.31 for the 

probability level of 0.05, based on 8 degrees of freedom. The fibre contents 

employed for the analysis were limited by the spacing between each fibre tow, i.e. 

the “window area” in the composite, in order to preserve the matrix light 

transmittance. Moreover, heat cleaning the fibres before incorporation into the 

matrix caused the individual filaments in the tow to separate from each other. In 

this way, the number of filaments in each tow changed and became significantly 

lower than the original count, in the as-received fibres (400). 
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Table 7.6: Fibre content and t value for composite samples investigated 

Composite Spacing (mm) 
Fibre content 

(vol. %) 
f 

(MPa) 
t 

Soda-lime silicate 
glass matrix 

- 0 45 NA 

NextelTM/soda-
lime silicate 

1 0.98 60 1.26 

2 0.59 50 0.85 

4 0.22 44 NA 

ZrO2 + NextelTM/ 
soda-lime silicate 

4 0.23 50 0.83 

 

 

It should be emphasized that these composites were produced primarily to 

demonstrate the concept of optomechanical composites based on the “sandwich” 

structure manufacturing process and to assess the fibre/matrix interaction upon 

fracture. Considerations about extending this study to realistic fibre volume 

contents (e.g. >10 vol.%) are presented in Chapter 8. 

Considering the results from the 3-point bend test, the range of fibre spacing 

was narrowed to 2 to 4 mm. 1 mm interspaced fibre-reinforced composites were 

not investigated further considering their extremely low light transmittance (~42 % 

of the matrix transmittance). The 4-point bend strength was then measured for 

composites with NextelTM reinforcing fibres in both soda-lime silicate and 

borosilicate glass matrices, with fibre spacings of 2 to 4 mm. The composites 

strength was again compared to that of the unreinforced matrices processed under 

the same conditions. In this case, however, an in-situ heat-cleaning treatment was 

employed, in which an extra step is introduced to the composites’ thermal-
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treatment, for removal of the protective polymeric sizing. In this way, the fibres 

were incorporated directly into the composites, in the as-received state, thus 

maintaining their filament count. The fibre content in this case was higher than that 

of composites reinforced with heat-cleaned fibres (see section 5.4.1). 

The results are shown in Figure 7.26. The flexural strength obtained for the 

unreinforced matrix is comparable to reported values: 45 MPa as the general 

flexural strength of soda-lime silicate glasses used in the building industry [226], 

and 25 MPa as the nominal flexural strength of Schott Borofloat 33 [144]. A 

similar trend to that of the 3-point bend test results was observed, in which 

composites with low fibre content show lower flexural strengths than those 

measured for the unreinforced glass matrix. The overall strength measured is 

similar to that of the 3-point bend test, even though the fibre content is significantly 

higher. This indicates that although a greater number of filaments was introduced 

in the composite, the fibre/matrix interface area is likely to be similar in both cases, 

for similar fibre spacings. This in turn can be explained by the poor infiltration of 

fibre tows by the glass during sintering, leading to a limited and relatively low 

fibre/matrix interface area. 
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Figure 7.26: Flexural strength (4-point bend test) of NextelTM fibre-reinforced 
soda-lime silicate and borosilicate GMCs. 

SEI/SEM images of fracture surfaces of the composites showed that despite 

the higher fibre content, in both cases the glass did not infiltrate the fibre tows 

completely and only the outer fibres in the bundle become embedded in the matrix 

(Figure 7.27(a) and (b)). The fibre/matrix interface area thus increases with 

increasing number of fibre tows (decreasing spacing), but not by increasing the 

filament count within the tows. Nevertheless, the inner fibres, although having no 

direct interaction with the matrix, hold the shattered glass together during fracture, 

preventing the composites from failing into pieces (Figure 7.27(c)). The composite 

exhibits thus a “fail-safe” behaviour, and could be considered as an “all-ceramic” 

counterpart to conventional wired glass. 



301 
 

 

Figure 7.27: NextelTM fibre-reinforced GMC (2 mm spacing), showing 
incomplete infiltration of the fibre bundles by the matrix (a) and (b), and (c) 

detail of crack bridging by the fibres and no catastrophic failure 

The fibre/matrix interfacial area plays a major role in affecting the composites 

mechanical properties, since this is the region where energy dissipation occurs 

during fracture, as discussed in section 7.3.1. Ideally, all fibre filaments should be 

weakly bonded to the matrix, so that cracks can propagate along the interfaces, 

debonding the fibres instead of propagating freely through the matrix and 

reinforcement [12]. In the ideal case, fibre pullout follows, which leads to the 

highest toughness increment. 

The fibre volume content in the borosilicate matrix composites was slightly 

higher than that of their soda-lime silicate matrix counterparts, as a result of the 

(a) (b) 

(c) 
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smaller thickness of the borosilicate glass slides used for manufacturing the 

composites. The flexural strength of soda-lime silicate GMCs decreased with 

increasing fibre content, contrary to what was expected from the results obtained 

for uncoated fibre-reinforced composites, and compared to their borosilicate glass 

matrix counterparts. The student’s t test showed, however, that the difference 

between the values observed was not significant. As with the previous 3-point bend 

test results, the t value calculated was smaller than the critical value of 2.31 for the 

probability level of 0.05, based on 8 degrees of freedom, as shown in Table 7.7. 

Table 7.7: Fibre spacing for each composite tested and equivalent fibre 

content, with respective flexural strength values (f) and student’s t test data 
for comparison of composites average flexural strength with that of the 

unreinforced matrix 

Composite 
Spacing 

(mm) 
Fibre content 

(vol. %) 
f 

(MPa) 
t 

Soda-lime silicate 
glass matrix 

- 0 53 NA 

NextelTM/soda-lime 
silicate 

2 0.59 33 -3.48 

3 0.40 44 -1.27 

4 0.31 43 -1.43 

Borosilicate glass 
matrix 

- 0 38 NA 

NextelTM/borosilicate 

2 0.89 39 0.16 

3 0.54 31 -1.26 

4 0.30 17 -4.67 
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The decrease in strength for the borosilicate GMC with the smallest fibre 

content can be considered significant in comparison with the unreinforced matrix, 

considering the t value obtained. This suggests that when introduced in a small 

content, the fibres could act to concentrate stress, leading to failure under lower 

loads. In the case of the soda-lime silicate glass composites, the same effect was 

observed for the composite with the greatest fibre content. It is interesting to note 

that similar behaviour has been observed for particulate-reinforced GMCs, e.g. 

Al2O3 particulate-reinforced soda-lime silicate glass [227]. 

Student’s t test was thus carried out to compare the average flexural strength of 

the composites, i.e. ignoring the unreinforced matrix flexural strength, and the 

results are shown in Table 7.8. The t parameter values obtained for the composites 

with soda-lime silicate matrix indicate that the decrease observed for the composite 

with the greatest fibre content is coincidental and can therefore be attributed to the 

scattering of results, as normally observed for brittle materials. In the case of the 

composites with borosilicate glass matrix, the greater flexural strength observed for 

composites with greater fibre contents is actually significant, i.e. statistically 

meaningful. 
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Table 7.8: Fibre spacing for each composite tested and equivalent fibre 

content, with respective flexural strength (f) and student’s t test for 
comparison between the average strength obtained for composites with 

different fibre content 

Composite 
Spacing 

(mm) 
Fibre content 

(vol. %) 
f  

(MPa) 
t 

NextelTM/soda-lime 
silicate 

2 0.59 33 NA 

3 0.40 44 1.83 

4 0.31 43 1.63 

NextelTM/borosilicate 

2 0.89 39 3.64 

3 0.54 31 2.71 

4 0.30 17 NA 

 

Considering the higher fibre contents for the borosilicate GMCs, the results 

indicate that effective contribution of the reinforcing fibres to the fracture strength 

should only be expected at fibre contents greater than 0.60 %, as suggested 

previously from the results obtained from the 3-point bend test. 

With the processing technique investigated in the present work it is difficult to 

achieve complete infiltration of the fibre tows (section 5.4). Therefore, a different 

approach was investigated, in which the deposition of thick coating layers, forming 

a “minicomposite” was carried out (Chapter 6). The minicomposites fabricated 

were then introduced in the glass matrix. The approach of minicomposite-

reinforced GMCs and CMCs has been introduced by Dericioglu & Kagawa [20], as 

described in section 2.2.1. 

Interfacial layers (coatings) have been exploited thoroughly in composites 

science, especially for the manufacture of oxide-oxide composites, where they 

provide weaker interfaces for fibre debonding, avoiding or limiting extensive 
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reactions between fibre and matrix [105]. In the present composite systems, the 

sol-gel based deposition of ZrO2 coating was exploited for the first time, not only for 

providing adequate interfacial properties, but also for infiltrating the fibre bundles 

and providing a greater interfacial area for debonding and crack deflection. The 

flexural strength values obtained for composites reinforced with ZrO2 coated fibres 

are shown in Figure 7.28, where the “SS” series represent the soda-lime silicate 

composites and “BS” the borosilicate glass series. 

 

 

 

 

Figure 7.28: Flexural strength (4-point bending) of ZrO2 coated NextelTM fibre-
reinforced soda-lime silicate (SS) and borosilicate (BS) GMCs for given fibre 

spacing. The infinity symbol (∞) represents the unreinforced glass matrix 
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It is evident (Figure 7.28) that there is an increase in the mean value of the 

flexural strength of composites reinforced with the coated fibres. Especially in 

comparison with the results obtained for the uncoated fibre-reinforced composites 

(Figure 7.29). With the smallest fibre spacing (2 mm), i.e. highest fibre content, 

there is no significant improvement in flexural strength when uncoated fibres are 

incorporated into the composite. When ZrO2-coated fibres were used, 

improvements in flexural strength of 17 and 23 % were observed for the soda-lime 

silicate and borosilicate glass composites, respectively, compared with the 

unreinforced matrices. In comparison to their uncoated fibre-reinforced 

counterparts, improvements of 94 and 27 % were observed, respectively. 

 

Figure 7.29: Flexural strength (4-point bending) of NextelTM fibre-reinforced 
borosilicate (BS) and soda-lime silicate (SS) GMCs, with and without ZrO2 

coating. 
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The fail-safe effect observed during fracture of the uncoated fibre-reinforced 

composites (Figure 7.27) was also present, as documented in Figure 7.30. In this 

context, “fail-safe” behaviour means that catastrophic failure of the component is 

avoided, and glass composites that do not shatter upon fracture are produced. 

 

 

 

Figure 7.30: ZrO2 coated NextelTM fibre-reinforced GMC showing the fail-safe 
behaviour demonstrated during composite fracture 

 

Observation of the fracture surfaces of the composites after bend testing 

indicated that some fibre pullout occurs within the ZrO2-coated fibre tow (Figure 

7.31(c) and (d)), whereas limited pullout occurs in the composites reinforced with 

the uncoated fibres (Figure 7.31(a) and (b)), which revealed a fracture surface 

characteristic of brittle failure. 
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Figure 7.31: SEI/SEM image of fracture surfaces of composites upon 4-point 
bend test. (a) and (b) show incomplete infiltration of fibre bundles and limited 

or no fibre pullout, while evidence of fibre pullout can be seen in the ZrO2 
coated NextelTM fibre-reinforced composites (c) and (d) 

Table 7.9 shows the average flexural strength of composites reinforced with 

NextelTM fibres, with and without the ZrO2 coating layer. The comparison was made 

between the values obtained for composites with the same fibre spacing. The 

values obtained for the t parameter were greater than the critical value of 2.31 for 

the 0.05 probability level, reaffirming that an effective flexural strength 

improvement was obtained with the introduction of the ZrO2 coating. 
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Table 7.9: Flexural strength and student’s t test data for soda-lime silicate 
and borosilicate GMCs reinforced with coated and uncoated fibres, with the 

same fibre spacing (2 mm) 

Composite  Spacing (mm) 
Fibre content 

(vol. %) 
f 

(MPa) 
t 

NextelTM/ 
soda-lime 

silicate 

uncoated 
2 

0.58 33 NA 

coated 0.82 64 4.04 

NextelTM/ 
borosilicate 

uncoated 
2 

0.89 39 NA 

coated 1.12 49 2.86 

 

 

 

Incorporation of sapphire fibres into the glass matrices resulted in an increased 

flexural strength only in the borosilicate GMCs (Figure 7.32). The soda-lime matrix 

composite’s flexural strength was slightly lower than that of the matrix, and a 

greater scattering was observed, indicating that the composites contain structural 

defects, probably at the interfaces, which can cause higher stress concentration at 

the interface, leading to failure at lower strengths. Moreover, the lower flexibility of 

the sapphire fibres compared to that of the NextelTM fibres (see section 4.4.1) 

contributes to the brittleness of the matrix, and as a result, the composites failed in 

a brittle manner and the fail-safe behaviour observed previously for the NextelTM 

fibre-reinforced composites was not observed. 
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Figure 7.32: Flexural strength of sapphire fibre-reinforced soda-lime silicate 
(SS) and borosilicate (BS) glass at a 3 mm spacing, compared to that of the 

unreinforced matrix represented by the infinity symbol (∞) 

The student’s t test shows that the decrease in flexural strength observed for 

the soda-lime silicate composites was not statistically meaningful and therefore is 

considered within the margin of the scattering characteristic of a brittle material, as 

in fact a high scattering was observed in this case. The t parameter value obtained 

was smaller than the critical value of 2.31 for a 0.05 probability. In the case of the 

borosilicate matrix composite, the increase observed was proved effective, as the t 

parameter value calculated was greater than the critical value.  

The same effect was observed when compared to the flexural strength of the 

ZrO2-coated NextelTM fibre-reinforced composites: the borosilicate GMCs exhibited 

significantly higher flexural strength when reinforced with sapphire fibres, despite 
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the lower fibre content. The student’s t test calculations are shown in Table 7.10, 

as well as the fibre content equivalent to the 3 mm spacing and the flexural 

strength values of sapphire fibre-reinforced composites.  

Table 7.10: Student’s t test data for the comparison of the average flexural 
strength of sapphire fibre-reinforced composites with the matrix and ZrO2 

coated NextelTM fibre-reinforced composites 

Composite 
Spacing 

(mm) 
Fibre content 

(vol. %) 
f 

(MPa) 
t 

Soda-lime 
silicate matrix 

NA 0 53 NA 

ZrO2/NextelTM/ 
soda-lime 

silicate 
2 0.83 64 NA 

Sapphire fibre/ 
soda-lime 

silicate 
3 0.25 43 

-0.98 
(matrix) 

-1.80 
(ZrO2) 

Borosilicate 
matrix 

NA 0 38 NA 

ZrO2/NextelTM/ 
borosilicate 

2 1.12 49 NA 

Sapphire fibre/ 
borosilicate 

3 0.78 73 

4.78 
(matrix) 

2.86 
(ZrO2) 

 

 

It was shown previously (section 7.5.2) that the sapphire fibre-reinforced 

system exhibited relatively low interfacial sliding resistance compared to the 

uncoated NextelTM fibre-reinforced composite systems, in which cracking of the 
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fibre occurred prior to sliding. However, the borosilicate matrix composites 

reinforced with sapphire fibres exhibited higher interface frictional stress than that 

of the soda-lime silicate system.  

This effect indicates that an optimum interfacial bonding is necessary for 

enhanced strength in these composite systems. The degree of bonding between 

the sapphire fibre and the soda-lime silicate matrix may not have been enough to 

provide the conditions for the glass matrix to benefit from the greater mechanical 

properties (Young’s modulus and tensile strength) of the reinforcing fibre, whereas 

in the case of the sapphire fibre/borosilicate glass system an effective contribution 

of the fibres to the fracture strength occurs.  Indication of fibre pullout and crack 

deflection was in fact observed at the fracture surfaces of sapphire fibre-reinforced 

borosilicate glass composites, as shown in Figure 7.33(a) and Figure 7.33(b) 

respectively. 

 

 

 

 

 

 

Figure 7.33: SEI/SEM images of the fracture surface of sapphire 
fibre/borosilicate glass composites, showing (a) fibre pullout and (b) crack 

deflection at the fibre/matrix interface, indicated by the arrow 

(a) (b) 
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Observation of the load-displacement curves of composites analysed indicated 

that most composite systems exhibited brittle fracture behaviour. Fig. 7.29 shows 

that most composites exhibited a sudden load drop from the maximum (rupture) 

load, typical of brittle materials. Soda-lime glass matrix composites, however, 

exhibited slight load retention upon failure, indicating toughening mechanisms may 

have started to occur, at a low level. Considering the fail-safe effect observed upon 

failure, as described previously in this section, this effect is in agreement with the 

assumption that the amount of interface area is not sufficient for significant 

toughening, suggesting that further improvement of the fibre/matrix interface is 

necessary to achieve realistic high toughness. 

 

 

7.34: Load-displacement curves for composites systems tested showing 
brittle fracture behaviour 
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Analysis of the flexural strength of the different composite systems showed that 

favourable mechanical properties were obtained for the borosilicate GMC systems, 

especially those containing sapphire fibres and ZrO2-coated NextelTM fibres as 

reinforcements. Table 7.11 summarises the flexural strength of all composites 

analysed, as well as their fibre content and spacing.  

Table 7.11: Flexural strength of all composite systems analysed and 
respective fibre contents and spacings 

Matrix Fibre 
Spacing 

(mm) 

Fibre 
content 
(vol. %) 

f 
(MPa) 

Soda-lime 
silicate glass 

Unreinforced 
matrix 

NA 0 53 ± 12 

NextelTM 

2 0.59 33 ± 6 

3 0.40 44 ± 13 

4 0.31 43 ± 10 

ZrO2/NextelTM 2 0.89 64 ± 11 

Sapphire 3 0.25 43 ± 21 

Borosilicate 
glass 

Unreinforced 
matrix 

NA 0 38 ± 8 

NextelTM 

2 0.89 39 ± 9 

3 0.54 31 ± 10 

4 0.30 17 ± 6 

ZrO2/NextelTM 2 1.12 49 ± 7 

Sapphire 3 0.89 73 ± 16 
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Flexural strength values calculated for the fibre contents employed in the 

measurement were greater than those obtained experimentally for the composite 

systems analysed, with the exception of the borosilicate glass/sapphire fibre 

composite, which exhibited flexural strength greater than prediction (Table 7.12). 

As the theoretical model considers homogeneous and perfectly bonded composite 

systems, it is expected that relatively lower values are obtained experimentally, 

considering inherent defects and imperfections in the composites manufacture. In 

the present case, the incomplete infiltration of the fibre bundles contributed to lower 

the expected flexural strength values. 

The actual embedded fibre content was thus calculated by estimating the 

number of fibres in the outer circumference of a fibre tow. Considering the average 

fibre tow diameter of 0.54 mm, the fibre tow perimeter is approximately 1.70 mm 

and contains 115 filaments, considering the average individual fibre diameter of 

14.7 µm, as demonstrated in section 4.4.1. This represents a 28.85 % of the total 

filament count for the NextelTM fibres, hence 28.85 % of the total fibre volume 

fraction considered above (Table 7.11). The estimated values for the embedded 

fibre contents are closer to those obtained experimentally, for the uncoated fibres, 

and rather consistent in the case of coated fibres, indicating the efficacy of the 

minicomposite approach in improving fibre/matrix interface. 
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Table 7.12: Flexural strength values estimate using the strength of materials 
approach and experimental values measured 

Matrix Fibre 
Spacing 

(mm) 

Fibre 
content 
(vol. %) 

σest 
(MPa) 

σrup 
(MPa) 

Sodalime 
silicate glass 

NextelTM 2 0.17* 58 33±6 

ZrO2/NextelTM 2 0.80 74 64±11 

Sapphire 3 0.25 61 43±21 

Borosilicate 
glass 

NextelTM 2 0.26* 46 39±9 

ZrO2/NextelTM 2 1.08 68 49±7 

Sapphire 3 0.89 65 73±16 

*volume of fibres embedded in the matrix 

 

Flexural strength values measured for the composite systems investigated were 

also comparable to those of similar systems reported in the literature, as shown in 

Table 7.13, despite their significantly lower fibre content, proving the potential of 

the composites described in this work to achieve high strength levels for 

application as optomechanical composites.  

Table 7.13: Bend strength values reported in the literature for similar 
composite systems 

Author Year vol. % 
 

(MPa) 

KIc 

(MPa m1/2) 

Hulsenberg et al. 2008 8 - 35 40 - 350* up to 6 

Raab et al. 2006 5 - 12 51 - 91* 0.9 - 3.3 

Bernardo et al. 2006 5 71 - 90** N.D. 

Dericioglu & Kagawa 2003 3-7 69 - 81* 0.95 

Vaidya et al. 1992 28 64 - 86* 0.94 - 2.12 

*3-point bending     

**4-point bending     
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Flexural strength is expected to increase directly with fibre content. In order to 

preserve the optical transparency, however, this can only be achieved in 

multilayered composites, as the optimal 2 mm fibre spacing determined earlier 

(section 7.5.4) must be preserved and the free matrix area for transmission of light. 

For this fibre spacing, the resulting distance after thermal treatment was found to 

be approximately 2.5 mm (see section 7.5.1). To determine the maximum fibre 

content achievable with the present model, a composite unit cell was considered, 

as shown in Figure 7.35. The fibre spacing (ds) added to the fibre diameter (df) is 

considered as the unit cell’s width, while its thickness (t) depends on the thickness 

of the slides employed. The thinnest slides used in the present project were 1 mm 

thick, which, considering shrinkage during processing, resulted in a final composite 

layer that is 1.56 mm thick. 

 

Figure 7.35: Composite “unit cell” used to calculate maximum fibre content 
achievable using the present composite fabrication technique 

Under these conditions, maximum fibre contents of 0.36 %, 1.16 % and 1.40 % 

for sapphire, ZrO2/NextelTM and NextelTM  fibre-reinforced composites, respectively, 
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considering the embedded filaments fraction of 28.85 %. The following 

corresponding estimated flexural strengths could thus be obtained (Table 7.14): 

Table 7.14: Flexural strength values estimated for composites containing an 
equivalent amount of reinforcement to calculated embedded fibre content  

Matrix Sodalime 

silicate glass 

Borosilicate 

glass Fibre 

NextelTM 96 MPa 82 MPa 

ZrO2/NextelTM 91 MPa 77 MPa 

Sapphire 64 MPa 50 MPa 

 

 

The model here employed for predicting composites properties does not 

consider the occurrence of energy dissipating phenomena. This suggests that little 

or no energy dissipating mechanisms occurred, during fracture, considering the 

flexural strength values obtained in a comparable level to those predicted using the 

model. Fracture behaviour, however, is not determined uniquely by flexural 

strength, but most importantly by mechanisms that prevent crack propagation 

during fracture. In fact, commercially available materials that exhibit extremely high 

toughness, at ballistic impact resistance levels, often exhibit relatively low flexural 

strength [228]. 

Fracture toughness of the composites was thus measured to provide further 

understanding of the behaviour of the composites developed. 
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7.5.5 Fracture toughness 

Images of NextelTM fibre-reinforced soda-lime-silicate glass composites tested 

using the flat chevron notch (FCN) technique, in two different configurations, are 

shown in Figure 7.36. Figure 7.36(a) shows an FCN sample in which the notch tip 

was positioned between two reinforcing fibres, while in Figure 7.36(b) a sample 

with the notch tip at the fibre plane is presented. In all cases fracture occurred at 

the interface of the laminate, validating the measurements.  

 

 

 

 

 

Figure 7.36: As-received NextelTM fibre-reinforced soda-lime silicate glass 
composite samples tested by the flat chevron notch technique for the 

fracture toughness measurement 

Figure 7.37 shows the fracture toughness values of soda-lime silicate and 

borosilicate glass composites reinforced with NextelTM – with and without a ZrO2 

coating layer – and sapphire fibres, as well as that of the unreinforced matrices 

processed under the same conditions. The introduction of fibres does not seem to 

increase the fracture toughness of the materials, as the values obtained for both 
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unreinforced glass slides and fibre-reinforced composites were similar, 

independent of sample configuration (Figure 7.36) or the presence of the ZrO2 

coating. 

 

 

Figure 7.37: Flat chevron notch fracture toughness results on soda-lime 
silicate glass matrix and composites reinforced with NextelTM fibre. 

Fracture surfaces of both composite and unreinforced matrix samples were 

similar, although the crack deflects at the fibre/matrix interface in the composite 

samples (Figure 7.38(a)), while a rather flat fracture surface was observed on the 

unreinforced glass slides (Figure 7.38(b)). 
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Figure 7.38: SEI/SEM image of typical FCN fracture surfaces of (a) NextelTM 
fibre-reinforced borosilicate silicate glass with ZrO2 interface and (b) 

unreinforced borosilicate glass matrix exhibiting a flat fracture surface 

Figure 7.39(a) shows typical fracture surfaces of uncoated NextelTM fibre-

reinforced composites after the FCN test. The crack is initiated at the notch tip as 

expected, and propagates along the fibre plane, although not at the fibre/matrix 

interface as desired for improved fracture toughness. The same effect was 

observed in the sapphire fibre-reinforced composites (Figure 7.39(b)). 

In the case of the composites with a ZrO2 coating layer, the crack propagated 

along the fibre/matrix interface, and, most importantly, along the fibre/coating 

interface as well. This indicates the potential of the interface to act efficiently as 

crack deflector to impart toughening to the composite. Fibre pullout was also 

observed during fracture, as shown previously in section 7.5.4. 

 

 

(a) (b) 
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Figure 7.39: Fracture surfaces of borosilicate glass composites reinforced 
with (a) uncoated NextelTM fibres, (b) uncoated sapphire fibres and (c) ZrO2 

coated NextelTM fibres, and (d) detail of the ZrO2coating/matrix interface, 
showing the crack propagation at the coated fibre/matrix interface and crack 

deflection at the coating layer 

The results indicate that the low fibre contents investigated in the present model 

composites (approx. 0.2 %, 4 mm spacing) do not provide enough interfacial area 

for toughening mechanisms to be highly effective. Energy dissipation does not 

occur at a significant level to enhance the fracture toughness of the material. The 

low fibre content also explains the low level of flexural strength enhancement 

obtained (section 7.5.4) despite the presence of evidence of fracture toughness 

mechanisms. 

(b) (a) 

(c) (d) 
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Impact resistance is related to the material’s toughness, as it depends directly 

on the energy absorbed during fracture. Further optimisation of fibre/matrix 

interface is therefore essential for achieving improved fracture toughness to enable 

the composite systems developed in this project to be used in optomechanical 

applications. 
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7.6 Conclusions 

The analysis of optical and mechanical properties of the model composites 

developed in the present project indicates that the systems investigated represent 

promising alternative to obtaining tough transparent inorganic composite materials. 

Glass composites reinforced with ZrO2-coated fibres exhibited improved flexural 

strength and evidence of crack deflection and fibre pullout during fracture under 

flexural and tensile (FCN) loading, respectively. Borosilicate GMCs reinforced with 

sapphire fibre also exhibited increased flexural strength and fracture toughness, 

thus representing a very promising class of composite materials for applications 

where enhanced structural integrity is required as well as transparency, as 

described in Chapter 2. 

It is important to mention that at the developmental stage of the present work, 

only model composite systems were fabricated and investigated which contained 

extremely low fibre contents compared to commercially-available fibre-reinforced 

composites. However, the results suggest that excellent mechanical properties 

would be expected upon introduction of reinforcements at higher contents and in 

multidirectional configurations. Suggestions for the further development of these 

composite systems are provided in Chapter 8. 
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8 Conclusion and recommendations for future work 

8.1 Concluding remarks 

Incorporation of stiff and strong ceramic fibres into brittle glass matrices has 

proved to effectively increase the mechanical strength, toughness, impact strength 

and thermal shock resistance of glass [1, 2]. Moreover, when this improvement can 

be achieved without significant transparency loss, forming a new family of 

composites called optomechanical composites [3], the field of application is 

expected to expand enormously [1, 4]. The development of transparent GMCs with 

improved mechanical behaviour has been highlighted in the recent literature, 

including the roadmap for ceramics for the XXIst century, to provide for the 

increasing demand for tough and transparent materials [4, 75]. Examples of 

applications that demand this class of materials are in the construction industry, 

special machinery and military, e.g. safety windows and armour or thermal process 

monitoring windows [5]. 

In the present work, four different fibres were initially considered to be used as 

reinforcement in soda-lime silicate and borosilicate glasses. Characterisation of the 

fibres and preliminary evaluation of the composites fabricated led to the selection 

of the NextelTM 610 and sapphire fibres as the most appropriate options, 

considering mainly their superior thermal properties compared to the other types 

investigated (NextelTM 312 and basalt fibres). 
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A novel processing technique was optimised for the fabrication of the composite 

materials, and proved to be efficient for consolidation of model transparent GMCs 

with one layer of unidirectional fibre reinforcement. The effect of introducing an 

interface between the fibres and matrix was also investigated. A sol-gel dip-coating 

process was developed for depositing a ZrO2 layer onto the NextelTM fibres. Two-

coating layers were deposited on the fibres, in a “minicomposite” configuration, 

which were then incorporated into the glass matrices. The optomechanical 

properties of composites containing coated and uncoated fibres were compared, 

as well as with those reinforced with sapphire fibres and the unreinforced matrix. 

As the main objective of the present investigation, the preservation of the 

transparency restricted the fibre contents in the model composites developed to 

equivalent fibre spacings between 2 and 4 mm. Composites were thus produced 

with periodical unidirectional fibre spacings of 2, 3 and 4 mm for the NextelTM fibre 

composites, in the as-received state or in the minicomposite system. In the case of 

the sapphire fibres, the difficulty in obtaining a completely dense material, with no 

visible voids, restricted the fibre content to equivalent 4 mm fibre spacing. The 

sapphire fibre-reinforced composites exhibited excellent optical transparency, of 

approximately 93 % of that of the unreinforced matrix, whereas a greater 

transparency loss was observed for the NextelTM fibre-reinforced composites, due 

to the opacity of these fibres. Visible light transmittance of these composites was in 

the range between 60 and 90 %, approximately. 
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Increased flexural strength was obtained for the composites reinforced with 

ZrO2-coated and sapphire fibres. Composites reinforced with the as-received 

NextelTM fibres did not exhibit significant increase in strength, although similarly to 

the ZrO2-coated fibre-reinforced composites, a fail-safe behaviour was observed 

during bend testing of the composites with the highest fibre content (2 mm 

spacing), in which the reinforcing fibres hold the shattered glass together, 

preventing the composite materials from failing catastrophically as in the case of 

unreinforced matrix or sapphire fibre-reinforced composites.  

Measurement of fracture toughness indicated that the fibre content employed 

did not provide sufficient interfacial area for effective toughening. In the case of the 

sapphire fibre-reinforced composites, however, a small increase in fracture 

toughness was observed (section 7.5.5) indicating optimal interfacial conditions 

compared to that of the NextelTM fibre-reinforced composites. The increased 

strength and toughness of the sapphire fibre-reinforced composites were thus 

attributed to the higher modulus ratio between the sapphire fibres and the glass 

matrices, and the low flexibility of sapphire fibres is believed to have caused the 

catastrophic failure behaviour.  

Evidence of crack deflection was observed on fracture surfaces of the FCN 

tested ZrO2-coated fibre-reinforced composites, although no effective increase in 

toughness was measured due to the low fibre volume fraction investigated in these 

model composites (section 7.5.5). This indicated, however, that the ZrO2 interface 

created favourable conditions for the occurrence of toughening mechanisms 
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despite the low fibre content employed. The increased flexural strength measured 

on ZrO2-coated fibre composites was thus attributed to the improved fibre/matrix 

interfacial conditions, as well as the creation of additional interfacial surface area 

between the fibres and the coating. Evidence of fibre pullout was in fact observed 

within the coated fibre tows. This result indicates the high potential of the 

“minicomposite” approach to develop optomechanical composites. 

To sum up, the development of model optomechanical composite materials has 

been presented. The research work was developed primarily in an experimental 

level and the analysis of the candidate materials and processes, fundamental for 

the further development of the composite systems towards commercial (industrial) 

levels has been presented. 

8.2 Recommendations for future work 

As mentioned previously, the present project was an initial investigation in the 

field of optomechanical composites with glass matrices and unidirectional ceramic 

fibres, and therefore provided valuable information for the further development of 

the materials investigated into the ultimate transparent composite with high 

toughness and structural integrity. Considering the results obtained, the following 

topics are thus recommended for further investigation: 

i. Analysis of residual stresses 
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The residual stresses present in a glass body can play a major role in its 

ultimate mechanical properties. Especially upon introducing a second (reinforcing) 

phase, with distinct elastic properties, residual stresses are likely to build up on 

cooling from the processing temperature. In the present project, an annealing 

treatment was carried out prior to mechanical testing. The intent was not only to 

eliminate possible residual stresses from the manufacturing process, but also the 

stresses created during surface preparation (grinding/polishing). A standard 

thermal treatment was carried out, following the recommendations supplied by the 

manufacturer and other research work. However, the actual measurement of the 

residual stresses present in the composite materials was not carried out and is 

therefore recommended as an essential task for the further investigation of the 

mechanical properties of the composite materials presented. The study can be 

coupled with the mechanical testing of the composites to assess the effect of the 

stresses on mechanical properties. The selection of glass matrices with thermal 

expansion coefficients higher and lower than those of the fibres, as was the case in 

the present project, should provide further insight into the actual effect of residual 

stresses on the mechanical properties of these materials. 

ii. Further improvement of the interfacial properties 

As one of the key factors for obtaining the desired improvement in mechanical 

behaviour of brittle matrices, further investigation of the interfacial characteristics of 

the composites is crucial for achieving the ultimate goal of high toughness and 

fracture strength. It was shown that the thermal treatment employed in the present 
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work for consolidation of the ZrO2 coating resulted in strength loss of the NextelTM 

fibres (section 7.5.3). Investigation of thermal treatments at lower temperatures is 

therefore recommended, to confirm the effect of the thermal treatment on the 

microstructure and tensile strength of the coated fibres. 

Another important characteristic worthy of further investigation is the morphology 

of the coating. The coatings produced in the present project exhibited high surface 

roughness and porosity (section 6.5.3). Investigation of the influence of coating 

roughness on the interfacial behaviour could provide valuable information for the 

control of the fibre/matrix interface and consequently the composites mechanical 

behaviour. Moreover, the microstructure of the ZrO2 coating, which effectively 

constitutes the matrix of the mini-composite must be characterised. It is expected 

that the density of the ZrO2 will play a major role in the toughening of the 

composites. 

iii. Manufacture of composites with higher fibre contents: 

The results presented herein indicated that the fibre contents investigated did 

not provide sufficient interfacial area for enhanced fracture toughness. Considering 

that evidence of the occurrence of toughening mechanisms was observed (see 

section 7.5), improvement in mechanical behaviour is expected with the use of 

greater fibre contents. 

The preservation of the optical transparency of the matrix, as mentioned 

previously, limits the fibre contents employed, as a free matrix area must be kept 
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when opaque fibres such as the NextelTM 610 fibres are used (see section 5.4.4). 

In this context, the addition of extra fibre bundles in the same plane is not 

recommended, but the addition of extra fibre planes, e.g. in a laminate 

configuration should be expected. In this way, the fibre tows can be positioned 

directly below each other, so that the free matrix area (“optical window”) would be 

retained, while the fibre content would be raised by up to two-fold, depending on 

the thickness of the glass matrices employed. Figure 8.1 shows a schematic 

diagram of the laminate composites system suggested. 

 

Figure 8.1: Schematic diagram of the laminate glass composite system with 
high fibre content 

iv. Manufacture of multidirectional composites 

The addition of extra fibre layers could not only provide the increased interfacial 

area, but also improved mechanical properties in different directions, as well as 

impact resistance. Figure 8.2 shows the schematic drawing of the multidirectional 

laminates suggested with the aim of developing advanced composite systems. 
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This would be the approach to ultimately achieving improved impact resistance, for 

applications such as safety (or armour) windows. 

 

Figure 8.2: Schematic diagram of manufacture of multidimensional laminate 
composite systems 

v. Measurement of “technical” properties for relevant applications 

Impact resistance is another key feature for improved performance of brittle 

composites. The material’s ability to withstand impact can be characterised with 

basis on toughness and stress intensity factor measurements in laboratory, as 

impact resistance is directly related to the energy absorbed during fracture. 

 Direct relationships between fracture toughness parameters and impact 

resistance can be derived for homogeneous isotropic materials. In the case of 

anisotropic materials such as the composite systems presently described, a 

pragmatic approach is preferable. Fracture toughness and impact analyses, in this 

case, must consider operative toughening mechanisms during fracture, as well as 

the loading conditions the material is likely to be subject to in application, in order 
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to characterise these properties more accurately for the design of materials to 

particularly targeted applications [142]. 

With the aim to explore the real potential of optomechanical composites in 

industrial applications, relevant specimens of realistic dimensions, e.g. with higher 

fibre content (~10 vol. %), should be tested. A number of technically relevant 

properties must be measured, which include: resistance to ballistic impact, as well 

as to creep and fatigue at room and elevated temperatures. Realistic improvement 

of fracture toughness should be firstly achieved, however, so that energy 

absorption during fracture is increased, for increased impact resistance to 

ultimately obtain tough and transparent GMCs (optomechanical composites) that 

can exhibit comparable performance to that of laminated or security glass (for room 

temperature properties). 
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