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1 Introduction 

Glass belongs to the same family of brittle materials as ceramics, which can go to a 
catastrophic defonnation after an externally applied stress. Its use has always been 
limited due to its low tensile strength and resistance against fracture. 

The improvement in strength and fracture toughness of glass and glass ceramics can 
lead to an extensive exploitation of their positive chemical and physical properties like 
resistance against chemical attack, light transmittance and density. Enhancement in 
mechanical properties can be achieved by reinforcing the bulk glass matrix using 
additive inclusions, whiskers and fibres. Nanocomposites are one of the alternatives to 
improve the glass matrix. 

The improvement in mechanical properties, namely its strength and fracture toughness, 
using nanoparticles is considerably larger than would be expected on the basis of the 
general theory of composites. It appears[I-4] that the classical theory about particle
strengthened materials which is based on macroscopic crack gro~ does not apply to 
a matrix with particles in the order of only a few nanometres. 

Several authors [1. 3-5, 7, 9, 10, 14, 15,46] have proposed various alternatives for the 
fabrication of nanocomposites. In the field of glass and ceramic technology the most 
common methods are : 

- conventional melting, 
- isostatic hot pressing or sintering, 
- sputtering and CVD methods by transplantation of ions, 
- sol-gel processes using organo-metallic compounds and their salts. 

In this work the conventional glass melting method was chosen, because of its 
simplicity, low cost and possibility for a high volume of fabrication. This method has 
been known since the Egyptian era as one of colouring methods for glass and ceramics, 
but the causes were not clear until G. Mie fonnulated the first theory on light 
scattering around 1908, explaining the colouring mechanism through colloidal particles 
[15-19]. 

Based on Mie theory, this work has investigated the possibilities of the incorporation 
of metallic nanoparticles in the glass matrix via the reduction reaction and the 
nucleation and crystal growth process. Copper oxide and mild reducing agents such as 
tin and anthimon oxides were introduced to the batch in order to accommodate the 
reduction reaction. This was followed by the reduction melting of the batch in a mild 
reducing atmosphere and further heat treatment to initiate the nucleation and 
crystallisation process. 

In this work up to 5.00 (wt.) % copper doped glass nanocomposites have been 
produced. The influence of the doped copper particles on the optical· and mechanical 
properties of the matrix has been examined. 
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2. TheoreticaJbackground 

2.1. Glass melting and nucleation 

Production of coloured glass using colloidal metals has so far focused only on 
exploitation of the optical behaviour of the products, mainly for the vast range of 
sparkling colours which can be obtained [15, 16, 19]. 

Gold, Silver, Copper, Platinum and Bismuth belong to this group of metals. Extensive 
work has been done on the use of these metals [15,16,19-38,40-47]. Until recently, 
however, not much attention has been paid to the mechanical properties of such metal 
doped coloured glasses. 

In manufacturing, oxides or salts of colloidal metals are turned from a stable polyvalent 
state to a mono- or nilvalent unstable state of atomic order by a reduction reaction in 
the glass. Controlled nucleation and growth stage of crystallisation of unstable reduced 
oxides and salts into stable particles in the nanometer range has resulted in improved 
glass and glass-ceramics material. 

The red coloration of ruby tableware and technical glasses has a very long tradition. 
Several authors [15, 16, 19, 22, 23,25-38, 40, 41, 43, 44,46, 47, 84 and 85] have 
explained the usage of copper and its oxides for the formation of copper red ruby 
glasses. An incorporation of copper in the glass in the form of metallic powder or its 
oxides followed by reduction melting at about 1450°C leads to the decomposition of 
the cupric oxide, CuO to Cu20 and atomic dimensional Cuo. For this reaction to take 
place, the presence of mild reducing agents such as SnO and S~3 [21,40,41,90] and 
reducing atmosphere are essential. For example: 

2CuO + 2SnO <=> Cu20 + SnO + Sn<h <=> 2Cuo + 2 Sn<h (1) 

At higher temperature the equilibrium will move towards the right side of the reaction. 
An ideal bubble-free glass needs a sufficient melting and refining period. For soda-lime 
glass this melting and refining time can take from 1.00 to 4.00 hrs. The quenched glass 
is still colourless after sufficient melting time indicating the presence of both mono
and nilvalent copper. After heat treatment the glass will turn to bright and dark red 
colours depending on the copper concentration and the heat treatment history. 

Controlled cooling or reheating of the quenched glass leads to the formation of atomic
metal aggregates. As a result, the surface boundaries created between the prematurely 
unstable solid nuclei (aggregated atoms) and the matrix of the liquid phase gain free 
energy due to interfacial energy. The growth of nuclei turns the unstable state of atoms 
in the matrix towards a structural ordered form of stable aggregates, which brings 
about the decrease in free energy of the system. 
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The Turnbull [45] mathematical expression is appropriate to determine nuclei 
formation and crystallisation: 

Where: I 

n 
v 

Nil 
k 
AG' 

w* 

(2) 

number of stable nuclei formed in a unit volume of the system 
per unit of time 
number of atoms in a unit volume 
vibration frequency of the atoms at the boundary between 
nucleus and liquid 
Avogadro number 
Boltzmann's constant 
kinetic free energy barrier to nucleation 

thermodynamic barrier to nucleation. 

The first exponent -Nil W IkT expresses the probability of the occurrence of a stable 
nucleus of supercritical size at a temperature T within the boundary of the liquid phase. 

where: K coefficient depending on the shape of the nuclei (for the 
spherical shape K = 16m3) 
free interfacial energy (surface tension) per unit area between 
liquid-nuclei and nuclei-liquid surface boundaries 
molar volume of the nuclei 
the free energy ( enthalpy) change in the liquid to crystal 
formation per unit atom at temperature T and volume Vm 

(3) 

Assuming an ideal mixing, the second exponent (-AG'/R1) gives the rate of change of 
the structure of the material during nucleation. It includes the process of diffusion in 
the reorientation of the molecules. 

The driving force for nucleation of a crystallising phase -AG can be expressed as the 
difference between the free energies of the liquid, GL

, and solid, GS
, phases per unit 

volume. It increases if the temperature decreases under the liquidus temperature at a 
rate of 

d(AG) 

dT 

where: 

= = AS (4) 

AS the change in entropy of liquid-solid at a temperature Tm 

It is assumed that the entropy of a liquid is not dependent on the temperature. 
Therefore the entropy at Tm may be used as the entropy in the liquid phase. As the 



Chapter 2: Theoretical background 4 

enthalpy ( heat of fusion per mole) of crystallization is: ARm -If -If then the entropy 
of crystallization is :AS - SL _Ss - MI.JT m. 

Therefore, at a temperature T, which is about AT lower than the liquidus temperature, 
the following relationship will apply: 

- AG = ATM = (5) 

The combination of equation 2, 3, 4 and 5 gives the following expression for the rate 
of nuclei formation at a temperature T: 

(6) 

This equation indicates that the rate of nuclei formation is very sensitive to change in 
nucleation temperature. 

Several experimental [15,16,19-38,40-47] results of nucleation have shown the 
possibilities of the fabrication of a uniform dispersion and a higher density of the 
nucleating particles in glass and ceramic matrices. As a result the optical and 
mechanical properties of glass and glass-ceramic materials have been significantly 
modified. 

W. A Weyl [19] has made an important contribution to the understanding of a vast 
range of coloured glasses produced by the introduction of metallic inclusions. He 
describes the different concepts of coloration in ruby glass using noble metals such as 
gold, silver and copper. His conclusion is that metallic particles are first dissolved in 
the glass in nilvalent atomic scale, which later condenses to larger aggregates. This by 
itself does not bring about the coloration. He stresses the nucleation and growth 
process by heat treatment as the cause of ruby red coloration. 

S. D. Stookey [16] has explained the glass coloration by metals as a result of reduction 
of the metal ions growing into insoluble metallic aggregates. Contrary to Weyl [19], he 
argues that these metals dissolve in the glass in ionic form and only in the presence of 
reducing agents these metallic ions tum to nilvalent atoms. The heat treatment at a 
temperature range between the annealing and softening point allows the nilvalent 
aggregates to grow to such a size that brings about a ruby red colour. 

A Ram et a1 [29 - 30] argue that the red coloration is not caused by metallic copper 
particles but by cuprous oxide conoidal particles. These are formed by decomposition 
of cuprous silicates during intermediate heat treatment. The Cu20 precipitates and 
leaves the unbridged silica tetrahedra which can be linked together in the matrix. X-ray 
diffi-action experiments on borate glass confirm their stance that both C~O and copper 
metallic particles are present. 
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BaneIjee et al [34] have studied the thermodynamic equilibria of C~O - CuO and Cu -

~O in borate glass solutions. They emphasize the importance of the melting 

atmosphere. The ideal oxygen partial pressure for best ruby coloration was at IO-14atm. 
The optical absorption spectra observed are similar to those calculated from Mie 
theory, however they stress the presence of both metallic copper and cuprous oxide 
particles in the matrix. 

Tomoko Ak:ai et al [46] have prepared copper ruby glass using the sputtering 

technique followed by heat treatment at 600oC. X-ray diffraction confirmed the cause 
of coloration to be the copper metallic particles. 

Furthermore, several other authors [15,32,33,36,47, 85] have used the ion exchange 
and sol-gel method to assess the influence of copper metallic nanoparticles on optical 
and mechanical properties. 

Concluding, understanding the cause of coloration in copper ruby glass requires more 
in depth research. In all cases, however, the presence of metallic nanoparticles is 
beyond doubt. 
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2.2 Optical properties 

Optical properties of glass are characterised by the interaction of the glass with 
electromagnetic radiation. Most types of glass partially absorb, reflect and transmit the 
incident light. The chemical composition of the glass matrix and its additives determine 
these properties. Most oxide glasses are coloured due to excitation of d-orbital 
electrons of transition metallic ions to a higher energy level. On the other hand, the 
mechanism of red coloration involves the scattering and absorption of incident light by 
the presence ofltmetalliclt nanoparticles in the matrix. 

Light transmission, scattering and absorption properties of the copper doped glasses 
are influenced by concentration, as well as by size and distribution of the meta1lic 
particles in the matrix. Accordingly, the resulting colours can vary from transparent 
colourless via bright red to very dark red, whose absorption is often difficult to 
measure by transmission spectroscopy. 

Mie has applied electromagnetic theory to absorbent and non-absorbent spherical 
particles. In his study he analysed the influence of metallic dispersions and sols on the 
optical properties in the glass and hydrosol respectively [17]. 

If a beam of monochromatic light passes through a particular dielectric medium in 
which there are small dielectric particles of another medium, one observes that the 
incident electromagnetic light waves interact with these particles. This causes the 
formation of an electromagnetic dipole moment, whose magnitude changes 
periodically at a constant frequency. This oscillating dipole is the source of secondary 
radiation, which scatters in all directions. As a result, the nature of the scattering of the 
radiation depends on the physical properties of the particles in relation to the 
wavelength of the incident radiation. 

The scattering radiation intensity can be characterised as a function of the radiation 
parameter (a.) and the relative refractive index (m), respectively. The dependence of 
these parameters on the particle size and the ratio of the refractive indices of the 
particle to the medium (glass) can be expressed as follows [17]. 

a = 

and 

m = nit 
m,. 

where: 

(7) 

(8) 

a - dimensionless size parameter 
A. - wavelength of the medium 
a - radius of the particle 
m - relative refractive index 
m r complex refractive index of the particle 
mr complex refractive index of the surrounding medium (glass). 
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The relative refractive index m == n (1 - ik), is the difference between real (n) and 
imaginary (ik) parts representing the refractive and absorptive components 
respectively, where (i == ....J-I). For non-absorbing particles k equals O. Therefore the 
value of \ m I = I n \. However, for absorbing materials such as metals k is greater than 
zero. As is shown in the table below, for copper both n and k are wavelength
dependent characteristics of the material. 

[nm] n k 
400 0.85 2.03 
450 0.87 2.20 
500 0.88 2.42 
550 0.72 2.42 
600 0.17 3.07 
650 0.13 3.65 
700 0.12 4.17 
750 0.12 4.62 
800 0.12 5.07 
850 0.12 5.47 
900 0.13 5.86 
950 0.13 6.22 

Table I. Refractive and absorptive constants of copper as a function of the wavelength 
as established by Schulz [48]. 

Based on the radiation parameters given above (equation 7 and 8), the amplitude 
function of scattering can be expressed as a function of the incident angle (0), the 
dimensionless parameter (a.) and the relative refractive index (m) [17]. If one assumes 
that the amplitude of the unpolarized incident radiation So equals 1, the amplitude for 

the incoherent vertically and horizontally polarized scattered radiations S 1 and S2 can 

be expressed by the Ricatti-Bessel [18]relationships as follows: 

(9) 

(10) 

where Bk (a.,m) and 1>..: (a.,m) are scattering coefficients after Ricatti-Bessel for electric 
and magnetic radiation of the spectrum and the 1tt(0) and 't~0) are Legendre 
functions which describe the angular dependence of the scattering. 

The scattering coefficients of electric and magnetic dipole moments are defined by 
Startton [8] as follows : 
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1 :I S 
~ = --i(m -I)a 

45 

where: a} - complex value for electric dipole moment 
a2 - complex value for electric quadrupole moment 
b} - complex value for magnetic dipole moment. 
m - relative refractive index. 

8 

(11) 

(12) 

(13) 

If the diameter of the particle is much less than that of the wavelength, i.e a« I, then 
the scattering can be described by the first terms of expressions (9 and 1 0). This type 
of scattering is termed Rayleigh scattering. 

If the size of the particle is proportional to the wavelength, then the scattering is 
influenced by the radiation parameter a approaching I. Therefore, due to the 
dependence of the absorptive component of the complex refractive index on the 
wavelength, scattering is not inversely proportional to the fourth power of the 
wavelength. The scattering is termed Mie scattering. 

2.2.1 Rayleigh scattering 

If the scattering particle size is very small compared to the wavelength of the radiation 
(a ({ 1), the particle can be considered to oscillate as a single dipole from which the 
induced light will be scattered. The scattering intensity is directly proportional to the 
sixth power of the particle size and inversely proportional to the fourth power of the 
wavelength of the radiation. It is also vertically and horizontally polarized. If the 
original light is unpolarized, one can think of it as consisting of equal amounts of 
horizontally and vertically polarized light. This can be expressed as in expression(14): 

where: R
A
I .. 

2 
i l = lSI (@)1 

2 

(14) 

Distance between the observer's point and nuclei particle 
Wavelength of the radiation 
Scattering intensity 

Intensity of horizontally polarized wave 

4 = IS2 (@)/ Intensity of vertically polarized wave. 

Rayleigh derived the formulae for light scattering of such small nonabsorbent particles 
on the assumption that only the induced electric dipole contributes to the radiation. 
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Thus the radiation of the scattered light is a function of the particle size and the relative 
refractive index of the dispersed particles and the medium. 

When both (a.) and (m) are very small, the term containing (at) becomes the leading 
term in the expressions for the amplitude functions. With: 

(15) 

1'1 (cosB) = cos2 
(} (16) 

and after substitution of equation 11-13, 15 and 16 to equation 9 and 10 followed by 
further substitution into equation 14, the Rayleigh equation can be formulated as [17]: 

(17) 

The term (1 + cos 2 9) expressed in equation (17) is the polarization factor for incident 
radiation which is equal to 1 for the electric vector perpendicular to the scattering 
plane and is equal to (cos 2 9) for the electric vector parallel to this plane. 

The proportion of the scattering to the incident radiation gives the total energy 
extracted by each spherical particle. It is sometimes called efficiency factor (Qm). The 
efficiency factor can be calculated by dividing the total scattered by the geometrical 
cross-section of the particle (7ta2

) as: 

(18) 

This relation briefly shows the dependence of the scattering intensity on the radiation 
parameter, (a.) and the relative refractive index. 

2.2.2 Mie scattering 

When spherical particles are equal to or larger than the wavelength, the angular 
distribution of the intensity of the scattered radiation is a complex function of particle 
radius (a), the wavelength of the incident light in the medium (Iv), the relative refractive 
index (m) and the angle between the direction of propagation of the scattered and 
incident lights (9). 

Mie drew attention to the mutual interference of the induced magnetic dipole moments 
and electric dipole moments as causes for the scattering of light by the particles. He 
also took into account the absorption of light by the particles. 

Since the terms containing the complex refractive index are strongly dependent on the 
wavelength, the intensity of the scattering is no longer proportional to the fourth 
power of the wavelength (as in the Rayleigh theory). The scattering intensity of the 
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polarized components depends on the values of (al), (a2) and (bl ) in equations 11, 12 
and 13. This can be expressed as in equations 19 and 20, which represent the vertically 
and horizontally polarized components of the light scattered by small particles. 

(19) 

(20) 

where: A - wavelen~ 
R - distance from the observer 
al - electric dipole moment 
a2 - electric quadropole moment 
bl - magnetic dipole moment 
i 1.2 - plane-polarized components of the scattered intensity 

Due to the interference between the scattered waves of the particles, which are caused 
by the complex refractive index, the incident light will not only be scattered but will 
also be absorbed. According to Mie theory, the maximum scattering occurs if the 
particle size is between 114 and 113 of the wavelen~. 

The intensity of the light traversing the light scattering system of the particles 
decreases due to the amount of energy converted into scattered and absorbed 
radiation. The proportion of the incident radiation to the extracted energy, i.e. the total 
extinction efficiency will be the summation of the efficiency factor of the scattered, 
(Qsca) and absorbed, (Qabs) radiation respectively per unit area of the cross-section of 
the spherical particle with radius" a" (equation 21 and 22). 

The logarithm of the fractional decrease in transmitted intensity is called turbidity or 
the extinction coefficient, 'l: 

1 -=exp(-d) 
10 

where: 10 - intensity of the incident radiation 
1 - intensity of the scattering component 
1 - sample thickness 
T - turbidity 

(21) 

The value for turbidity, t has further been simplified as in the expression (22) to 
determine both the scattering and the absorptive coefficients as a function of the light 
traversing intensity. 
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where: Qabs and Qsca- factors of absorption and scattering respectively 
a - radius of the spherical particle 
N - number of particles per unit area. 

(22) 

Several authors have shown the experimental validity of the Mie theory [15, 17, 18, 
,85]. Rawson[85] has used these expressions for the calculation of the transmission 
curves of copper and silver stained glasses. The measured values for lower 
concentration of the metals concentration were in agreement with calculated results. 

To summarise, the coloration of the glass and hydrosol is a function of the size and 
concentration of the dispersed metallic spherical nanoparticles. The colour is generated 
by selective absorption in which a part of the light is lost as heat, and apparent 
absorption in which the partial incident radiation is lost through scattering. 



2.3 Mechanical properties of glass nanocomposites 

Glass is known for its characteristic brittleness, and catastrophic failure following a 
total elastic deformation due to weakness under tension. As glass is an amorphous 
material, isotropic, homogeneous it is free of structural strength-controlling defects, 
such as substantial dislocation motion or grain boundaries, cracks can move through 
the matrix relatively easy. 

Soda lime silicate glasses consists of inherently strong covalent and ionic bonds. Under 
the influence of external tensile stresses, the actual fracture originates in overcoming 
the bond strength [53]. This failure usually starts at the surface due to surface flaws 
created during processing or handling. 

Until the birth of glass-ceramic materials improvement of mechanical properties has 
been focused on the surface treatment of the bulk matrix. These methods involve 
quenching in oil or pressurised air and sulphurization. 

The emergence of glass-ceramics led to consistently improved materials by utilizing the 
heat treatment procedures as described earlier [40]. Heat treatment takes place 
between the glass transformation and softening temperature intervals. This method has 
further brought about new concepts of glass composites. 

Improvement of mechanical properties of glass matrix, particularly fracture strength 
and toughness have been achieved by incorporating second phase dispersions into the 
bulk matrix [1-4, 9, 10, 12, 52 - 63]. Metallic and oxide particulate, whiskers and 
fibres belong to the most common materials used as second phase reinforcements. 

Significant improvements in strength and fracture toughness have been achieved by 
using metallic dispersions in the matrix [1, 9, 10, 12, 61 - 63]. Another advantage of 
such composites are the possibility of tailoring the thermal expansion coefficients 
volume fraction and particle size of the dispersion and the matrix. However, besides 
the enlargement of flaw sizes with increased volume fraction and particle size of the 
dispersed phase, the composites fail in achieving full density and light transparent 
property of the matrix. Therefore, new designs have emerged from micro order to 
dispersions of nanosized order. 

Various authors [1-4, 9, 10, 12, 52 - 63] have shown the possibility of improvement of 
mechanical property of glass and ceramics using submicron dispersions. High strength 
and fracture toughness have resulted from the interaction of the nanoparticles with 
crack tip causing crack deflection, bridging and shielding. 

2.3.1 Fracture strength 

The strength of nanocomposites is a complex function of the microstructure, chemical 
composition and the material properties of the constituent materials involved. This 
includes the state of the dispersed nanoparticles and matrix's interfacial bonding, 
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thermal expansion coefficient mismatch, elastic properties of the two phases, and the 
volume fraction and size distribution of the dispersed nanoparticles. 

Fracture mechanics theory helps to define the nanoparticle strengthened material 
property in terms offracture surface energy and flaw size. Evans [51], has very briefly 
discussed the Griffith fracture theory. The Griffith theory is based on the on the 
assumption that the mechanical property of the brittle matrix dependces on presence of 
small surface flaws in which the stresses are concentrated. The elastic energy stored in 
the vicinity of an elliptical flaw oriented with the major axis perpendicular to the 
applied stress governs the decrease of the energy with the increase in flaw size. This 
relationship has been expressed for bulk. glass as: 

(23) 

where: a - the stress applied to the specimen 
r - surface energy 
E - Young's modulus 
a - elliptical flaw size 

Strength depends on the square root of the surface energy (multiplied by additional 
factors). Thus the determination of fracture surface energy of a material allows the 
calculation of the strength of this material for any random crack shape or specimen 
geometry. 

Synthesis of nanocomposites and the effect of the addition of these small particles on 
the mechanical properties has been studied by several authors[1-4, 9, 10, 12, 52 - 63, 
64, 72,]. It was shown that for a given volume fraction, a decrease in particle size and 
hence smaller distance between individual particles leads to a higher fracture energy of 
the composite. This increase in fracture energy attribuites to higher strength of the 
composite. Hasselman[64] suggested that hard crystalline dispersion within the matrix 
will reduce the size of Griffith flaws by limiting the crack extension contributing to the 
strengthening of the composites. 

There are essentially two types of theories to explain the influence of a dispersed phase 
on the strength of composites. The first attributes the strengthening at large volume 
fractions of dispersed phase to a restriction of the inherent flaw size by the spacing 
between particles. The second concerns with crack propagation and attributes the 
strengthening by dispersed phases to their interference with propagating crack. 

Davidge [89) has explained the mechanism of strengthening on the bases of 
microstructural effects of dispersed particles in the matrix established by Selsing [65). 
If a spherical particle is surrounded by a homogeneous matrix (glass), a highly 
nonuniform residual stress field is created within the particle and in the immediate 
vicinity of the particle due to thermal expansion coefficients and elastic moduli 
mismatch. Within the particle a uniform hydrostatic stress, P, is created, while in the 
matrix radial stress, ar, and tangential stress, at arise at a distance "r" from the centre 
of the spherical particle. These stresses can be expressed as: 
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where: 

(24) 

(25) 

a""p. thennal expansion coefficient of the matrix respectively particle 
Vm,p • Poisson's ratio of the matrix respectively particle 
Em.P - Young's modulus of the matrix respectively particle 
O"r,r radial and tangential stress resp. 
p- the resultant hydrostatic stress 
t1T - the change in temperature 
R • radius of the particle 
r - distance from the centre of the particle 

Depending on the difference in the thermal expansion coefficient the following 
situations can be encountered: 

• I (am> ap) the particle is under compression : the radial and tangential stresses 
in the matrix are compression and tensile respectively. 

• II (am < ap) the particle is under tensile stress: the radial and tangetial stresses 
at the particle matrix interfaces are compression and tesile respectively. 

• ill (am:l::l ap) No stress is introduced by cooling. But, still important when 
specimenisexiernallyloaded. 

According to Erdogan et al [59] the elastic modulus mismatch Ep > Em. then the 
applied stress concentrates at the poles of the particle and if Ep < Em then stress is 
pronounced at the equator of the particle. Therefore, for crack propagating in 
perpendicular direction to the tensile stress, when approaching the particle he 
summarized as: 

1 In the case ofEp > Em. the decrease of the stress intensity factor 
at the interfaces deflects the crack towards the poles and confine 
crack to the matrix. 

2 In the case ofEp < Em. the increase of the stress intensity factor 
attracts the crack front towards the equator, thus facilitating crack 
pining and bridging. 
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On the other hand Borom [55] expressed the gain of increasing stress intensity factor 
by the additive property of the elastic moduli. He stated that for the coherently bonded 
inclusions and the matrix, the externally applied stress will be shared between 
inclusions and the matrix. If the elastic modulus of the inclusion is higher than that of 
the parent matrix the externally applied load will produce a lower strain at the flaw in 
the matrix. The load sharing in relation to the moduli is proportional to the volume 
fraction of the inclusions and the matrix. 

Borom has modified the Griffith expression for fracture strength taking into account 
the resultant elastic modulus of the composite, volume fraction and size of dispersed 
particles as follows: 

where: fracture strength of the composite 
elastic modulus of the glass matrix and the composite resp. 

volume fraction of dispersed particles 
radius of the particle 
fracture surface energy of the composite 

(26) 

Lange [67, 69, 70] has discussed the dependence of the fracture surface energy as a 
function of the volume fraction. He states on one hand that the presence of higher 
elastic modulus particles coherently bonded in a matrix increases the load to fracture in 
proportion to the increase in modulus. On the other hand he explains that the presence 
of these particles will lead to the creation of particle-induced flaws which limits the 
enhancement of strength. However, in the case of nanoparticles the chance for the 
creation of the microflaws due to elastic moduli and thermal expansion mismatch is 
rather small[l - 4]. 

Relation between fracture strength and critical flaw size can be studied through the 
fracture toughness (Kid. For surface flaws that are in planes perpendicular to the 
applied stress, one can relate, through fracture mechanics equations, the size of the 
original defect (c) and applied stress «J) to (Kid, the critical intensity factor or fracture 
toughness. Singh,et al [61] have carried out a number of tests using vicker's 
indentation tests and subsequently developed the expression in the equation(27) based 
on the Griffith expression for elliptical flaws. 

(27) 

If we use the expression in equation (28),after Evans[53] for vicker's indentation 
fracture, then both relations can allow us to compare the measured and calculated 
values of critical flow size. 
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(28) 

where: K;c- critical intensity factor or fracture toughness 

'" - geometrical factor,(~ 3) 
Hv - hardness 
E - Y oung1s modulus 
a - half diagonal of the Vicker's indent 
c - radius of the surface crack. 
OJ- fracture strength of the material 

These mathematical relations have further been progressively modified[79, 86, 87, 88]. 
All relations have been based on the statistical data. Although, the indentation method 
is very economical and simple, the reliability is still in question. 

2.3.2 Fracture Toughness 

Improvement of fracture toughness of glass and ceramic materials by incorporating 
nano-size metallic and ceramic components has been summarised by Ntihara et.al 
[1,3,73]. He states that for SiC dispersions in a Si3N4 based matrix, the highly 
localised stress within and around the dispersions is produced by the mismatch of the 
thermal expansion coefficients between matrix and dispersion. Thus dislocations occur 
during cooling from the fabrication temperatures. 

o 
strechzone 

crack 

Ibrid~1 
particle 

o 
o 

o 

o 
o 

Figure 1.3.1: A schematic illustrating the bridging and stretching process caused by 
intercepted ductile metallic particles and a process zone of plastically distroted metallic 
particles. 
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As it is illustrated in the figure 1.3.1, the plastic stretching of metallic particles, 
bridging a propagating crack may be one of the toughening mechanisms. At a point 
where the propagating crack reaches the metallic particle surface, it will be blunted 
locally. The crack segments are forced to circumvent the particle and the crack is thus 
bridged by the stretched particles. For this mechanism the particle size should be less 
than the critical crack size to insure that the particles are firmly bonded to the matrix. 
For the strain energy release rate theoretical models have been developed by Ashby 
eta1 [63] and Sigl etal [61], based on the energy dissipiation established byEvans eta1 
[90] during crack propagation as: 

(28) 
o 

After integration, the above expression has been further simplified as : 

(29) 

then a relation for fracture toughness has been expressed as: 

( )
112 

IlKic = scuydf (30) 

where: f ~volume fraction of particles 
u· ~critical crack opening upon rupture 
u ~crack front opening 
u ~stress acting on the ligament (particle) 
uy -yield stress 
d ~uctile particle diameter 
c,s -constants depending on interfacial strength 

Based on experimental results, Sigl et al [61] have shown for brittle materials that the 
strain-stress relations are influenced by the combined material behaviour of the ductile 
dispersion and matrix (figure 1.3.1). They explained that in order for the crack opening 
to propagate, the externally applied stress should overcome the residual tensile and 
compression stresses of the particles and the matrix respectively. Therefore this 
increase in the energy contributes an increase in the toughening of the material. 

The second toughening mechanism [71,72,90] consists of crack deflection which leads 
to branching by creating new crack directions. Kristic and Nicholson [62] added 
partially oxidized and non~oxidized aluminium and nickel particles in various kinds of 
glass matrices and studied changes in the thermoplastic, elastic and interfacial 
properties of the resultant composites. Results were explained by a weak interfacial 
bonding between particles and matrix. Furthermore they stress the formation of 
microcracks around the inclusions in Ni-glass interfaces as a result of thermal 
expansion and elastic moduli differences. 
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Crack front pinning by small-sized dispersions as a toughening mechanism has been 
suggested by several authors[1,3, 52, 55, 69, 70, 86, 90]. This effect takes place as 
bowing of crack front between each pair of pinning positions (particles) which 
increases the total length of the crack front before it breaks away from these positions. 
As the crack undergoes an additional length due to pinning an external energy will be 
necessary for the elongation of the crack front as well as the new fracture surfaces 
created. Lange [70] has formulated a mathematical expression for the influence of the 
particle's pining effect on the resultant fracture surface energy of the composite as: 

(31) 

where: 
ro -energy per unit area required to form new fracture surfaces 
r -total energy required to propagate a crack 
T -the critical line energy per unit length of crack front 
d -distance between pinning positions. 

The line energy of the crack front at the moment of propagation represents the volume 
integral of the strain energy adjacent to the crack front. This increase in the fracture 
energy will in tum increase the work of fracture enhancing the resistance of the 
material against fracture.As it can be observed from the above equation the resistance 
againest fracture is inversely proportional to the distances between pinning positions 
(i. e. distance between neighboring particles). 

Those formerly mentioned fracture toughening mechanisms are widely used in glass 
and ceramics composites. However, the applicability of these mechanisms are mostly 
concentrated for the micro and large sized particle reinforced composites. On the other 
hand the influences of the nanocomposites has been attempted on the bases of similar 
mechanisms. 

Niihara's etal [1,3,10,73] observation on fracture surface in Al203/SiC and MgO/SiC 
nanocomposites shows that the grains changed the fracture mode from the 
transgranular and intergranular to complete transgranular fracture. It is assumed that 
the change of this fracture mode is caused by the tensile hoop stress around the 
particles within the matrix grains which is generated from the large thermal expansion 
mismatch. 

Stett and Fulrath [74] have worked on nickel metallic nanoparticles in a glass matrix 
and studied the strength and fracture toughness of the glass composite. T .Kizaku, etal 
[12] have studied silver doped MgO nanocomposites prepared by the ultrafine
pOWder-compaction method. They found that the nanosized Ag particles were directly 
bonded without any intermediate phase layer. On the contrary to the single phase 
nanocrystalline MgO, the crack propagation in the matrix was limited contributing to 
the stress intensity factor, Kic. 
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3. Experiment and procedures 

3.1 Batch preparation and melting 

Common soda-lime silicate glass was chosen for the fabrication of the copper doped 
glass nanocomposites. Analytical laboratory grade chemicals were used as starting 
materials in order to minimize possible interference of undesired foreign materials. 

The starting materials were weighed and thoroughly mixed for one hour and set in a 
PtlAu cruCible in an electric muftle furnace. The furnace temperature was gradually 
raised from room temperature to 1425 °C within 2.00hrs. The batch was allowed for a 
further 2.00hrs melting. After this first melting phase was accomplished, the .glass was 
brought out, quenched in air and ground with a porcelain mortar and dish to mesh size 
ofless than 300 grit. This glass powder was stored in a desiccator until further use. 

The desired amount of glass powder was weighed, and mixed with varying amounts of 
CuO powder and mild reducing agents (see table 2.1). After thorough mixing, the 
batch was heated in ~03 crucibles in an electric muftle furnace. The furnace was kept 
under reducing atmosphere using N2 gas. It was first flushed with N2 gas and then the 
gas flow was kept at a constant rate of200mVmin. The furnace temperature was raised 
to 1425 °C and kept for 3.00 hrs. Occasional stirring was done at an interval of20min. 
for the first 2.00 hrs followed by refining in the last 1.00 hr. 

After the melting was accomplished the molten glass was brought out of the furnace 
and quenched by pouring in to a pre-heated brass mould at 550°C. Then the glass 
block was set in an annealing furnace at 550 °C and was allowed to cool down slowly 
to room temperature at 1 °C lminute. 

The cold glass block was later heat treated at 600°C for a length of one hour. It was 
assumed that atmospheric influence would only play a role in depth up to u few 
microns. The heat treated blocks were then cut in slices for mechanical and optical 
property measurements. 

3.2 Optical properties 

The influence of the copper concentration on the optical properties (refractive index, 
absorption coefficient) was examined. Scanning Electron Microscope (SEM). X-ray 
d.iffraction (XRD) and transmission electron microscopy (TEM) have been used for 
the study of the micro structure of the composite, size and number density of the 
copper particles. 
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3.2.1 Reftection and transmission spectrum measurement 

Light transmission and reflection spectra were obtained using a spectrophotometer of 
type Perkin Elmer Lambda-9. Specimen of each batch were cut into thin slices of size 
20*IQ*0.50mm and optically polished to a roughness of less than 0.25J.Ull. The 
measurements were carried out in the range of the UV NISINIR spectrum. 

The refractive index (n) and the absorption coefficient (,;) of the specimen were 
calculated from the measured data using the expression developed by NJjnatten [76] by 
deriving from the Fresnel expressions for optical properties of materials as: 

Where: n- refractive index of material, 
no- refractive index of air, 
T - transmittance of the sample, 
R - reflectance of the sample, 
d - thickness of the sample, 
k - absorption factor, 
A. - wave length, 
,; - absorption coefficient. 

(32) 

(33) 

(34) 

All specimens were measured following the same procedure and working conditions 
(room temperature and atmospheric pressure). 

3.2.2 XRD, TEM and SEM measurement 

X-ray diffiaction(XR.D), Transmission electron microscopy (TEM), and Scanning 
electron microscopy (SEM) have been used to determine the micro structure, particle 
size, number density and the chemical composition of the composites. 

For the XRD ( RlGAKU X-ray difITactometer), heat treated samples were selected 
(1.00 and 4.00 wt.% Cu) for the determination of the type of nano-particles in the 
matrix. The samples were examined in the range of 20 between 200 and 900 using a 
diffractometer with a C~ radiation source and step scanning of 0.10 20/min. The 
specimens were prepared using the same procedure as for the three point flexural 
bending test. 
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Specimens used for XRD were cut into the dimension of 15*10*0.5Omm and optically 
polished to a thickness ofO.03mm for further investigation by TEM measurement. The 
polished thin specimen were then dimpled and polished with a diamond suspension and 
ion thinned, followed by the application of a carbon coating. 

3.3 Mechanical property test 

The mechanical property measurements selected, were aimed to determine the 
influence of copper particles on the elastic modulus, strength, hardness and fracture 
toughness of the composite. Measurements were carried out using ultrasonic 
resonance, three point bending test and vickers indentation methods. 

3.3.1 Elastic moduli 

The ultrasonic pulse echo technique was employed to measure the elastic modulus of 
the bulk composites (Transducer type V113, 114" with a typical wave frequency of 
15MHz, available at the TNO TPD-TU Delft). Test specimens were cut from the bulk 
to 18.50*32.40*31.lOmm and polished using grid sizes of 800, 500, 320 and 100# 
followed by scratch free, fine polishing using a cerium solution. 

Using this device, an ultrasonic pulse is transmitted in the material and received by the 
same transducer after reflection to the back side of the plane-parallel specimen [82]. 
The time taken for the transmitted echo was registered and the wave velocity was 
calculated using the specimen dimensions. Young's modulus (E), shear modulus (G) 
and Poisson's ratio (v) were calculated using the expressions below. 

:2 (EI (1- v) ] 
VI = P (1+ v)(1-2v) 

v,' = (~)= (!L(J~ v)] 

a = (::)' 

2-0 
v=--

2-20 

where: Vl,s 

P 
E 
G 
v 

-longitudinal and transverse (shear) velocity respectively, 
-density, 
-elastic modulus, 
-shear modulus, 
-Poisson's ratio of the material sample respectively 

(35) 

(36) 

(37) 

(38) 
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Using the above mentioned method and expression the elastic modulus was measured 
and compared with the mathematically determined results based on Makashima and 
Mackenzie [SO],for each type of specimen with varying amount of copper 
concentration. The density was measured using the Archemedus method and a density 
comparator for glass products [92]. 

3.3.2 Fracture strength 

The three point flexural bending test with a span length of 20mm was conducted using 
a universal testing machine, Erichen400, Germany. A PC was connected to the testing 
machine to record the force~displacement data. The crosshead displacement rate was 
kept constant at 3.33*10 -6 m/sec. A flow ofN2 gas with a dew point of -35 °C was 
used to obtain a dry atmospheric condition. 

The specimens were first cut to a dimension of 30*1Q*5mm using a diamond disc 
cutting wheel. Lodus~300 was used as coolant. Later the specimens were polished to 
optical quality which is at a roughness of 0.3 01J.Dl and cleaned. After polishing an extra 
deep grinding ofO.l0mm at the opposite edges of the sample was done (figure 2.3.1). 
This was performed at the glass workshop of CTDITUE. Specimens were then etched 
in 5.00% HF solution for 30 min, washed in distilled water, ultrasonically cleaned with 
ethanol and dried in air. The specimens were further annealed for 30 min. at 520 °C 
and allowed slow cooling at a rate of 1 DC/min, to remove residual stresses caused by 
machining and etching. 

I From view I 

IT I...-----r--------L--/ma_chin--red---J _ lit" notch 

I 

I Side view I 

E 'b ,. 

Only for strength 
measurements 

Figure 3.3.1: Three point bending testing set-up for the determination of the flexural 
strength and fracture toughness determination (the machined notch is only for ~ 
measurements and the grinded edges are made in the strength measurements). 
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Equation 39 has been used to calculate the fracture strength (S) from the three point 
flexural bending test. 

Where: Sf 
F 
I 
b 
d 

(39) 

-fracture strength, [MPa], 
-applied stress, [N], 
-span length, [m], 
-specimen width, [m], 
-specimen thickness, [m]. 

The probability of fracture Pfi and its statistical distribution, defined by Weibull 
modulus, corresponding to a particular strength level during the bending test were 
calculated using a linear fit procedure based on least squares analysis and weighted 
linear fit procedure based on least squares approximation of Weibull statistical 
expression as follows: 

(40) 

where: -fracture probability 
-strength at failure 
-characteristic strength (normalizing parameter) 

m -Weibull modulus. 

The expression for the fracture probability of the Weibull modulus is estimated using 
the estimator, Pp where the strength values are ranked in ascending order[77, 78]. 

P 
_ (i-O.5) 

f - N 

where: i 
N 

(41) 

-specimen serial number 
-total number of tested samples. 

Fracture nature and the distribution of defects were determined by using optical 
microscopy and the SEM (JOEL JSM-840 Scanning electron microscope). Fracture 
mirrors and defects and their geometrical appearance were used to classify the type of 
defects and size (figure 2.3.2). 
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?RIII 

Figure3.3.2: Schematic of fracture surface of copper doped glass composite subjected 
to constant load showing the critical flaw size,. Rl,(radius of the solid balf-elliptical 
line), the mist-hackele transition, Rm. (radius of the dashed region) 
respectively,represent the fracture origin and the depth of the defect They mayor may 
not be symmetrical about the fracture origin [93]. 

3.3.3 Fracture toughness 

The fracture toughness was determined by the three point flexural bending and the 
indentation fracture test. 

3.3.3.1 Single edge, notch beam using the three point bending test 

The specimen preparation was the same as for the strength measurements. Further an 
artificial notch was cut at the middle surface of the expected high stress region (figure 
3.3.1). The notch was made at the Phillips Research Laboratory using a distilled water 
cooled diamond disc machining table (DAD-2SP/6T, DISCO, Japan). The notch depth 
was kept constant for all specimen at a value of 0.65 ± 0.05mm in order to keep the 
ratio of the specimen thickness to span length at 0.15. 

Cut samples were etched in 5.00% HF solution for 30 sec., washed with water and 
ultrasonically cleaned in alcohol. After drying in air the specimen were annealed at a 

temperature of 5200 C for 15min and allowed to cool down to room temperature 
within approximately 12hrs. 

The three point flexural bending testing procedure was the same as for the strength 
tests using an inner span length of 2Omm. Also a nitrogen atmospheric condition was 
employed. Fractographic characterization was carried out on the pieces of the broken 
specimen using optical microscope and SEM. Further the pieces of the broken 
specimen were used for the determination of hardness and fracture toughness using the 
Vicker's diamond pyramid indentation test. 
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Fracture toughness (Kic) values as obtained from the three point bending have been 
calculated using the expression in equation (42). 

(42) 

where: 
Sk -stress at failure, [pa] 
F -applied load, [N] 
I -length of span, [m] 
d -specimen's height, [m] 
b -specimen's thickness, [m] 
a -depth of initial notch, [m] 
y' -compliance factor. 

The value of the compliance factor, Y, was calculated depending on the defect type as: 
r= "'7t == 1.77 for volume flaws and, 
Y'= 1. 12"'7t == l.99 for surface flaws. 

For each batch type an average of 25 specimens was used. As in the case of the 
specimen used for the fracture strength, fractographic study was employed using an 
optical light microscope (magnification lOX to 40X) and SEM. 

3.3.3.2 Indentation fracture test 

Vicker's ,diamond pyramid, indentation tests were performed using a Leitz 
microhardness tester [53, 79, 87, 88] . For all specimen a load of 4.903N was chosen 
as a standard force. This helped to avoid poor and/or extreme secondary cracks and 
achieve a higher degree of consistency between consecutive indents. Loading and 
indenting time was kept constant at 30sec. A schematic diagram of diamond pyramid 
indentation crack patterns is shown in figure 2.3.3. 

2c 

Figure 3.3.3 ldialized deformation/fracture pattern for Vickers pyramid indentation, 
showing initiation and propagation stages of median crack development. 
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After each indentation the indenter semi-diagonal "a" and the microcrack length "c", 
were measured (figure 2.3.3). The hardness was calculated using the ASTM standard 
expression for Vicker's indenter (equation 44). Fracture toughness values were 
calculated using the expressions in equation 43 and 45 developed by Liang [79] as: 

(43) 

H _ 1845F 
v - 02 (44) 

with: 

a = +_{4~:~5J] (45) 

where: riC fracture toughness 
HII Vickers hardness 
IjJ Strain factor,(~3) 
c length of the indent diagonal, 
o length of the diagonal crack, 
E Young's modulus of the material, 
v poisson's ratio of the material, 
a dimensionless constant 

Furthermore, based on these strength and fracture toughness measurements an attempt 
will be made to determine the influence of the copper concentration on the fracture 
surface energy,Y, and work offracture [93] 
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4 Results 

4.1 Chemical composition 

Soda lime silicate glass is used as a matrix for the preparation of metallic copper doped 
nanocomposites. As it was mentioned in the previous chapter the matrix as well as the 
composites are prepared via the conventional melting method. 

Glass samples are prepared for both oxidation and reduction melting conditions. 
Contrary to the oxidation melt, the reduction melt includes additional reducing agents 
and a reducing atmosphere. 

The reduction reaction is achieved by using mild reducing agents, namely SnO, Sln~ 
and nitrogen gas as a reducing atmosphere. The amount of these reducing agents is 
limited in the range between 0.50 and 2.00 wt.% respectively, because an excess 
concentration of these chemicals will lead to a complete change in the chemical 
composition of the matrix. Furthermore, carbon in the form of graphite is used for 
samples with equal or higher than 2.00 wt.% Cu in order to minimise the concentration 
of the anthimon and tin oxides. In these melts up to 0.50 wtOlo NaCI has also been 
added to achieve a better refining effect. 

Table 4.1 shows the raw materials used and the chemical composition of the resulted 
glass matrix and the range of the doped copper concentration. Table 4.2 shows the 
melting history, copper concentration, density and optical appearance of the samples. 
Unless stated otherwise all values are in weight percentage. 

chern. components wt.% Batch 
Glass forming oxides 

Si02 72.00-73.00 Quartz 

Na20 14.40 Na2C03 
MgO 3.00 MJl;O 
CaO 8.00 CaC0 3 

Sn02 0.50 - 2.00 SnO 

Sb20 5 0.30 - 1.50 Sb20 3 

Cu (0.50-6.00) CuO 

Table 4.1: Chemical composition range of the glass matrix and the type of raw 
materials used. 
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Melting Copper Densijy Colour I Heat treatment 
temp,rC] time,[hrs] [wt.%] [g/cmj

] before after 
1440 4.00 0.00 2.4994 colourless colourless 
1440 4.00 0.50 2.5145 colourless ligllt red 
1440 4.00 1.00 2.5162 faint red red 
1440 4.00 1.50 2.5206 faint red red 
"(*) 2.00+2.00 2.00 2.5234 faint red dark red 
"(*) 2.00+2.00 3.00 2.5288 red dark red 
"(*) 2.00+2.00 4.00 2.5338 red orange 
"(*) 2.00+2.00 5.00 2.5610 red oranAe 
"(*) 2.00+2.00 6.00 2.5797 red orange 

Table 4.2: Melting history , density and optical appearance of copper doped glass 
composites. 

To insure homogeneity for all batch an occasional stirring was conducted at 20min 
intervals. Samples with sign(*) were molten in two stages as it was mentioned in the 
experimental procedures. 

A few samples have been prepared with a shorter melting time. In these cases the glass 
was found to be unrefined. Therefore, it was necessary to increase the melting time to 
about 4 hours after the melting temperature was reached. 

Chemical composition analysis was done for samples representative of each type of 
specimen. A satisfactory correlation was observed between the calculated and samples 
measured using SEM. In the case of NaCl, added as refining agent, traces less than 
0.10 wt. % could be detected. This is probably due to the evaporation ofNaCI at the 
higll melting temperatures. 

The density of the composites has been measured using the Archimedes method. A 
sligllt increase in density of the composite has been observed as the concentration of 
doped copper increased. Density did not vary with a different duration of heat 
treatment at constant temperature (600°C). 

Difficulties have been encountered for concentration of copper higher than 2.50 ~Io. 
A phase separation between metallic copper and the glass phase emerged at higller 
melting temperatures (around 1440 °C) which led to segregation of the copper 
aggregates due to a coalescence of the copper particles. After the reduction reaction 
the copper atomic molecules do follow a Brownian motion where they start to collide 
and form bigger clusters depending on the time and temperature. It has been observed 
that at melting temperature and time, copper particles as a result of their higll specifiec 
weigllt tend to form a concentration gradient.. 
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4.2 Optical properties and structure 

The transmission and reflection spectrum of glass matrix without copper and copper 
containing glass, melted under oxidising atmosphere, have been measured for the UV, 
VIS and NIR region. Glass matrix without copper appears colourless through 
transmitted light while glass melted with copper under oxidising atmosphere varied 
with the increasing concentration copper from light blue to greenish-blue colour. 

Contrary to copper containing glass, melted under oxidising atmosphere, glass mehed 
under reducing conditions showed very different optical properties. The colour of the 
quenched glass varied with the degree of concentration of copper. A colour change 
from very light transparent for low copper concentration via light red to intense dark 
red and orange colours for higher concentration has been observed. 

4.2.1 Spectral transmission and reflection 

Spectral transmission measurements were conducted for samples with varying 
concentration of copper content for the wavelength in the UV, VIS and IR. region. 
Glass samples without the presence of copper, and the reducing oxide components do 
not have a pronounced absorption band at higher UV, VIS and near IR. wavelength 
regions. As a result such glass has a high transmittance characteristic in these regions. 

In the IR. region the hydroxyl absorption effect due to the presence of OH"ions is 
observed in the wavelength of 2.90J.1.m, 3.60llm and 4.25J.1.M For a typical case in the 
figure (4.2.1) the transmission and the reflection spectra in the UV, VIS and near IR. 
regions are plotted against wavelength. 
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Figure 4.2.1 : Transmission spectra for soda lime glass with varying amount copper 
melted under reducing atmosphere. 
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Specimen melted without copper had the mean value of 1.5 for their refractive index 
with a single surface reflection intensity of 4.5 %. A slight decrease of refractive index 
is observed, however, from UV along VIS towards the IR wavelength region .. 

Copper containing glasses, melted under oxidising atmosphere show a low absorption 
band in the UV and lower wavelengths of the VIS region. A strong absorption 
occurred only at the wavelength around 720nm, which is typical for Cu 2+ ions in soda 
lime silicate glass. 

Introduction of copper into the matrix melted under reduction reaction decreased the 
transmission intensity to the minimum in the UV and lower VIS wavelength regions. 
Figure 4.2.1 shows a shift in transmission intensity from shorter to longer wavelengths 
of the VIS region with an increase in copper concentration. 

In the IR region, contrary to the UV and VIS region, an increase in transmission 
intensity was found which was proportional to the increase in copper concentration 
(see figure 4.2.1). The decrease in transmission intensity found at 2800 nm is 

independent of copper concentration. The absorption band of OIrions in this region is 
also suppressed correspondingly with the increasing concentration of copper. 

Absorption coefficients and refractive indices were determined from the spectra of 
reflection and transmission measurements. In general, for the copper doped glass 
composites, melted under reduction reaction, an absorption peak was found around 
56Onm. Whereas. the influence of copper concentration on the shift of the absorption 
peak was negligible. Besides the influence on the absorption spectra copper doped 
glass composites have shown a decreasing effect on the refractive index. As it has been 
observed at the 589nm for sodium line the refractive index has decreased from 1.51 for 
glass matrix without copper to about 1.30 for 4.0Owt.%Cu 
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Figure 4.2.2: Absorption spectra of 1.00 wt. % copper doped glass. 
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In figure 4.2.2 is illustrated the absorption spectra of 1.00 wt.% copper doped glass 
sample calculated on the bases of Mie theory and measured values. When comparing 
the above experimental results to predictions of Mie theory, a good correlation was 
found for samples with a lower concentration of copper using the optical constants for 
copper stated in the table 1.2.1. For higher concentrations of copper, however, due to 
low absolute values of transmission intensity around the UV and shorter VIS 
wavelengths, and the strong influence of light scattering during the reflection spectra 
measurements in the VIS wavelength region it was not possible to get acurate 
measured data of transmission and reflection intensities to calculate the absorption 
spectra dependence for the whole VIS wavelength region. 

The effect of heat treatment on the absorption spectrum and refractive index is 
determined by measuring the transmission and reflection spectrum in the UV, VIS and 
NIR wavelength regions. A comparison is made between specimen as quenched and 
heat treated for one hour respectively. 

In the case of specimen without copper no distinct variation has been observed neither 
in absorption spectrum nor in refractive index (figure 4.2.3). However, for specimen 
containing copper, a pronounced difference was found both in absorption spectrum 
and refractive index. Figure 4.2.4 shows a typical observation encountered for a 
specimen containing 2.00 % wt copper, as quenched and heat treated for one hour at 
600°C. Specimen of this copper concentration were found to have a faint reddish and a 
strong red colour by reflected light microscopy for samples as quenched and heat 
treated respectively. 
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Figure 4.2.3: Transmission, reflection spectra and refractive index for soda lime glass 
specimen without copper heat treated for 1 hr. at 600°C. 
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Figure 4.2.4: Influence of heat treatment on absorption spectrum of 2.00 wt.% 
Copper doped glass 

The heat treated specimen shows a sharp peak in the absorption band at the 
wavelength of 560 nm and an increasing absorption band towards the UV wavelength 
region. The quenched specimen showed a weak absorption band in the VIS region .. 
Specimen with higher copper concentration have turned from faint red to dark red 
colour even before heat treatment. After heat treatment for 1hr at 600°C, depending 
on the copper concentration, their colour changed to dark-red and orange respectively. 

In the VIS region, a non-linear increment in single swface reflection and refractive 
index was observed for both quenched and heat treated specimen. The heat treated 
specimen showed a sharp increase between 530 and 600nm followed by a gentle 
decrease towards the longer wavelength regions. The quenched specimen showed a 
gentle increase between 530 and 750 nm followed by stabilisation towards the longer 
wavelength regions. 
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Figure 4.2.5 : Influence of heat treatment on refractive index of 1.00 wt. % Copper 
doped glass. 

Thus concluding, in the UV region the copper appears not to have a pronounced effect 
on the transmission, reflection and spectra. Although, the absorption band in the UV 
region is assumed to be influenced from the optical properties of the main glass matrix. 
In the visible region the addition of the copper inclusion influences the absorption band 
and the refractive index of the glass matrix due to the absorption and scattering effects 
of these copper particles depending on their size and concentration index. The linear 
increase in transmission in the IR region holds promising possibilities for further 
investigations in the non linear properties of these type of materials. 

4.2.2 XRD, SEM and TEM measurements 

XRD analysis was conducted on the samples of 1.00 and 4.0Owt.% Cu doped 
specimen. Figure 4.2.6 and table 4.3. show the XRD pattern and the intensity picks 
found for both specimen. 

The sample with a low concentration of copper (1.0Owt%) shows a "broad knee"
characteristic similar to amorphous soda lime silicate glass structures. Although the 
colour of the 1. OOwt. % copper contained specimen is bright red in transmission light, 
due to low concentration and too small particle size. it was not possible to further 
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characterise the nano particles present in this specimen. Despite further heat treatment 
conducted at the same nucleating temperature, no trace of either metallic copper or 
cuprous oxide particles was found. 
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Figure 4.2.6: XRD pattern measured for specimen with (a),1.0Owt.% and 
(b),4. oOwt. % copper concentration respectively. 

For the specimen with 4.00wt01o Cu, three distinct sharp peaks were found which are 
typical for metallic copper crystals. The inter planar spacing (dhk.() as obtained from 
the XRD are shown in table 3.3. 

no. 2e int. Width d(hkl) IIIo 
1 43.410 760 0.270 2.083 100 
2 50.530 555 ***** 1.805 73 
3 74.200 449 ***** 1.277 59 

Table 4.3: X-ray diffi'action data for samples with 4.0Owt.% doped glass composite. 

TEM and SEM investigations were conducted on both 1.0Owt.% and 4.0Owt.% 
copper contained specimens which were identified by XRD measurement. The SEM 
measurements were further used for the determination of the chemical composition and 
the surface structure of the specimen. 
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Figure 4.3.7: (a) Particle size distribution for 1.00 wt. % and 4.00 wt.% of copper 
doped specimens as measured from the TEM micrographs by counting and measuring 
the average size and distribution of particles. (b) copper particles spacing in the glass 
matrix as calculated from the randomly packing geometry structure for different radia 
as indicated. 

Some variations in structure and chemical composition have been observed for 
specimen with high copper concentration, when measured under TEM. This 
phenomenon may be due to the inhomogeneity of the glass matrix and the copper 
particles growth affecting the structure of the matrix. 

TEM measurements as it is shown in the iigure(4.3.,8,9) confirm the presence of the 
copper in the form of metallic copper aggregates. As it was found from the TEM 
photographs, that a bimodal distribution of particle size exists in both specimen. The 
particle size distribution for lower copper containing specimen is in the range between 
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10 and 30 nm. For higher (4.00wt01o Cu) contained composites the particle size was in 
the range between 60 to 10Onm. In the figure 4.3.7 a,b particle distribution densities are 
plotted against particle size for both 1.00wt01o and 4.0Owt% Cu doped specimens 
respectively. 

Figure 4.3.8: TEM bright field micrograph from a 1.00 wt.% copper doped glass, heat 
treated at 600°C for one hour. 

Figure 4.3.9: TEM bright field micrograph from a 4.00 wt.% copper doped glass, heat 
treated at 600 °C for one hour. 
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4.3: Mechanical properties 

The elastic properties , strength and fracture toughness as a function of the copper 
concentration are stated in the following subsection as they are found from the 
respective measurements discussed in the chapter 2. 

4.3.1: Elastic properties 

The introduction of metallic nano particles in to the glass matrix has shown only a little 
increment in elastic (Young's) modulus of the composite. Measured values using the 
ultrasonic pulse echo technique compared with the theoretical predictions based on the 
Makashima and Mackenzie[80] additive method are summarised in table 4.4. 

In line with theoretical predictions the influence on elasticity was very limited. This was 
due to a very low volume fraction of copper dispersion (5.00 wt%). Table 4.4 
compares the predictions to the results obtained for Young's modulus, and Poisson's 
ratio. 

Sample o. ! Copper I Density I Poisson's Young'S modulus 
no. measured ratio measured calculated 

[wt.%] rg/m3] measured [MPa] [MPa] 

1 0.00 2.4995 0.22435 69000 70000 
2 0.50 2.5132 0.22151 70200 70100 

13 1.00 2.5161 0.23069 70300 70200 
4 2.00 2.5181 0.23069 71000 70400 
5 3.00 2.5284 0.19926 72000 70600 
6 4.00 2.5317 0.22722 73000 70810 
7 5.00 2.5421 0.22177 72000 71020 

Table 4.4 : Influence of copper concentration on density and elasticity 

The influence of this slight increase in elastic modulus on strength and fracture 
toughness will be discussed in the following sections. 
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4.3.2: Strength 

The three point bending test has shown a proportional increase in fracture strength 
with the increase of copper concentration up to 3.00 wt.%. For the copper 
concentrations above 3.00 wt.% the fracture strength has decreased. Figure 4.3.10 
shows results for strength found using the three point bending test. 
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Figure 4.3.10: Influence of copper concentration on fracture strength, measured under 
three point flexural bending test. 

The fracture surface and the nature of the flaws as it was illustrated schematically in 
the figure 2.3.2, and figure 4.3.11 have been examined to determine the relation 
between microscopic mirror constants and tensile strength of the material. For 
simplicity only the radius of the misty region and the diameter of the defect area were 
measured, because measuring the hackle radius was too complex. The error bars are 
calculated from the ratio of the standard deviation to the WeibulI moduli values of each 
specimen type as stated in the table 4.6. 
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Figure 4.3.11: A typical fracture origin defect area with the copper cluster as a defect, 
fracture mirror, misty region and hackles ina specimen with 3 wt.% Cu. 

For the specimen without copper, the ratio between mirror radius and defect size 
reached a mean value of 10. This result is in good agreement with literature [97]. On 
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the other hand, for specimen with metallic copper inclusions, the ratio of mirror radius 
to defect size did show a wide variation between 2 and 17, depending on the cluster 
formation of copper which acted as the strength controlling defect. The mirror 
constant em was calculated using the expression ofMicholsky [97] in equation 44 as: 

C M 1m = S f ~R M 1m (44) 

where: 

CMIm mirror constant, [MPa.m 112] 

Sf fracture strength as determined from three point bending test, [MPa] 

~ radius of the misty region, [m] 

Total copper Flexural Mirror Ratio, 
specimen concentration strength RmlRd 

# [wt.%] [MPa] r Ilmlllm] 
25 0.00 103.721 10.00 
25 0.50 84.568 9.00 
25 1.00 117.21 8.0 - 15 
25 1.50 127.35 8.0 - 15 
25 2.00 144.90 7.0 - 15 
25 2.50 159.76 6.0 - 16 
13 3.00 182.84 6.0 - 16 
7 3.50 147.26 2.0 - 17 

10 4.00 122.44 3.0 - 18 

Table 4.5: Dependence of the mirror ratios on the fracture strength after three point 
bending tests. 

Table 4.5, and figure 4.3.12 - 4.3.14 show the values found for strength and fracture 
mirror distribution after the three point bending test. The flexural strength of the 
reference matrix without copper inclusions reached a value of 103 MPa, with values 
ranging from 86 MPa to 140 MPa for a population of25 tested specimen. A Weibull 
distribution plotted for failure probability gave a modulus of 6.34. These specimen had 
two types of fracture mirror distribution of the type "C" (comer) and type "S" (tensile 
surface or very near tensile surface) similar to the figure 4.3.11. The fracture mirror 
size was determined by measuring the mirror and defect radius respectively. An 
average size of 250f.U11 for the mirror radius was found and 30J,.lffi was found for the 
defect size. 

As shown in the figures 4.3.12 -4.3.14 a proportional increase of the fracture mirror 
and the defect size is observed with the increase of the copper concentration. The rate 
of increase of the defect size for composites containing lower than 2.50 wt. % of 
copper is less significant than those specimen containing more than 2.50 wt. %. 
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Figure 4.3.12: Fracture defect and fracture mirror distribution as obtained from the 
SEM and optical microscope observation by measuring the mirror radius and defect 
size of specimen after three point bending tests for flexural strength determination. 
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Figure 4.3.13: Fracture defect size distribution as a function of copper 
concentration. Each data point represent the size of the fracture origin measured for 
each specimen using the SEM and optical microscope made after the three point 
flexural strength bending test. 
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Figure 4.3.13: Fracture mirror to defect size ratio distribution as obtained 
from the SEM and optical microscope observation by measuring the mirror radius and 
defect size of specimen after three point bending tests for flexural strength 
determination. (The bars represent the standared deviation of each sample type) 

A considerable increase of flexural strength is gained with increase of metallic copper 
nano particles in the base matrix. Table 4.5-6, and figure 4.3.10 show the results found 
for strength as a function of copper concentration. It is shown that the increment of 
strength reaches its maximum of 182 MPa at copper concentration of3.00wt.%. The 
further increase of copper brings about a decrease of strength, almost to 126MPa at 
4.00 wt.% copper . 

The observed strength improvement is not only the result of the elastic modulus of the 
resulting composite, but also the result of compressive and tensile stresses in the glass 
matrix and copper particle respectively, resulting from the thermal expansion 
coefficient mismatch between the respective phases. 

Sample Copper Thickness Load Strength Weibull 
# [wt.%] [mm] [N] [MPa] modulus 

1 0.00 3.061 290.16 103.72 6.34 
2 0.50 3.112 273.95 84.57 5.88 
3 1.00 3.012 318.83 117.21 5.49 
4 1.50 3.109 325.45 126.73 6.63 
5 2.00 3.214 514.36 144.90 8.52 
6 2.50 3.117 458.61 159.76 4.39 
7 3.00 2.979 350.99 182.84 3.20 
8 3.50 3.012 342.35 147.29 5.23 
9 4.00 3.105 426.19 122.44 6.34 

Table 4.6: Fracture strength results measured under three point bending test with 
Weibull distribution. 
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As mentioned in the section on sample fabrication, due to the coagulation and phase 
separation problems further increasing of the volume fraction of the metallic copper 
particles was hindered. The specimen which were prepared with 3.00 wt % Cu and 
more were not well reproducible due to the coagulation problems faced. Therefore, the 
fracture strength test could be conducted only for low population of specimen. 

4.3.3: Fracture toughness 

Fracture toughness measurements using the three point bending test and the 
indentation fracture test have shown a two fold increase in toughness with the increase 
of the copper volume fraction. The maximum improvement has occurred for specimen 
with a copper content of2.00wt.%. Results found from the three point bending test are 
expressed in the figure 4.3.15 

A difference is· obsetved between the three point bending test and Vicker's indentation 
tests made for the same type of specimen. For instance, for specimen without copper 
inclusions a fracture toughness value ofKic= 0.725 MPa.m1l2 is found as mean value of 
25 specimen with 23% standard deviation, measured under three point bending test. 
The Vicker's indentation fracture test mean value was found of Kic= 0.785 
Mpa.m1f2.with 190/0 of standard deviation. As a result the Vicker's indentation 
measurements gave always exaggerated values. Therefore in the preceded results were 
related only to the three point bending test due to the method's better reliability. 
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Figure 4.3.15: Influence of concentration on the fracture toughness of copper doped 
soda lime glass. 
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The influence of heat treatment and subsequent particle size on fracture toughness was 
analysed by conducting Vickers indentation test. For these determination specimen 
without and with copper were heat treated at 600°C for 1, 10, 100 and 250 hrs 
respectively. 

Experimental results for specimen without copper and 2.00 wt.% copper are illustrated 
in the figure 4.3.16. Data points in the figure represent mean values of indentation 
observations made on 2 slabs of each type of specimen respectively. As it is can be 
seen in the figure 4.3.16 the increase in heat treatment time plays no substantial role in 
the toughening mechanism. On the other hand it was observed that specimen h~t 
treated for a short period of time have shown a higher resistance to fracture. 
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Figure 4.3.16: Influence of heat treatment on the fracture toughness of specimen. 

Indentation fracture morphology in copper doped nanocomposites follows different 
characteristics than matrices without copper inclusions. In both cases the growth of 
median vents and lateral cracks were identified. The median cracks occur during 
loading and the lateral racks while unloading, and are caused by residual stresses 
formed along the indenter's diagonal. 

Specimen without copper have shown a characteristic of smooth fractured surface. 
Whereas, copper contained heat treated samples have shown a crack branching 
phenomena which intensified proportionally with copper inclusions concentration. Due 
to the low resolution of the SEM, for specimen heat treated for shorter period, the 
interaction between particles and the propagating crack could not be identified. On the 
other hand for specimen heat treated for 10hrs and longer period, distinct mechanisms 
could be detected. Figure 4.3.17-20 show typical mechanisms observed for different 
specunens. 
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Up to a few hundred nanometre grown copper particles(fig.4.3.17-20), as they could 
be identified by SEM and TEM, interacted with the propagating crack induced by the 
indenter. As a result crack deflection, shielding, and bridging could be identified. 
Figure 3.10 shows the shielding effect for specimen with 4. 00wt01o Cu, encountered as 
blocking of the propagating crack approached the copper metallic particle. For the 
same specimen in figure 4.3.17 (a) the crack has passed through the particle, causing 
the elastic deformation followed by plastic deformation of the ductile metallic copper 
particle. These phenomena for well bonded reinforcement have been expressed as 
material fracture toughening mechanisms [1-4,10,12,52-75]. 

Figure 4.3.17: Indentation fracture tip profile, showing (a) a plastic deformation of 
copper particles and (b) crackpinning effects. The specimen is a 4.00 wt.% Cu-doped 
glass composite heat treated at 600°C for 100 hrs. Paired arrows show the copper 
particles 
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Figure 4.3.18: SEM back scattering image after indentation test made for 
100hrs heat treated specimen containing 4.00 wt.% Cu. The micrograph shows the 
crack bridging effects of copper particles in the composite. 

Figure 4.3.19: Indentation fracture profile for 4.00 wt.% Cu doped glass with 
the extention of the diagonal crack showing the rough surface formation due to the 
presence of copper inclusions. 
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Figure 4.3.20: Indentation profile for specimen without copper. The image 
shows the extention of the smooth surface of the diagonal crack. Specimen was heat 
treated for 100 hrs at 600°C 
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5. Discussion 

5.1 Synthesis and chemical composition 

The conventional glass melting method has been used to produce copper-glass 
nanocomposites. This method is chosen for its simplicity, the possibility to produce 
large volumes of material and because it is economical. For the matrix a soda lime 
silicate glass composition is used in order to exploit the existing data and experiences 
on the formulation and production of this type of glass especially in the field of 
conventional glass melting methods. 

Copper is used as the ductile phase in the brittle glass matrix. The Mie theory explains 
that the presence of copper nanoparticles in the glass matrix can affect the transmission 
of light resulting a ruby coloration. Although, there are other metals which will act in 
the same way as copper does (for example silver), the low material cost is considered 
in the selection of this metal. 

In the material processing two processing steps have been performed . In the first step 
the laboratory grade reagents have been, weighed mixed and melted in a platinum 
crucible for about two hours and crushed after quenching. The second step includes 
the melting of this soda lime silicate glass with the addition of reducing agents and 
copper oxide for a duration of another two hours. This melting is conducted under 
reducing atmosphere (N2) to avoid oxidation. 

After the melting process the glass is quenched in air and further heat treated for one 
hour at a temperature of 600°C. This temperature and time has been found to be 
sufficient for the growth of stable copper nanoparticles in the glass matrix. These 
particles develop the ruby colour. Coloration from light red via dark red to orange 
colours occurs depending on the concentration of copper in the matrix. 

Glass nanocomposites containing up to 5 wt. % have been produced. The type of 
composites and their chemical composition and thermal history are illustrated in table 
4.1 and 4.2. of chapter 4. Glass with a low copper concentration «1 wt«'10 Cu) turns 
colourless during quenching and developed the ruby colour only after heat treatment. 
On the other hand samples containing above 1 wt.% copper turned red already during 
quenching and the further heat treatment brought about the intensification and 
darkening of the colour indicating the growth of copper nuclei. 

From the literature review there appears to be two different explanations on the type 
of nuclei and crystals present in the copper ruby glasses. Ram et al,[29-30] and 
BaneIjee et a1[34] do accept the presence of reduced copper particles in the glass, but 
they stress that the ruby coloration is due to cuprous oxide instead of copper particles. 
On the contrary, Stookey[16], Weyl(19], Parke[26], Akai [46] stress that the ruby 
coloration is due to nanosized particles of copper and that cuprous oxide particles have 
no influence on the generation of ruby colour. 
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In line with the latter explanation, the experimental observations using SEM, XRD and 
TEM on the material produced in this study, confirm the presence of copper particles 
in well developed ruby glass. As shown in the table 4.3. and figure 4.2.6 in the XRD 
measurements made for 1.00 and 4.00 wt.% copper doped glass composites except 
for metallic copper no cuprous oxide characteristic peaks could be observed. 

Although with this conventional melting copper doped glass composites of lower 
copper concentration have been produced successfully, at copper concentration of2.50 
wt. % and above the coalescence of the already reduced copper molecules led to the 
creation of the aggregates. This phenomenon has been the major constraint in the further 
increment of copper concentration in the matrix. Weyl [19] has given a brief explanation 
based on "On Smuluchovski coagulation criteria". The interparticle reaction of 
neighbouring copper metallic particles and their coalescence is the result of the attraction 
energy between these particles [Van der Waals- Hamaker][83]. The attraction energy is 
developed with the increase of the volume fraction of copper followed by the decrease of 
the spacing between the dispersed copper particles. At glass melting temperature as high as 
1440 °C, due to their high surface area per particle, the copper particles are 
thennodynamically unstable with respect to the bulk material. Therefore each metallic 
particle attracts another neighbouring particle. According to Hamaker the attraction energy 
is directly proportional to the particle size and inversely proportional to the distance in
between. As a result with an increase of the concentration of the copper in the glass matrix 
the distance between particles will be simultaneously lower leading to the increase in 
attraction energy. 

From our results can be concluded that the production of copper doped. glass 
nanocomposites using the conventional melting system is found to be effective for 
concentrations of copper as low as 2.00 wt.%. However, the coagulation phenomenon 
hindered further increment of copper concentration in the fonn of nanosized particles. In 
the future the study on the coagulation phenomena can contnbute a valuable information 
for successful applications of the conventional glass melting method in copper doped glass 
nanocomposites. Most of the studies carried out on the influence of copper on the optical 
properties are concerned with low copper concentrations (up to 0.05 wt.% Cu). 
Furthermore, alternative processing methods mentioned in the previous chapters might 
contribute to the future work 
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5.2 Optical properties 

Soda lime silicate glass is characterised for its high transmission of light in the longer UV, 
VIS and IR wavelength regions. The introduction of copper in the glass matrix strongly 
affects the optical properties of such glass matrices. The transmission intensity dependence 
of soda lime glass on copper is based on the form of copper present ( metallic or oxide) in 
thematrix. 

The presence of copper in the glass melted under oxidising atmosphere, thus in its eu2+ 
state, intensifies the absorption band in the red wavelength. Therefore the glass turns from 
bluish to a strong green colour under transmitted light. The spectral transmission of such 
glass reaches its maximum in the longer VIS wavelength region around 720 nm. 

On the other hand, the incorporation of copper into the glass matrix under reducing 
atmosphere gives a broad range of light spectral intensity. Figure 4.2.1 shows the 
transmission and reflection spectra of glass with vwying amounts of copper concentration. 
A smooth plateau of transmission spectra band in the VIS and near IR wavelength region is 
typical for soda lime silicate base glass. 

The optical transmission of copper doped glass composites varies significantly with copper 
concentration. As shown in figure 4.2.1 an increase in copper concentration leads to a 
degradation of the transmission intensity in the VIS region. From the transmission and 
reflection measurements it is revealed that the decrease of transmission intensity is 
influenced by strong absorption and scattering properties of copper metaIlic particles. 
Transmission measurements in the IR region have shown an increase in transmission in the 
region between the 2900 nm and 4250 nm proportional to the copper concentration. The 
sharp fall of the transmission spectra around 2700 and 3450 nm wavelength are typical 
characteristic to soda lime glass. At 2700 nm the fall of the transmission is attributed to the 
OH group ions associated to non-bridging oxygen via hydrogen bonding. At 3450 nm it is 
attributed to the OH group ions associated to bridging oxygen through weak hydrogen 
bonding. From the transmission spectrum measurements it is observed that the addition of 
copper metallic particles depresses the absorption intensity by decreasing the presence of 
the free OH groups resulting in an increase in the transmission intensity proportional to the 
copper concentration 

The absorption spectra detennined by the transmission and reflection spectra measurements 
are in good agreement with the theoretical predictions calculated based on the Mie light 
scattering relations, as shown in the figure 4.2.2. The relation is mainly valid for copper 
particles size between the ranges of 10 nm up to 30 nm within the limit of copper 
concentration lower than 2.00 wt %. In this work difficulties were encountered in precise 
measurements of transmission and reflection intensities in the UV and shorter visible 
wavelength regions. This constraint is due to strong scattering and absorption effects due to 
the increase in concentration of copper followed by the particle's size growth. 

Depending on the increase in copper concentration in the glass matrix, the absorption 
spectrum band shows a sharp increase from the longer towards the shorter wavelengths of 
VIS region where it attains its maximum at 560 nm. Thereafter the absorption band 
decreases from its maximum peak towards the shorter VIS region and rises again from its 
low band at 520 nm to its second maximum towards the UV region (figure 4.2.2 and 
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4.2.4). A proportional shift of the absorption peak towards the shorter wavelengths and an 
increase of the absorption towards the UV region is observed with the increase of copper 
concentration. As mentioned in the literature [33, 46], the broadening and shifting of the 
absorption band towards the shorter wave length indicates an increase of the particle size. 
From the TEM measurements for particle size (figure 4.3.8-9) we can deduce that this 
absorption band is the result of the Mie scattering effect by copper nanopartic1es. which are 
in the range proportional to the wavelength contnbuting to the colour change from light red 
to orange[17]. This phenomenon has been described by A RAM as excessively reduced 
copper ruby glass with the presence of cuprous oxide crystals. However, from the XRD 
measurements in this work no traces of cuprous oxide crystals were found except for 
copper crystals, supporting the dependence of absorption spectrum on the copper particles. 

The reflection spectra measurements show a strong dependence on the refractive index of 
the specimen. On contrary to monolithic soda lime glass, copper doped glass composites 
show a strong influence on reflection spectrum as well as refractive index. For normal glass 
without copper, the reflection spectrum and refractive index values measured are consistent 
with the data found from various works [40, 84, 85]. In the long UV, VIS and NIR 
wavelength regions there was almost no variation found for reflection as well as refractive 
index(figure 4.2.3). 

Contrary to the above, copper doped glass composites show a strong variation in refractive 
indices depending on copper concentration. In the UV region there is a sharp increase of 
refractive index towards the shorter wavelengths, which is independent of the metallic 
copper concentration. This increase in refractive index is related to the very strong 
absorption band in this wavelength region. 

In the shorter VIS region on the other hand there is a decrease of refractive index. At the 
wavelengths around 600 nm this decreasing tendency of refractive index changes it mode 
and rises to its maxima which is dependent on the copper concentration. In the Jatter case 
the maxima turns back to its constant position in the longer VIS and NIR wavelength 
regions (figure 4.2.5). This decrease of refractive index in the lower VIS region is assumed 
to be due to the strong effects of the absorptive component of the complex refractive index 
as shown in work of Schulz [48] where the refractive component of the refractive index 
reaches its maximum in this wavelength region. 

Increase in density and particle size influence the scattering and absorption intensity, which 
lower the transparency of the specimen particularly in the shorter visible wavelength region. 
The results of this work are conform to the works of [3,4,5,6]. For low concentrations of 
copper in the glass matrix (lower than 1.00 wt'llo) a good correlation was found between 
the absorption spectra of measured results and literature reviews [15,84,85]. 
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5.3 Mechanical properties of glass nanocomposites 

Results for tests on the mechanical properties of soda lime silicate glass composites 
show that an appreciable improvement in mechanical properties can be achieved by 
introduction of copper nanoparticles into the glass matrix. In the following sections the 
results obtained and the constraints are discussed. The elastic modulus, strength and 
fracture toughness of the fabricated nanocomposite are studied as a function of the 
copper concentration in the composites. 

5.3.1 Elastic modules 

The ultrasonic pulse echo method, as it was mentioned in chapter 2, has been 
employed for measurement of the elastic moduli of the specimens prepared for each 
type of composites with varying degrees of doped copper concentration. The 
Makashima and Mackenzie [80] additive law has been used to calculate and predict the 
influence of copper on the elastic modules of the composites. 

As shown in table 4.4 copper doped glass composites exhibit a slight increase in elastic 
modules of the resulting composites. Comparing to the base glass, copper has a high 
elastic modulus. With the introduction of copper nanoparticles in the glass matrix, the 
high elastic modulus value of copper contributes to the increase of the resultant elastic 
modules of the composite as a function of copper concentration. No significant 
variations have been observed between the predicted and measured values of the 
elastic modules. Although an increase in elastic modules is observed at a low volume 
fraction of copper inclusions, this could not be increased further due to the constraint 
of coagulation as mentioned in the previous section. 

Mackenzie et al [95] have discussed the enhancement of elastic modulus of glass 
matrix by ion exchange method for the improvements in the strength of the glass. 
Although they have achieved substantial improvements their approach didn't change 
the entire modulus of the bulk material, except for the surface layer. 

From the experimental results it is observed that the increase of the volume fraction of 
copper nanoparticles, with appropriate bonding between the copper metallic phase and 
the matrix and a homogeneous distribution of these nanoparticles in the matrix, the 
elastic modules of the resulting glass composites can be enhanced linearly with copper 
concentration. 

The elastic modulus difference and thermal expansion coefficient mismatch between 
the copper nanoparticles and the glass matrix greatly influence the nature of the 
stresses created in the composites. Due to the higher elastic modulus and thermal 
expansion coefficient of the copper inclusions than in the base glass matrix (Eeoppar = 
140 GPa, IXcopper = 16.7*10-6 °C-1 [98] and Eglass = 68 GPa, <lgLus = 9.0*10-6 0C-l [40]), a 
hydrostatic stress is developed in the spherical copper nanoparticles along with a hoop 
compressive stress in the matrix. Using the relation for the stress determination 
(equation 24 and 25), established by Selsing [65], a tensile stress up to 340 MPa is 
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estimated to develop in the copper inclusions independent of the particle size. The 
stress created in and around the copper particles is illustrated in the figure (5.2.1). 

Glass matrix 

1 
Copper inclusion 

(J 

Figure 5.2.1: Mechanical stress in and around the copper inclusions and in the glass 
matrix[60] 

On the other hand the stress in the matrix is compressive in the tangential direction and 
tensile in the radial direction. Although the compressive hoop stress at the 
inclusion/matrix interface remains unchanged, the stress in the matrix decreases with 
the increase of the distance away from the interfaces. As mentioned in Chapter 2, the 
hydrostatic tensile stress in the particle is independent of particle size. The radial and 
tangential stresses at the interface and in the matrix are dependent on the cubed power 
of the ratio of the particle size to the distance between the centres of the neighbouring 
particles. Based on the volume fraction of the copper inclusions, the distance between 
particles decreases as it is shown in the figure (4.3.7b) plotted for randomly packed 
copper spherical particles in the glass matrix. 

This decrease in distance between the centres of the copper nanoparticles leads to an 
interaction of the stress field in the composite producing a state of variable stresses 
throughout the matrix, which opposes the crack propagation. Therefore, the presence 
of coherently bonded copper nanoparticles dispersed in the glass matrix will increase 
the amount of the external applied energy necessary to crack propagation or fracture. 
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5.3.2 Strength and Fracture toughness 

Flexural strength and fracture toughness were measured by using a three point bending 
test under the same constant conditions as described in the chapter 2. For fracture 
toughness measurement a single edge notched beam technique is a commonly used 
method to brittle materials such as glass and ceramic materials. Furthermore the 
method gives fracture toughness values comparable to those obtained from double 
torison and four point bending methods with an acceptable standard deviation. 

The results of strength and fracture toughness measurements, obtained for the base 
soda lime glass matrix without copper remained with an average value of 103:MPa 
and 0.725 :MPa.ml/2 for strength and fracture toughness respectively. Typically, 
strength values between 70-120 :MPa and fracture toughness values of 0.70-0.80 
:MPa.ml/2 are found to be common for this type of glass matrix[86,97]. 

Table 4.5-6 and figures 4.3.10, 4.3.12, 5.2.2 and 5.2.3 show the changes in strength 
and fracture toughness of the composite system with copper concentration. In both 
cases, namely strength and fracture toughness, two types of copper concentration 
dependent trends are observed. 

Increase of copper concentration in the glass matrix has brought about an increase of 
both strength and fracture toughness. Fracture toughness reached its maximum value 
at copper concentration of 2.00 wt.%. Strength reached its maximum at copper 
concentration of 3.00 wt. %. Further increase of copper concentration led to a strong 
phase separation followed by the coagulation phenomenon as discussed in the synthesis 
and chemical composition section. At copper concentrations above 2.0Owt.%, the 
fracture toughness has shown a sharp decrease which degraded almost to the value of 
the base glass matrix. The strength started to decrease at copper concentration above 
3.00 wt.%. Although the number of tested specimen (type 3.00, 3.50 and 4.0Owt.% 
eu), are low, the decrease in both fracture toughness and strength is considerable. The 
statistical estimation of the low reliability of the results is reflected in a standard 
deviation as high as 48% and low Weibull distribution (table 4.6. and figure 4.3.10). 

As shown in figures 5.2.2 and 5.2.3 fracture energy and effective defect size have been 
calculated from the data measured on elastic modules, fracture toughness and strength, 
based on the Griffith relation (equation 22 and 25). In the figure 5.2.2 and 5.2.3 is seen 
that the fracture energy has increased from 3.80 Im-2 for the base glass matrix without 
copper to almost 15.50 Im-2 for copper with 2.00 wt. % concentration. 
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Figure 5.2.2: Comparison of fracture energy, defect size and strength results as a 
function of copper concentration. (a) represents the defect size, (b) strength and (c) 
the fracture energy. 
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Figure 5.2.3: Influence of copper concentration on the fracture energy of copper 
doped glass nanocomposites as determined from the fracture toughness and elastic 
moduli data (the particle size of the copper inclusions was not taken to concideration). 

The calculated value of fracture energy for the base glass matrix without copper is in 
good agreement with results reported by several authors [40,64,81,84,97].With the 
increase of copper concentration, fracture toughness and strength have increased up to 
their maxima depending on the copper particle size and distribution. The fractographic 
studies using SEM and optical microscope (figure 4.3.11,17-20) revealed that strength 
and fracture toughness are the results of the increased fracture energy of the composite 
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and the effective flaw size. It has been observed that the effective flaws are mainly 
volume defects caused by porosity and surface defects introduced during surface 
machining. These effective defect sizes are in good agreement with the glass and glass 
ceramic material flaw sizes predicted based on the Griffith theory[S3,81]. For plain 
glass, flaw sizes are usually in a range between 30 - 60tJ.IIl. 

On the other hand, as mentioned in the section of material synthesis and composition, 
with the increase of copper concentration specially above 2.0 wt.% an increase of 
particle size is observed. This phenomenon led the defects to be governed by the 
grown copper clusters which further brought about the deterioration of the fracture 
energy leading to a decrease both in strength and fracture toughness (figure 4.3.11) 

Interoretation offigure 5.22: 

Region I Increase in fracture energy 
The increase of:fracture energy proportional to the copper concentration, as detennined 
from the Griffith relation, is the material property which is influenced by the presence of 
additional copper nanoparticles in the matrix. This increase in fracture energy can be the 
result of one or a combination of the following. 
I. Energy is absorbed by copper inclusions followed by plastic deformation of the 
coherently bonded particles to the glass matrix, besides the propagating crack can be pinned 
or bridged by neighbouring particles(figure 4.3.17a,b and 4.3.18). 
II. The increase of fracture area (figure 4.3.17b-19), due to the sw::filce roughness 
introduced by the copper inclusions results in the increase of total energy necessary to 
propagate the crack. 
ill. The interaction between the stress fields of the copper inclusions and the 
propagation crack creates a deviation from the direction of the propagating crack. The 
crack tends to avoid intersecting the copper inclusion which is under tensile stress. This 
deviation of the crack propagation leads to the creation of new surfaces resulting in an 
increase in the fracture sw::filce area (figure 4.3.19-20). 
IV. The interlocking of the crack surfaces due to the sw::filce roughness of the copper 
inclusions leads to the creation of additionally formed new submicro- and microcracks 
resulting in an increase of the total energy (figure 1.3.1). 

In region 1, where the copper particle size is lower than the critical defect size, a strong 
interfacial bonding exists between the evenly distributed copper nanoparticles and the glass 
matrix. Furthermore, the mean effective defect size remains unaffected by copper inclusions 
and is mainly controlled by the sw::filce flaws introduced during :macbining, sw::filce 
treatment and volume defects such as porosity. As a result, the increase in:fracture energy 
correspondingly leads to the enhancement of both strength and fracture toughness. 

Region n Degradation of fracture energy 
WIth the increase of copper concentration above 2.00 wt.% the particle size increases to 
the size proportional to the critical flaw size and above. If the particle size is higher than the 
critical flaw size, a circumferential crack arises due to the debonding effect at the 
inclusion/matrix intertaces. This was confirmed by evidence of the decrease in :fracture 
toughness. The residual stress created by the presence of these copper inclusions is strongly 
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influenced by the size of the particle and the distance between the centres of the 
neighbouring particles. 

The increase of the particle size above the critical flaw size accommodated by the thennal 
expansion coefficient mismatch, elastic moduli anisotropy and the pores around the surfuces 
boundaries of copper inclusions and glass matrix leads to the decrease in fracture energy of 
the composite. . 

As revealed from the SEM ftactograpbic observations (figure 4.3.18), at copper 
concentration above 2.50 wt. %, the size and amount of pores at the copper cluster! g1ass 
interfaces is assumed to playa significant role in decreasing the fracture energy. This 
decrease is found to be quite similar to that found in the decrease of the fracture toughness 
and strength. A general approach made from the ftactograpbic observation and 
comparisons with the calculated effective defect sizes revealed that a simultaneous decrease 
of defect size is attributed to the pores Pfesent around the clustered copper inclusions 
(figure 4.3.18). It has been observed that a similarity exists between the sizes of these pores 
and the effective defect size calculated from the Griffith relation (equation 22). 

In general the decrease of fracture energy in brittle materials is approximately proportional 
to the logarithmic value of the volume fraction of the porosity[54,75,81,84,89,93,97]. The 
work of Davidge [89] on Th~, Lange [69] and Mackenzie [96] on Al2~ dispersions in the 
glass matrices, revealed that the increase in particle size of the dispersion decreases the 
fracture energy of the resulting composite. This is caused by a weakening of inteJfacial 
bonding between the inclusions and the matrix and a lowering of the elastic moduli. 

In line with the literature review, in this work, the degradation in ultimate fracture 
toughness and strength of copper doped composites as indicated in the figures 5.2.2 and 
5.2.3 can be attributed to the decrease in fracture energy of the composites due to the 
growth of copper clusters beyond the critical defect size These defects playa major role as 
crack initiation centres. However, by modifYing the fabrication method and by controlling 
the particle size of the copper inclusions, we are convinced that the mechanical properties 
of these composites can be enhanced. 

Comparison of fracture toughness measured by indentation technique and fracture analysis 
shows that indentation measurements do not sensitively indicate the effects of changes in 
the characteristics of the defect sizes and strength dependence. Also, the results found for 
the influence of heat treatment on the fracture toughness of the composite were found to be 
rather exaggerated. However, SEM fractographic analysis of the fractured surface after 
indentation quite valuable infonnation was obtained on the toughening and strengthening 
mechanisms involved in the composites. 
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6 Conclusion 

The theoretical background for the production of glass nanocomposites is still in a nascent 
state. Therefore the experiences in the production methods are limited. Insuring a suitable 
reduction atmosphere and melting condition the conventional system is found to be a 
suitable method for the production of low concentration copper contained glass 
nanocomposites. 

The optical property measurements such as XRD, TEM and spectrophotometry have 
proved the presence of copper nanometallic particles in the matrix. The results obtained are 
in good agreement with the Mie theory of light scattering. Therefore supporting the theory 
of ruby glass colouring mechanism this work adds evidences to the ruby glass coloration. 

The transmission spectra measurements on the copper doped glass nanocomposites have 
shown a pronounced increment of the transmission intensity in the IR wavelength region. 
This intensity was pronounced at the Off ions absorption peaks by increasing the 
transmission intensity proportional to with the copper concentration. 

In this work fracture toughness and strength as high as 1,5 MPa.mll2 and 180 MPa are 
found for 2.00 wt.% and 3.00wt.% copper doped glass nanocomposites respectively. 
According to the fracture mechanics theory a direct positive relation exists between the 
concentration of the copper and the mechanical properties of the composites. 

However, at copper concentrations of 2.5 wt. % and above, an inverse relation was 
observed between the concentration and the mechanical properties of the composite. This 
negative effect was the result of particle size growth due to the coagulation phenomenon 
encountered during material production. Furthermore, this phenomenon has hindered the 
further increments of the volume fraction of nano sized copper in the glass matrix. 

In future work a study on the coagulation, diftUsion of metals in the glass matrix can give 
valuable information's on improvements and implementation of this method. Furthermore, 
the Sol-gel and other methods may be assessed. Although the Sol-gel method has its 
drawbacks due to the small volume of produce, difficulties of process control and the 
prolubitive cost its low working temperature condition can accommodate the incorporation 
of higher concentration of copper. 
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7 Summary 

Introducing metallic nanoparticles in to the brittle matrices such as glass, g1ass-ceramic 
leads to a considerable improvements in mechanical properties and exploitation of the vast 

optical properties of the material. 

Metallic copper and soda lime silicate glass have been used as a model inclusions and 
matrix respectively. This work describes the preparation of the metallic copper 
nanoparticles containing glass composites and the effects of these metallic particles on the 
optical and mechanical properties of the composite. 

Glass nanocomposites of up to 5.0 wt.% copper have been prepared using a conventional 
melting system under a reduction reaction in an electrically heated furnace. The size of the 
reduced metallic particles is controlled by quenching the molten glass, followed by heat 
treatment for nucleation process. 

The optical properties of the composites are studied on the bases of the light scattering 
theory of Mie. The influence of the copper particles size and concentration on the light 
transmission and reflection spectra are examined using the Spectrophotometry, 
Transmission electron microscopy and X-ray diflhtction. 

A strong absorption band in the Visible wavelength region and a sharp peak at around 
570nm conform the typical characteristic of copper nanoparticles present in a glass matrix. 

The mechanical properties of the composites have been studied by examining the elastic 
modulus, strength and fracture toughness of the materials. An introduction of copper 
nanoparticles in to the glass matrix has brought a substantial improvement of fracture 
toughness. 

Fracture toughness has increased from 0.725 MPa.mlll for base glass to about 1.50 
MPa.mlll for 2.00 wt.% Cu contained composite. Strength has shown an increase from 100 
MPa for the base glass matrix up to 180 MPa for composites containing 3.00 wt.% Cu. 

During the melting process, difficulties are encountered with the homogeneity of the 
composites. The increase in metallic concentration leads to precipitation of the metallic 
granules with a diameter of few microns up to several millimetres. The size of the 
precipitated granules increases concurrently with the melting. In this work the coagulation 
phenomenon has hindered the further increase of the copper nanoparticles concentration in 
the glass matrix limiting the use of conventional melting system. 
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