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ABSTRACT 

Surface nucleated, unidirectional fibrous crystalliza-

tion of calcium metasilicate was investigated in approxi 

mately metasilicate composition glasses of the Ca0-Ala03- 

Si02  system, containing either zinc oxide or sodium oxide 

as a crystal growth accele.rator, by an isothermal heat 

treatment technique. 	Two compositions were selected as 

giving densely nucleated, well aligned spherulitic type 

fibres of the low temperature calcium metasilicate polymorph, 

one with a mainly crystalline interfibre matrix and the 

other with a residual glass matrix. 	Specimens for 

mechanical and other tests were prepared by sectioning 

bulk samples of the selected materials. 	Transverse or 

perpendicular fibre specimens were prepared from isothermally 

crystallized tiles, manufactured from glasses with crystal 

growth rates up to 5 microns per second. 	Longitudinal 

fibre specimens were prepared from intra-crucible devitrified 

glasses for crystal growth , rates up.to 2 microns per second, 

and from unidirectionally crystallized rods pulled directly 

from the melt, using a Ca0-ZnO-S102  glass with a growth rate 

greater than 10 microns per second. 	This'  was a novel 

modification of a newly developed technique, and enabled 

T-T-T diagrams to be drawn for the crystallization in this 

system. 

The crystal growth kinetics were studied and from this 

the Keith and Padden theory of spherulitic crystal growth 

was verified for the devitrification of calcium metasilicate. 
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The thermal expansion characteristics, found using 

an automatic recording dilatometer, and the mechanical 

properties, investigated using long and short beam three-

point bend tests, revealed that in macroscopic specimens 

the unidirectionally crystallized materials could be 

regarded as ceramic matrix composite materials. 
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3.99 	Thermal expansion characteristics of RW17/300L, 	355 

longitudinal. 
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LIST OF SYMBOLS 

CAPITAL LETTERS  

A 	Arrhenius equation prexponential term; area. 

B Interlaminar shear strength; constant. 

C 	Specific heat. 

D' Diffusion coefficient; specimen-to-film distance. 

E Energy; Young's modulus. 

G Gibbs free energy. 

H Enthalpy. 

I 	Intensity; rate of nucleation; second moment of 

area of the cross section about neutral axis. 

K Stiffness; thermal conductivity; constant. 

L Latent heat; span. 

M 	Externally applied moment. 

P Load; calculated percentage composition. 

R 	Gas constant; radius of diffraction ring. 

S Entropy; probability of fracture. 

T 	Temperature. 

U Energy; rate of crystal growth. 

✓ Volume; volume fraction. 

W Heat. 

Y 	Geometrical factor. 

Z 	Fraction. 

SMALL LETTERS 

a 	Atomic or molecular spacing; constant. 

b 	Specimen breadth. 
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c 	Crack length. 

d Specimen depth; spacing of crystallographic planes. 
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maximum stress. 

k 	Boltzman constant. 
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fl 	Differential. 
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O 	Bragg angle; angle. 

Wavelength. 
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Radius of curvature. 

07- 	Tensile stress; surface tension; standard deviation. 

Shear stress. 

SUBSCRIPTS 

a Activation; applied. 

c Critical; composite. 

D Diffusion. 

E Elastic. 

F 	Fusion. 

• 	

Fibre; fracture. 

• 	

Griffith. 

g Glass transition. 

H Heterogeneity. 

L Liquid/melt. 

m Matrix. 

n Nucleus formation. 

o Maximum. 

p 	Constant pressure. 

S Surface; softening; crystal. 

t 	Transverse. 

u Minimum. 

✓ Volume. 
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CHAPTER 1 

INTRODUCTION 

1.1. 	ANISOTROPIC CERAMICS: 

1.1.1. 	IN SITU COMPOSITES: 

In situ composites are aligned two-phase 

materials in which the two phaseS are produced simulta-

neously by the decomposition of a single phase starting 

material. 	The unidirectional solidification of eutectic 

melts is the most widely investigated technique for the 

production of these materials, although in recent years 

the unidirectional decomposition of eutectoids or super-

saturated solid solutions has also been used to produce 

successful composites. 	Livingston (1) has reviewed duplex 

(two-phase) crystal growth as applied to the production of 

aligned composites, both by directional solidification of 

eutectic, off-eutectic, monotectic or peritectic melts and 

by directional eutectoid or cellular solid-state trans-

formations. 

Most research has been done on metallic systems, 

which have been reviewed by Davies (2), but there has been 

work on the production of in situ ceramic composites. 

Several oxide system eutectics have been directionally 

solidified, e.g. the ZrO2-Mg0 eutectic (3), and a rare-

earth-oxide-metal eutectic composite has been prepared 

using a direct-rf-coupling internal molten zone technique (4). 
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Recently Carpay and Cense have developed a method for the 

production of in situ composites by unidirectional 

crystalline decomposition of non-crystalline solids (5, 6) 

using quenched salts and oxides, e.g. the Li2O-B203  system 

(7). 	They have found thalt a large range of compositions 

will produce aligned composites by a unidirectional 

devitrification process, even systems without an eutectic 

or an eutectoid. 	The aligned structures were obtained by 

decomposition in a temperature gradient. 

In situ composites may have a rodlike, ribbonlike or 

lamellar-microstructure when produced by the growth of 

duplex crystals, and the type of morphology depends on the 

volume fraction of phases at the transformation temperature 

and the anisotropy of the solid-solid surface energies 

between the phases. 	If there are several low-energy 

interface planes and the volume fraction of the minority 

phase is less than about 30% then rodlike growth may be 

produced, although there are a great many factors affecting 

the morphology of the growing crystals and there are 

numerous exceptions to the above conditions (1). 	However 

it would generally seem that rodlike in situ composites, 

analogous to conventional unidirectional continuous fibre 

reinforced composites, can only be produced with relatively 

low fibre volume fractions. 

Since the interphase spacing of aligned two phase 

materials formed by invariant reactions from the melt or a 

single solid phase (e.g. the eutectoid decomposition of 

austenite into pearlite) is controlled by the rate of 
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sideways diffusion (8, page 449) then this spacing 

decreases with decreasing temperature of transformation 

(many fabrication techniques use temperatures lower than 

the invariant transformation temperature in order to give 

a fine microstructure) (1). 	The rate of growth of these 

duplex crystals increases with decreasing temperature 

below the invariant temperature, reaches a maximum and 

then decreases again at lower temperatures (8, page 448), 

a similar type of behaviour to that found for crystalliza-

tion from the vitreous state (see section 1.4.1.). 

Davies et al (9) have described 'a different type of 

in situ composite produced by directional dendritic growth 

from the melt in a metallic system. 

The physical properties of these composite materials 

are anisotropic and depend on the properties of the 

constituent phases and the volume fraction, the morphology 

and alignment of these phaSes (1). 

1.1.2. 	ORIENTATED GLASS-CERAMICS: 

Conventional glass-ceramics are polycrystalline 

solids prepared by the controlled internal nucleation and 

crystallization of a glass. 	They are therefore materials 

in which there is a random dispersion of one or more 

crystalline phases together with a small proportion of 

residual glass. 	The macroscopic physical properties of 

a material of this type are isotropic (10). 	Several 

attempts have been made to produce anisotropic glass-

ceramics, usually in the form of a fibre suitable for 
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incorporation into a composite. 	Such a fibre could have 

several advantages over conventional E-glass fibres, such 

as a higher chemical stability, a higher elastic modulus, 

or a thermal expansion coefficient exactly matched to that 

of the matrix material (up to a certain limit) since glass-

ceramic compositions can be modified to. give materials with 

desired expansion coefficients (even zero) by adjusting 

the crystalline phases, and volume fraction of these phases, 

produced (10).. 	Any of these properties may be required in 

a reinforcing fibre (11). 

Veale (12) attempted to produce glass-ceramic reinforc-

ing fibres from quenched glass fibres of compositions 

corresponding both to CaMgSi206  (synthetic analogue of 

diopside mineral) and to fluoride analogues of asbestos 

mineral compositions. 	However when the glass fibres were 

reheated all the crystallization nucleated at the fibre 

surface and grew into the fibre which resulted in very 

fragile fibres due to weak boundaries running across the 

fibre diameter. 	Nucleation at external surfaces occurs 

on dust particles, scratches, etcetera (see section 1.3.1.) 

which are almost impossible to eliminate completely. 	It 

would therefore seem to be very difficult to produce glass-

ceramic fibres in which the crystallization is orientated 

along the fibre axis by an isothermal heat-treatment due 

to the large surface to volume ratio of the fine fibres 

(reinfording fibres have to be very fine, about 10 microns, 

in order to give the required aspect ratio (11)). 

Heinze et al (13) have patented a process for the . 
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production of a reinforcing glass-ceramic fibre. 	In this 

a previously drawn, quenched glass fibre, about 20 microns 

in diameter, is crystallized by a two-stage heat-treatment 

(10) and at the same time stretching the glass fibre by at 

least 10% of its length over the entire heat treatment. 

These fibres have an elastic modulus considerably higher 

than the original glass fibre and also higher than similar 

glass-ceramic fibres produced without stretching, which 

indicates that the crystals are at least partically 

orientated by the applied stress along the fibre axis 

during crystallization. 	These fibres are internally 

nucleated by a prolonged low temperature treatment prior 

to heating to the crystallization temperature, using 

titania or zirconia as the nucleating agent in lithia-

magnesia-aluminosilicate glasses, or other glasses which 

can be uniformly crystallized. 

Recently both Ashbee (14) and Atkinson and McMillan 

(15) have developed techniques to orientate glass-ceramic 

microstructures using hot-extrusion techniques. 	Ashbee, 

using a glass which devitrifies to a glass-ceramic containing 

synthetic fluorophlogopite (i.e. a mica having a platey 

microstructure) as the major crystalline phase, has 

achieved strict alignment of these crystals by subjecting 

the glass to pure extensional flow during preliminary 

crystallization. 	This alignment is maintained during the 

drawing down of a 2mm.extruded rod into an approximately 

100 micron diameter fibre and the subsequent completion of 

crystallization, during which some new, randomly orientated 
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crystals grow in addition to extra growth of the preorien- 

tated crystals. 	However these fibres contain a relatively 

low proportion of crystals and therefore cannot strictly 

be regarded as being a glass-ceramic material. 

Atkinson and McMillan have produced aligned crystal 

microstructures in Li2O-SiO2  glass-ceramics. 	Although 

the extruded, crystallized material consists of two 

crystalline phases in a matrix of residual glass, only one 

of these phases is aligned to the extrusion axis. 	This 

material does not require any additional crystallization 

treatment after extrusion. 	The modulus of rupture and 

Young's modulus of this material tested in three-point 

loading were a maximum when the load was applied perpen-.  

dicular to the extrusion axis and were both about twice 

the equivalent results for this material loaded parallel 

to the extrusion axis. 

During the investigation of the effects of various 

transition metal oxides on the crystallization of Ca0-Mg0- 

A1203-SiOa glasses of approximately metasilicate composition 

Rogers et al found that for the glasses containing 

vanadium oxides (16) or zinc oxide (17) the crystalline 

phases had nucleated at the surface of the glass and had 

subsequently grown as thin needles towards the centre of 

the sample. 	The crystalline phases were 13-CaSiO3  (syn- 

thetic analogue of the mineral wollastonite) and CaAl2Si208 

(synthetic analogue of the mineral anorthite). 	Although 

the microstructure was very fine (due to the relatively 

low crystallization temperatures employed, see section 
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1.4.2.), generally the needles were less than 1 micron wide 

and so could not be resolved optically, it was concluded 

by comparison with previously published micrographs that 

the needle-like, i.e. fibrous, phase was 13-CaSiO3. 	Since 

the fibrous crystals grew inwards frbm relatively plane 

surfaces they formed a roughly aligned microstructure in 

which the cones of growing fibres impinged and mutual 

interference only allowed those fibres orientated within 

about 15 degrees of the normal to the surface to develop 

(see section 1.4.2.). 

This type of microstructure is similar to that 

produced by Reaumur (18) who in 1729 showed that if glass 

bottles were packed with a mixture of sand and gypsum and 

held at red heat for several days, then these bottles 

converted into opaque, porcelain-like objects. 	It was 

found that fibrous crystals had grown unidirectionally 

from heterogeneous nuclei from the surface of the bottles 

into the glass walls. 

1.2. 	STRUCTURE OF SILICATE GLASSES AND MELTS: 

Jones (19) defined a glass as "a material, formed 

by cooling from the normal liquid state, which has shown 

no discontinuous change at any temperature, but has become 

more or less rigid through a progressive increase in its 

viscosity", and the ASTM "Standards for Glass" states that 

"a glass is an inorganic product of fusion which has been 

cooled to a rigid condition without -crystallization". 

The difficulties with the above definitions are that some 

organic polymers can exist as a glass and that glasses can 
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be prepared without cooling from the liquid state (e.g. 

by vapour deposition). 	Doremus (20) has defined a glass 

in terms of its molecular structure, i.e. as a material in 

which there "is no regularity in the arrangements of its 

molecular constituents on a scale larger than a few times 

the size of these groups". 

Silicon tends to form spa hybrid orbitals (21), like 

carbon, and therefore there is a tetrahedral arrangement 

of bonds around a central silicon atom. 	Unlike carbon 

the Si-H and Si-Si bonds are weak and silicon only rarely 

forms multiple bonds, however the single Si-0 bond is strong 

and this leads to a large number of silicate compounds. 

The relatively large electronegativity difference between 

silicon and oxygen results in a degree of ionic character 

in the bonds. 	At room temperature the covalent character 

is dominant but as the temperature increases the viscosity 

of silica glass, which can be regarded as a random 

arrangement of SiO4.  units linked by single Si-0 bonds 

into an "infinite" network, decreases for two reasons. 

As the temperature rises the increased thermal energy 

allows twisting and flexing of network bonds, without 

actually breaking any covalent bonds, by rehybridization 

of the Si-O-Si bonds. 	At higher temperatures there is 

sufficient thermal energy available to break the covalent 

bonds leaving only the electrostatic attractive forces. 

Similarly the addition of a metal oxide, i.e. an ionic 

compound, to a silica melt causes a decrease in viscosity 

due to a break-down in the network. 	The cations tend to 
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remain around singly charged (negative) non-bridging 

oxygen atoms, i.e. the number of Si-O-Si linkages in the 

network is reduced. 	Alkali metal oxides are more effective 

at reducing the viscosity of a melt or glass than alkaline 

earth metal oxides since they have a higher cation to 

oxygen ratio. 

The ability of oxides to form glasses has been 

classified according to several different criteria, which 

have been reviewed by Rawson (22). 	Sun (23) showed that 

the glass'-forming ability of an oxide is directly related 

to the strength of the metal atom-oxygen bond, since the 

stronger this bond the more difficult the bond breaking 

and rearrangement necessary when a melt crystallizes and 

hence the more easy it is to quench the melt into a glass. 

Glass former oxides have bond strengths above about 

335 kJ moV, network modifier oxides (e.g. alkali metal 

oxides) have bond strengths in the region 120 to 170 kJ mol , 

whilst intermediate oxides, which can act as a network 

former in the presence of a network modifier, have bond 
-1 

strengths of around 250 kJ mol . 	Using this classification 

Si02 is a glass former, A1203 an intermediate oxide and 

CaO, ZnO and Na20 network modifiers. 	Rawson (22) modified 

Sun's criterion to a comparison of bond strength and 

melting temperature, since this ratio takes account of the 

amount of thermal energy available to break bonds and to 

rearrange the melt into a crystal structure. 	Using the 

more recent criteria of Stanworth (24) Si02 is classed as 

a "strong" glass former. 
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Zachariasen's postulated structure of vitreous silica, 

i.e. a three-dimensional "random" network, lacking any 

long range order, formed by the union of silica tetrahedra 

at their corners (25) (the random-network model), has been 

subsequently supported by the X-ray diffraction studies of 

Warren et al (26). 	Urnes (27) has reviewed this method 

of structural analysis of glasses. 

Zachariasen's postulated structure for more complex, 

two-component glasses, is also in agreement with the 

structure found by X-ray diffraction, i.e. a random-network 

structure with the modifying cations fitted into holes in 

the three-dimensional network. 	The presence of the 

modifying oxide increases the O:Si ratio to greater than 

2 and therefore not all the oxygen atoms are bonded to two 

silicon atoms. 	The oxygen atoms linked to only one silicon 

atom are Called "non-bridging oxygens" and those bonded to 

two silicon atoms "bridging oxygens". 	The cations are 

located in the vicinity of a non-bridging oxygen (negatively 

charged), and although the exact coordination number of 

alkali and alkaline earth ions in silicate glasses is 

uncertain, it is usual to assume that the cation is singly 

coordinated when considering ionic transport in glasses 

(20). 	Both Zachariasen and Warren considered that these 

modifying cations are randomly distributed throughout the 

network, however there is some evidence, from X-ray 

diffraction studies, that the average separation of the 

cations is less than for a uniform distribution, i.e. the 

cations are grouped into "clusters". Urnes' (27) and 
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Doremus (20) both review this clustering of cations in 

glasses. 

A more general approach to glass structure was made 

by Hagg (28) who stated that, rather than having a three-

dimensional network structure, many silicate glasses could 

be made up of large, complex anionic groups. 	These groups, 

kept together in the melt by principally ionic forces (q.v.), 

would be too large and irregular to be easily assimilated 

into a crystal lattice as the melt cooled below the melting 

temperature. 	Such a melt could supercool below the 

temperature range of appreciable crystal growth and would 

therefore form a glass. 	Based on the observation that all 

glass forming materials are polymorphic in the crystalline 

state, Goodman (28a) has recently suggested that transient 

"flicker-clusters" of all the possible polymorphs should 

coexist in a glass above the transition temperature. 	All 

the clusters would fail to grow to the critical embryonic 

size (see next section) due to mutual impedence of growth. 

As the temperature decreased these clusters would become 

firmly bonded across parts of their surfaces, leaving 

liquid-like material in other, unbonded interstices, this 

stage corresponding to the glass transition.  temperature. 

Mackenzie (29) has reviewed the theories describing 

the types of anionic structures formed in silicate glasses 

as the percentage of network modifying oxide (or oxides) 

is increased. 	Assuming a three-dimensional random-network 

structure for vitreous silica (q.v.) it can be seen that in 

a binary silicate glass, since the addition of a metal 
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oxide may give one Si-O-Si bond rupture for every oxygen 

atom added, then the degree of breakdown of the network 

is directly proportional to the amount of metal oxide 

present. 	However the SiO4  tetrahedra remain as the basic 

unit in binary glasses, and therefore these tetrahedra can 

be linked into different structures depending on the Si:0 

ratio in the glass. 	The limit is the orthosilicate 

composition (two moles of metal oxide per mole of silica) 

when in liquid binary silicates the melt consists of metal 

cations and SiO anions and cannot form a stable glass. 

In a glass of metasilicate composition (i.e. at 50mol % 

silica) Mackenzie considers that the following structures 

may be present: 

1. SizOci  ring anions (see figure 1.1). 

2. SiO4.
4 
 tetrahedra forming "infinite" chains. 

3. A random network of continuous Si-O-Si linkages. 

Huggins et al (30) compared binary silicate glasses to 

crystalline silicates of similar composition. 	They 

concluded that in glasses there may be "infinite" sheets, 

"infinite" chains and rings of linked SiO4 tetrahedra, or 

small silicon-oxygen ions, depending on the Si:O ratio. 

A number of other theories have been proposed (see 29) but 

are in agreement that around the metasilicate composition 

the glass structure is made up primarily of chain and ring 

structures. 

Hess (30a) has analysed the distribution of silicate 

species in silicate melts using the techniques of 

conventional organic polymer chemistry, i.e. the calculation 
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of degrees of random polymerization of SiO structural 

units according to the statistical methods of Flory. 

Based on Bockris' measurements of the electrical conduc-

tivity of binary silicate melts, on Lentz's gas chromato-

graphy study of sodium silicate solutions, and on the 

structural models obtained by more indirect methods, Hess 

concluded that a silicate melt can be regarded as a complex 

mixture of ions rather than molecules, i.e. the melt con-

sists of ion species of oxygen, metal cations and various 

ionic polymers of Si014.  units. 	At low silica compositions 

the melt structure is dominated by the SiO monomer, but 

with increasing silica content the silicate species 

polymerize to form larger branch and ring structures. 	If 

the silica units are considered as ionic polymers, then the 

formation of a dimer from two monomers is described by the 

reaction 
b 

SiO 	+ SiO 	Si207 + 02-  

in which an oxygen ion and a doubly bonded oxygen (i.e. 

Si-O-Si) are created, two singly bonded oxygens being 

eliminated. 	Hess found that when the results of the 

Flory analyses were combined with the Temkin model of 

ionic liquids, the activity-composition curves for several 

binary silicate melts could be reproduced so as to agree 

with experimental data. 

1.3. NUCLEATION: 

Tammann studied the crystallization of supercooled 

liquids, including inorganic, glasses <31), and showed 

that below the equilibrium melting temperature there is 
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a metastable zone in which crystal nuclei do not form at 

a detectable rate (see figure 1.2). 	If the melt is 

"seeded", i.e. a crystal of some suitable material placed 

into the melt, crystals can grow. 	Tammann observed that 

the crystallization process in a liquid in which there are 

no foreign particles or surfaces, which could act as 

heterogenous nucleation sites, can be considered in two 

parts, i.e. the formation of homogeneous nuclei and their 

subsequent growth. 	The rate of crystallization in super- 

cooled liquids is zero at the equilibrium melting/freezing 

temperature, rises to a maximum at a lower temperature and 

then falls with decreasing temperature to zero at absolute 

zero, as shown in figure 1.2. 	Tammann (31) stated that a 

similar type of behaviour is shown for the rate of appear-

ance of nuclei, except that in this case the maximum occurs 

at a lower temperature, and the metastable zone of super-

cooling exists since the extremely small nuclei have a 

lower melting temperature than macroscopic crystals due to 

their large surface-to-volume ratios. 

From a consideration of the contribution of the surface 

energy of embryonic nuclei to their total free energy it 

is concluded that at each temperature there must be a 

critical size below which embryos will redissolve and 

above which they will grow, i.e. there must be a sufficient 

volume of the crystal structure formed to give enough free 

energy (from the difference in free energy between the 

glass and crystal structure) to compensate for the surface 

energy generated by the formation of crystal/glass. interfaces. 



42 

Turnbull's expression for the rate of nucleation (I) 

per unit volume is (32): 

I = K exp - (LGn/kT + LGo/kT) 

where: 

K 	= a quantity which is roughly constant from one 

substance to another (the "collision factor"). 

LGn  = free energy barrier for the formation of a nucleus 

of critical size. 

LGa  = free energy of activation for transport of material 

across the phase boundary. 

k 	= Boltzmann's constant. 

T 	= absolute temperature. 

Turnbull and Fisher (33) applied this expression to glasses 

by replacing G6d by an expression involving D, a diffusion 

coefficient, i.e. 

1 = (ND/a2) . exp (-LGn/kT) 
where: 

N = number of molecules per unit volume. 

a = molecular spacing. 

There is empirical evidence that D varies with viscosity (2) 

almost according to the Stokes-Einstein relationship (34), 

i.e. 

D = kT/37ta 

Therefore at higher temperatures the rate of nucleation 

increases, as LGn  decreases, with decreasing T, until the 

viscosity term starts to dominate the nucleation rate and 

the rate decreases with temperature, as shown in figure 1.2. 

In simple glasses, e.g. vitreous silica, homogeneous 
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nucleation does not occur as the viscosity is so great 

that the nucleation rate is very slow s  and although 

is lower in multicomponent glasses (see section 1.2.) 

special "nucleating agents" must be added to these glasses 

to ensure that a fine distribution of nuclei is formed for 

the production of glass-ceramics (10). 	The devitrifi- 

cation of silica glass usually gives crystals with the 

cristobalite type structure, however if a piece of quartz 

is added to the supercooled melt then crystals with the 

quartz structure will grow (this is also the case if quartz 

grains are melted and heated only a little above the 

freezing-point (19)), proving that nucleation in this 

glass must be heterogeneous. 

The effect of surfaces in contact with a glass or 

melt (from small solid impurities, container walls, etcetera) 

is to reduce the free energy for nucleation (L.Gn) by 

decreasing the amount of surface energy required for 

nucleation by a factor f (8) (10). 9 is the angle 

determined by -the balance of surface tensions: 

CHL = C'sH  + 	cos 9 

where: 

0-1..1L = interfacial free energy heterogeneity/melt. 

0--s = interfacial free energy heterogeneity/crystal. 

C-sL.= interfacial free energy crystal/melt. 

Turnbull and Vannegut (35) modified the expression for 

I (q.v.) to that for IH  for heterogeneous nucleation, and 

if the activation energy term is included (as suggested by 

Stookey (36)) then: 
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IH = K exp - (AGnf(e)/kT +L.Go/kT) 

For any value of contact angle (9) less than 180 degrees 

the free energy for nucleus formation is reduced and 

therefore heterogeneous nucleation will occur in preference 

to homogeneous nucleation. 

1.3.1. 	SURFACE NUCLEATION: 

Brockbank (37) investigated the surface 

devitrification of glass in 1913, but the exact cause of* 

surface nucleation was not found until the work of Swift 

in 1947 (38). 	He briefly reviewed the different causes 

claimed to be responsible for surface devitrification, 

which included the presence of water vapour, inhomogeneity 

of the surface, loss of volatiles from the surface or 

molecular orientation. 	Swift, however, found from 

experiments on freshly broken glass surfaces which were 

exposed to the same conditions except for being subjected to 

filtered or unfiltered air atmospheres, that dust in the 

air (i.e. all kinds of foreign materials) is an important 

cause of surface nucleated devitrification. 	This result 

indicates that nucleation occurs heterogeneously (q.v.) 

on either these foreign particles or on the abraded surfaces 

produced by hard particles scratching the glass surface. 

Klause (39) found that a "high strength 'wollastonite' 

material for abrasive wheel binders" could be produced by 

pulverizing beads of a suitable glass with a "mineralizer" 

(a material known to promote devitrification in glasses) 

and a subsequent heat-treatment. 
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More recently Ainslie et al have investigated the 

devitrification kinetics of fused silica and concluded that 

the nucleation of cristobalite on the external surface of 

this glass is catalyzed by superficial condensed phase 

impurities but the gas atmosphere above the surface had 

no apparent effect on nucleation (34). 	Leko and Komarova 

(40) in their study of the crystallization kinetics of 

quartz glasses (fused silica) found that the presence of 

surface impurities markedly reduced the "induction period 

of crystallization by reducing the pre-exponential factor", 

i.e. they took as a measure of the stability of a glass 

the "duration of the induction period (prior to crystal-

lization), the temperature dependence of which has an 

exponential appearance". 

Petticrew (41) has found that if a zinc-calcium-

alumino-silicate glass has its surface roughened until it 

has a frosted appearance and is heated to above the 

annealing temperature (i.e. a temperature at which nuclea-

tion will take place relatively quickly) and on up to a 

suitable crystallization tetperature (without having to 

dwell at the nucleation temperature region), then a glass-

ceramic surface layer is produced in the portions of the 

exposed surface of the glass that were roughened prior to 

heating. 	Since both the roughened and smooth surfaces 

were on the same glass block and therefore were subjected 

to the same heating conditions, atmosphere, etcetera, it 

is evident that the surface scratches heterogeneously 

nucleated the crystals. 	Burnett and Douglas found that 
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a scratched crucible surface gave a greatly increased 

nucleation rate for a soda-baria-silica glass (42). 

During X-ray diffraction studies of glass fibres 

Banerjee (43) found that devitrification in B203 glass 

was surface nucleated, but he attributed this to the 

difference in the chemical and physical properties of the 

glass surface compared to the body of the glass. 

1.3.2. 	INTERNAL NUCLEATION IN METASILICATE GLASSES 

- CONTAINING FLUORINE: 

Mukherjee and Rogers (44) studied the crystal-

lization characteristics of a soda-lime-alumina-silica 

glass in which some oxygen was replaced by fluorine. 

They found that the internal nucleation rate (homogeneous 

nucleation) was a maximum at 662°C for all fluorine contents 

(up to 5 wt %), the Turnbull-Fisher apparent activation 

energy (see section 1.3.) for nucleus formation being about 

80kJ mol which is similar to that for the diffusion of 

sodium ions through this type of glass (45). 	From electron 

microscope studies it was found that glass in glass phase 

separation (20) occurred prior to nucleation, and from the 

crystalline phases produced it was deduced that nuclei 

formed in the droplets of the second glassy phase, i.e. 

the silica-poor phase. 	At low nucleation rates the 

primary crystalline phase (the first to appear) was a 

synthetic, fluor-substituted analogue of the double chain 

mineral xonotlite, CabSibO iFa, whilst at higher nucleation 

rates phases with the pyroxenoid single chain structure, 
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synthetic analogues of fluor-pectolite and wollastonite,- 

were given. 	They related this to the structure of the 

glass prior to nucleation, i.e. the more advanced the 

glassy phase separation the higher the concentration of 

fluorine in the droplets and this would favour the formation 

of single rather than double chain structures in the glass 

due to fluorine ions (single, negative charge) breaking the 

bonds between silica tetrahedra. 

Roginskaya et al (46) have also investigated the 

influence of fluorine on the crystallization of glasses in 

the alkali-calcium-aluminosilicate system. 	They again 

found evidence of glass in glass separation, and established • 

that crystallization of the fluorosilicate phases occurs 

from the droplets enriched in calcium and fluorine. 	They 

only found a synthetic fluor-substituted xonotlite phase 

crystallized from glasses with high fluorine content. 

They concluded that the sequence of crystalline phases 

produced in relation with the fluorine content is determined 

by the amount of fluorine-induced depolymerization of the 

silica-oxygen structures, i.e. breaking. Si-O-Si linkages 

by forming Si-F bonds'. 

1.4. 	CRYSTALLIZATION FROM GLASSES AND MELTS: 

1.4.1. 	CRYSTAL GROWTH: 

From the work of Tammann (47) it is known that 

the rate of crystal growth in supercooled liquids is zero 

at the melting temperature, with decreasing temperature 

increases to a maximum and then falls to zero again at 



48 

absolute zero, see figure 1.2. 	Several theories were 

proposed to explain this phenomenon,. briefly reviewed in 

(48), however the theory of Turnbull and Cohen (49) is now 

accepted as describing the rate of interface-controlled 

growth. 	Kirkpatrick (48) considers that interface- 

control is the rate determining step in crystal growth 

from silicate melts. 	Turnbull and Cohen stated that a 

molecule moving from the melt to join the crystal lattice 

must have sufficient activation energy,LGc, to pass through 

the activated state at the interface. 	Since the crystal- 

line state is the equilibrium stable state at all tempera-

tures below the melting temperature, then the free energy 

of this state is lower than that of the melt, the difference 

being AGS. 	Therefore, below the melting temperature, for 

a molecule transferring from the melt (or glass) state into 

the crystal state the energy barrier is 4LGa, but for a 

molecule moving from the crystal into the melt the energy 

barrier is (LG0  + LGt). 	The overall rate of crystal . 

growth (U) is equal to the rate at which molecules join 

the crystal lattice minus the rate at which they leave 

the crystalline state, i.e. 

U = (Rate melt to crystal) - (Rate crystal to melt) 

Therefore, 

U = a\) exp (- 544a/RT) [1 - exp (- ilt.h/RT)] 

where: 

a = molecular spacing. 

= molecular vibration frequency. 

T = absolute temperature. 

R = gas constant. 
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For crystal growth from melts or glasses the 	term 

may be replaced by an expression involving the diffusion 

coefficient (D), i.e. 

U 	fp  [1 - exp (- 	 
a 	RT 

where f is the fraction of sites on the crystal surface 

available for attachment and D (a diffusion coefficient 

for the transport across the melt/crystal interface) is 

defined as 

D = a2  exp (-LGd/RT) 

The Stokes-Einstein relationship relates diffusion 

coefficients to the viscosity (2) of the melt, i.e. 

D = kT/37aq 

where k is Boltzmann's constant. 

Therefore, 

U = 	 fkT 37d2 1 - exp (- 	 
RT 

i.e. the crystal growth rate is inversely proportional to 

the melt viscosity. 	The melt viscosity increases with 

decreasing temperature, and also with decreasing concen-

tration of modifying cations in the glass (e.g. U decreases 

with decreasing ZnO content in an approximately meta- 

silicate glass (17)), see section 1.2. 	Also, this means 

that melts with high viscosities should have low rates of 

crystallization and it is found that these melts can be 

easily quenched into a "stable" glass, e.g. the viscosity 

of silica at its melting temperature is 106.  Ns m a and this, 

of course, can be quenched into a glass whereas iron, with 
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a viscosity of 10 Ns m , cannot be quenched into a glass 

by conventional means (29). 

At low undercoolings U increases with decreasing 

temperature (see figure 1.2) due to the increasing differ- 

ence in free energy between the melt and the crystalline 

state, i.e. the LGc, term dominates the growth rate equation. 

At high undercoolings U decreases with temperature since in 

this region the viscosity of the melt is very high and 

therefore dominates the growth rate kinetics. 

The manner in which molecules, or molecular groups, 

are attached onto the growing crystal can fall into one. of 

two mechanisins, i.e. lateral or continuous growth (50). 

Lateral growth occurs at specific sites on the growth 

interface, i.e. at one molecule high steps'on the surface, 

and therefore the fraction of sites available (f) is less 

than one. 	There are two types of lateral mechanism, 

screw dislocation growth (51) and surface nucleation (52). 

For continuous growth, in which molecules can join the 

crystal at any surface site, f is generally assumed to be 

equal to unity (and independent of temperature). 	The 

mechanism operating is determined by the kinetics of growth 

(from plots of reduced growth rate versus undercooling), see 

review by Uhlmann (53). 

Jackson (54, 55) has evolved a theory relating the 

nature of the melt/crystal interface and the kinetics of 

crystal growth. 	By plotting relative energy of interfaces 

against the occupied fraction of surface sites for 

different values of the factor d,, where ok. (LSF/R)Z 
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(LSF  is the entropy of fusion and Z is the fraction of 

the total bonding energy represented by bonding parallel 

to the interface plane), he' found that when the entropy 

of fusion is less than 2R the most closely packed interface 

planes should be rough on an atomic scale and new layers 

should form easily. 	The growth rate anisotropy between 

different crystallographic planes should be small. 	When 

the entropy of fusion is greater than 4R the close packed 

planes should be smooth on an atomic scale but the less 

closely packed planes should be rough and therefore form 

new layers easily due to the abundance of sites where an 

atom (or molecule) could join the crystal lattice. 	As 

a result the growth rate should be highly anisotropic and 

the crystals should be faceted. 

In his review (53) Uhlmann has classified glass-

forming materials with respect to their crystallization 

and melting behaviour by using the entropies of fusion, 

and Kirkpatrick (48) reports that the crystal morphology 

of all materials so far investigated corresponds to that 

predicted by'Jackson's theory. 	Cahn et al (56) have made 

the suggestion that non-faceted crystals should grow by a 

continuous mechanism and faceted crystals should grow by 

one of the lateral mechanisms. 	Although there is no 

theoretical justification for this conclusion (57), it 

has been found to be applicable to the results of most 

of the experiments in which crystallization mechanism and 

morphology have both been investigated. 

Cooper (58) noted the importance of the process of 
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molecular rearrangement at the crystal/melt interface, as 

evidenced by the interface-control of crystal growth, and 

has presented a new model for crystal growth kinetics. 

This is similar to the previous theories in that U is 

proportional to the amount of supercooling and to the 

reciprocal of viscosity, but in addition includes a para-

meter related to the amount of rearrangement required. 

Comparison with data for simple network melts shows that 

differing amounts of rearrangement are necessary. 

The entropies of fusion for calcium metasilicate can 

be calculated from the specific heat data given in (59), 

since: 

Ta-Tt  

T1 
Cp 

T 
dT 

and: 

ASF  = LSs  - L.SL  

where: 

LSs = entropy of crystal at crystallization temperature, 

L.S L  = entropy of melt at crystallization temperature, and 

Cp = specific heat at constant pressure. 

For the high-temperature polymorph,cL-CaSiO3, for 

crystallization at 1500K the entropy of fusion is equivalent 

to 3.4 x R, and for the low-temperature polymorph-CaSiO3, 

for crystallization at 1400K the entropy of fusion is 

equivalent to 3.5 x R. 	Therefore both these crystal 

structures should display some evidence of anisotropic . 

growth, and should grow by a lateral interface-control 

mechanism. 	Since the crystal structures of the two 

polymorphs are different (see section 1.5.1.) the amount 
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of structural rearrangement of molecular groups necessary 

at the interface for crystal growth may differ in the two 

cases. 

Lisovskaya et al (60) have studied the crystallization 

kinetics of glass of calcium metasilicate composition 

using the Kolmogorov equation (which is equivalent to the 

Johnson-Mehl-Avrami equation), i.e. 

degree of crystallinity = 1 - exp (-7UU3t/3) 

(where t is the elapsed time and n a constant). 	They 

calculated that the maximum growth rate should occur at 

about 1200°C, the maximum nucleation rate at about 1000°C, 
1 

the activation energy for diffusion to be 138kJ mol , and 

the potential barriers for crystal growth and nucleation 

to be 34.7kJ mol and 34.3kJ mol respectively. 

1.4.2. 	CRYSTAL MORPHOLOGY: 

Lofgren (61) during studies of the crystal-

lization of plagioclase crystals from water-saturated 

plagioclase melts found a change in crystal morphology 

with increasing undercoolings. 	At small undercoolings 

tabular crystals were formed. 	At progressively larger 

undercoolings skeletal crystals, then dendrites appeared 

until finally spherulitic crystallization took place at 

high undercoolings. 	These results are in agreement with 

the theories of interface stability, i.e. the stable width 

of flat interface surface decreases with increasing under-

cooling, mainly as a result of the decreasing diffusion 

rates through the melt at decreasing temperatures. 	An 

unstable interface is formed when the crystal growth rate 
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increases with distance into the liquid or melt and 

therefore any small perturbation on the growth front can 

quickly grow away from the rest of the crystal. 	This 

may occur in two types of system, one in which the crystal 

and melt have the same composition (e.g. in the freezing 

of a small volume of a pure metal) and the other where the 

crystal and melt have different compositions (e.g. in metal 

alloys and inorganic glasses). 	These are known as thermal 

and constitutional supercooling respectively. 

Thermal supercooling is due to the latent heat of 

fusion liberated when molecules leave the melt and join 

the crystalline phase. 	If crystallization is hetero- 

geneously nucleated on the surface of a glass, or at the 

container surface, then any excess heat is removed through 

the already formed crystals. 	This system, in an isothermal 

furnace, is supercooled considerably below the equilibrium 

crystallization temperature. 	As a result of the liberated 

latent heat the temperature of the interface is greater 

than that of either the melt or the cristal phase. 	The 

resulting temperature contour in the melt, known as a 

temperature inversion (62), means that the supercooling is 

a minimum at the interface and increases as one advances 

into the melt. 	In liquid metals this type of interface 

is unstable, since their rates of crystal growths increase 

with increasing supercooling. 	However this is an unlikely 

mechanism in inorganic glasses for the following reasons. 

Firstly at typical supercoolings in these materials 

(particularly in glasses crystallized by reheating quenched 
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material) the crystal growth rate decreases with 

decreasing temperature (i.e. the crystallization 

temperature is below the maximum growth rate temperature, 

see section 1.4.1.) and therefore a protrusion from the 

growth front would grow more slowly than main interface. 

Secondly most glasses do not precipitate crystals with the 

same composition as the glass, and therefore material 

diffusion is necessary for crystal growth. 

In multicomponent systems constitutional supercooling, 

as proposed by Rutter and Chalmers (63), is the main factor 

influencing the stability of the crystal growth interface 

(although thermal supercooling may still be present). 

Consider_the simple case of one-dimensional crystallization, 

with linear heat abstraction through the crystalline region. 

Figure 1.3 represents a schematic binary phase diagram for 

this system. 	The first material to crystallize has 

composition A, and, if this is formed relatively quickly, 

it may be assumed that it grew from the liquid (or glass) 

layer adjacent to the interface and not from the entire 

volume of the melt. 	(This would be easily accomplished 

in a glass or melt having a low coefficient of bulk 

diffusion.) 	Since the solid is rich in one component (X) 

and depleted in the other (Y), assuming a binary system, 

then the liquid in contact with it is rich in Y and 

depleted in X. 	This liquid composition change just 

ahead of the interface increases as more solid is formed, 

but eventually stops when a steady-state situation is 

attained. 	Concurrent with this change in liquid 
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composition is a change in composition of the solid forming 

from it, i.e. the compositions travel down the liquidus and 

solidus lines on the binary phase diagram, see figure 1.3. 

The concentration of excess Y atoms or molecules in 

the liquid adjacent to the interface 'reaches a maximum at 

composition E, when solid of composition B can crystallize 

and at this point the steady state has been attained. 

The solid crystallizing now has the same composition as 

the bulk of the melt, and the equilibrium crystallization 

temperature has reached T3 on figure 1.3. 	The composition 

as a function of distance in the interface region is shown 

in figure 1.4. 	The composition of the crystallized material 

changes from its original value A to that of the bulk of 

the liquid B. 	At the interface there is a sudden rise in 

composition to the value E as one passes from the crystal 

into the melt. 	Further away from the interface in the 

melt there is an exponential decrease back to the compo- 

sition of the bulk liquid, B. 	The shape of this curve 

in this exponential region is a function of the crystal 

growth rate and the diffusion rates in the melt, assuming 

that there are no liquid convection currents. 	The equili- 

brium crystallization temperature of the melt changes 

throughout this region of varying composition. 

In a glass the amount of supercooling is very large, 

several hundred degrees, and crystal growth is generally 

slow. 	As long heat treatment times must be used, there 

may be no heat flow across the system, i.e. isothermal 

conditions, and in the absence of any type of temperature 
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gradient the situation shown in figure 1.5 would exist. 

Here the bulk of the glass is well below the theoretical 

equilibrium crystallization temperature, and because of 

the effect of the impurity layer at the crystal/glass (or 

melt) interface, this equilibrium crystallization tempera-

ture decreases as the interface is approached (i.e. 

decreases from T1  to T3  on figure 1.3). 	Figure 1.5 also 

shows a plot of the supercooling in the glass near the 

interface, and it is seen that this increases as one moves 

away from the interface, until the steady value beyond the 

impurity layer is attained. 	This means that the "driving 

force" for crystallization, the difference in free energy 

between the glass and crystalline states (see section 1.4.1.), 

increases as one moves away from the crystal growth face. 

Since the ambient temperature remains constant (isothermal 

conditions) it is unlikely that the viscosity of the melt 

would increase sufficiently as the melt goes from 

composition E to B to outweigh this increase in free 

energy (and the viscosity may even decrease across this 

region, depending whether the percentage of. modifying 

cations decreases or increases, see section 1.2.), and 

therefore the crystal growth rate should increase with 

distance from the interface (from the Turnbull-Cohen 

equation, see section 1.4.1.). 	This means that protrusions 

could grow rapidly away from the interface and a plane 

crystal growth front is unstable. 

For one-dimensional crystal growth (e.g. unidirectional 

crystallization from surface nuclei) the excess heat flow, 
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abstracted through the crystals (solid phase), i.e. the 

difference between the heat entering the melt or glass 

("liquid" phase) and leaving solid phase, (AW) can be given by: 

LW = - zL dV1-- zLA dx  
dt 	dt 

where: 

L = latent heat of fusion per unit mass, 

z = density of medium, 

VL  = volume of liquid phase, 

A = cross-sectional area of system, and 

dx/dt = crystal growth rate. 

Since any excess heat is removed via the solid phase, then: 

zLA dx - AKs  
dt 

dT 

dx s 

  

where: 

K s  = thermal conductivity of solid, and 

(dT/dx)s  = temperature gradient in solid. 

Therefore: 

Ld
T] 	zL dx 

x 	Ks  dt 

For calcium metasilicate crystallization from the 

melt, using the data given in (59) to find the latent heat 

of fusion, 

L = AliS - OH L 
where: 

tiHL = enthalpy of melt (glass), and 

Las  = enthalpy of crystalline phase,, 

the temperature gradients produced during unidirectional 

crystallization can be calculated. 	For crystallization of 
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-CaSiO3  at 1500K (the high temperature polymorph, see 

section 1.5.1.): 

L = 134J g
-1 
 , z = 3Mg m 3(135), and 

KS  =1--  3J s m K
-1 (10), therefore 

for dx/di = lem 	dT/dx 

for dx/dt = 165m 	dT/dx = 1.3Kmue, and 

for dx/dt = 	.dT/dx = 13Kmm-I. 

For crystallization of p-CaSiO3  at 1400K: 

L = 107J 	z = 3Mg m-3(135), and 

K( 7117. 3J e 132-1 	(10), therefore 

for dx/dt = 10 

- 

m s , dT/dx 
5 

for dx/dt = 10 m s , dT/dx 

for dx/dt = 10 

- 

m s , dT/dx 

= 0.11K mm t, 

= 1.1Kmth-1, and 

= 11Kmel. 

From these results it is seen that, except at 

extremely high growth rates (for crystallization from a 

viscous liquid) the thermal gradients set up due to the 

liberation of latent heat at the crystal/melt interface 

are neglibible compared to the degree of undeicooling during 

crystallization (approximately 200 to 300°C). 

Dendritic growth occurs in a system in which a plane 

crystal/melt interface is unstable. 	When the crystal 

growth rate of a ptotrusion is greater than the surrounding 

surface, a crystalline "spike" can shoot out from the 

interface into the melt. 	As each spike is formed the 

associated "impurity" layer is formed (as discussed above) 

and thus retards the formation of other projections in the 

immediate vicinity. 	The overall result is that a number 

of spikes are formed which are approximately equally spaced 
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and mutually parallel, all growing in the same crystal-

lographic- direction, known as the dendritic growth direction. 

The angle which these primary (or first-order), arms make 

with the original interface depends on the crystal 

structure of the material. 	Secondary, and in some cases, 

tertiary, arms may subsequently form on these spikes, by 

a process similar to the formation of the primary arms. 

The secondary branches form along a direction equivalent 

crystallographically to that of the primary spikes, and 

as the arms develop they grow in thickness and so become 

acute triangles in longitudinal cross-section. 	The 

resulting crystalline morphology, a branched crystal, has 

the appearance of a tree and so is called a dendrite, after 

the Greek "dendron", meaning "a tree". 

Dendritic growth is observed in the crystallization, 

or devitrification, of glass. 	Taylor and Hill (64) 

describe the appearance of. dendrites found as devitrif i-

cation "stones", i.e. unwanted crystallization formed 

during commercial glass manufacture due to holding a glass 

for too long over the critical temperature range, or to 

insoluble inclusions such as pieces of refractory brick 

acting as heterogeneous nuclei in the glass. 	Two types 

of dendrites are formed by silica devitrification in soda- 

lime-silica glass. 	Dendrite's with the tridymite crystal 

structure form with branches at 60 degrees to the main stem, 

or as dendritic hexagons, while the cristobalite crystal 

structure is usually found in the dendritic form with 

branches at 90 degrees, to the main stem. 4,-CaSiO3, the 
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high temperature modification of calcium metasilicate, 

may sometimes exist in devitrified glass in the form of 

dendrites or dendritic hexagons which show branching at 

60 degrees. 	One very characteristic form which J,-CaSiO3  

may assume is that of short hexagonal prisms with concave, 

or "dished" ends, these prisms being up to one centimetre 

across. 	However, when devitrification proceeds from 

heterogeneous nuclei on a plane surface, e.g. crystalliza-

tion from a glass surface, geometrical restrictions are 

imposed upon crystal growth in any direction other than 

that normal to the surface, i.e. the crystal growth fronts 

impinge, stopping any more development in that direction. 

This is known as transcrystallization (43), see figure 1.6. 

By this process surface nucleatedc4-CaSiO3  dendrites produce 

an almost fibrous microstructure, since only the primary 

branches of the dendrites are fully developed and are 

arranged so as to be mutually parallel and approximately 

equally spaced. 	(If a crystal forms such that growth 

along one crystallographic axis is much greater than growth 

in any other crystallographic direction then this may be 

described as fibrous .crystallization.) 

A spherulite consists of a radiating array of 

crystalline fibres, all having the same fibre axis, and 

possessing the unusual property of branching in such a 

way that the crystallographic orientation of a branch 

departs slightly from that of the parent fibre. 	Therefore 

spherulites are polycrystalline aggregates which are 

approximately radially symmetric. As a generalisation 
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it may be stated that spherulite-forming melts do not only 

have viscosities at least two orders of magnitude higher 

than those for simple liquids, but also that they exhibit 

small coefficients of self-diffusion and the spherulites 

crystallize slowly (65). 	If U is the velocity of the 

advancing growth front, and AT is the amount of supercooling, 

then for simple liquids: 
-2 

U/AT = 1 to 10 m s_
1 
 K 

but for spherulite-forming melts: 
_ 1  

U/LT = 10 to 10 m s K_I  

However this slow crystal growth still uses the lateral 

mechanism of two-dimensional surface nucleation, which is 

also used during crystallization in simple liquids (66), 

see section 1.4.1. 	The main difference is that a high 

melt viscosity impairs the diffusion processes for molecules 

to be orientated to join a growing crystal. 

Under isothermal conditions spherulites grow at a 

constant radial rate, in accordance with a linear growth 

law: 

dr/dt = f(T) 

where: 

radius of spherulite at time t, and 

f(T) = function of temperature and system under study only. 

The growth of a spherulite at a constant radial growth rate 

represents a steady-state, not an equilibrium, process..  

Since a spherulite has a large surface to volume ratio, 

and thus a high surface energy content, it is clear that 

a spherulite is not an equilibrium crystal structure. 
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The linear growth law applies equally to coarse fibred, 

open structure spherulites and to fine fibred, compact 

spherulites, which indicates that the diffusion of latent 

heat away from the growth fronts cannot be the rate 

determining step. 	Similarly, if diffusion of matter 

toward the growth fronts were rate determining this would 

I /a 
again give a growth rate which would be proportional to t . 

Bernauer (67) in 1929 suggested that impurities may 

be vital in order to produce spherulitic fibrous growth. 

Using Bernauer's work, Keith and Padden (65) proposed a 

universal mechanism for spherulitic growth. 	In this they 

considered that the growing crystal rejects impurities 

preferentially, and the concentration of impurities on the 

melt side of the interface increase to a value greater 

than that of the bulk melt. 	When a steady state is 

established, if the melt is not stirred, an impurity rich 

layer of "thickness" c5', where: 

di= D/U 

D = diffusion coefficient of impurity in the melt, and 

U = crystal growth rate, 

forms in the melt at the interface. 	This layer leads to 

the constitutional supercooling described above. 	(In 

this context "impurities" are any substance included in 

different concentrations in the melt and crystal and which 

therefore must be transported if the crystals are to grow.) 

Therefore a plane interface is unstable and projections 

into the melt or glass start to grow. 

During spherulitic growth the crystal growth rate is 
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slow, so that the latent heat liberated can be carried 

away relatively quickly (as shown by the calculation for 

the crystallization of calcium metasilicate, q.v.) and the 

ambient temperature throughout the crystallizing system 

may be regarded as constant. 	As the fibres develop, 

therefore, the grooves of glass between them do not contain 

a steep temperature gradient at right angles to the fibre 

length and, due to the relatively slow growth rate, there 

is more time for the diffusion of impurities into these 

grooves than during dendritic growth, although the high 

viscosity of the glass or melt at high undercooling will 

tend to inhibit the diffusion of large molecules. 	There- 

fore, there will be a decrease in undercooling throughout 

the grooves (the presence of impurities decreases the 

equilibrium crystallization temperature, see figure 1.5) and 

no significant temperature gradient, so that lateral growth 

into the grooves will be inhibited. 	The overall result 

is that the morphology of the developing spherulites will 

be long, fibrous projections separated by uncrystallized 

melt or glass. 	As the ambient temperature is lowered, or 

over long times at the higher temperature, secondary 

crystallization in the grooves may take place, but in some 

systems these grooves always remain as a glass. 

From consideration of the impurity diffusion coeffi-

cients Keith and Padden (65) calculated that the stable 

width of a fibre is approximately equal to the width of 

impurity layer. 	In any crystallizing system small 

heterogenities may cause imperfections to be incorporated 
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into the growing crystal, and these defects could cause 

fibres to branch. 	There is no special reason, however; 

why these branches should be non-crystallographic, as the 

fibre branching in spherulites appears to be. 	Instead, 

it is thought that this non-crystallographic branching 

occurs when the growth tip of a fibre thickens, due to a 

local fluctuation in conditions, and becomes wider than 

the steady state width of the fibres. 	Since this wide 

fibre has an unstable growth front it splits into two 

fibres of stable width, each growing along the same pre-

ferred crystal axis (the spherulite fibre axis) but 

slightly misaligned with respect to each other and the 

parent fibre. 	Dendrites generally grow in melts of 

relatively lower viscosity and higher diffusion coefficients 

than spherulites, and therefore have a relatively large 

stable growth front width. 	This means that a large 

defect would have to grow on the growth tip of a dendrite 

before low angle branching would occur. 

This explanation of low angle branching stands up 

when the morphologies of spherulites grown at different 

temperatures are considered. 	At high-temperatures S is 

large (since the diffusion rates of impurities are relatively 

high) so that coarse fibres grow and these only branch to 

a limited extent resulting in an open structure. At low 

temperatures 6 is small resulting in fine fibres and profuse 
branching, which gives fine, compact spherulites. 	This 

type of branching also explains the origins.  of a spherulite. 

If a single crystal is nucleated in a highly viscous melt 
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then, as soon as the dimension perpendicular to the 

preferred growth axis (the fibre axis) exceeds the value 

of 6 in the system small-angle branching will start, giving 
first a sheaf-like and then the approximately radial 

morphology as branching continues, see figure 1.7. 	Morse 

and Donnay have described the development of spherulitic 

structure (68). 

When "spherulites" are heterogeneously nucleated on 

a plane surface transcrystallization results in a parallel 

array of fibres, which may still show small-angle branching, 

growing orthotropically (growth direction perpendicular to 

the plane of nucleation), as is shown in the crystallization 

of salol (69). 

Spherulites occur naturally in silicate minerals 

found in igneous rocks. 	Hatch, Wells and Wells (70) • 

describe the morphology of spherulites found in obsidian, 

a pure natural glass of rhylolitic composition. 	Lofgren 

(71) has reviewed spherulitic textures in glassy and 

crystalline rocks, and found that these often resemble 

"sheaves of wheat tied at the centre", i.e. the spherulitic 

crystallization has been halted, by impingement or a change 

of conditions so that the glass is no longer held in the 

crystallization zone, before the spherulites could fully 

develop, see figure 1.7. 	Taylor and Hill (64) describe 

the development of devitrification stones in commercial 

glass in the form of radiating feathers or spherulites. 

These spherulites may grow up to eight centimetres in 

diameter since the low nucleation density allows a 
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spherulite to develop without impinging on a neighbouring 

growing spherulite. 	The low-temperature polymorph of 

calcium metasilicate (13-CaSiO3) can be a denitrification 

product from commercial glasses and can form true spheru- 

lites or bunches of fibrous growths. 	Degen and Toropov 

(72) used the electron microscope to study spherulite 

formation in silicate glasses. 	They found that spherulitic 

formation in glasses occurs by similar means to spherulite 

formation in polymers'and minerals. 

During an investigation of controlled nucleation and 

crystallization in the soda-baria-silica sistem, Burnett 

and Douglas (42) found that the first detectable crystal 

phase was the high temperature polymorph of barium 

disilicate which grows first as spherulites and later 

converts to the stable low temperature form. 	After more 

prolonged heating the spherulites break up.and are trans- 

formed into lath-like crystals. 	The "driving-force" for 

this recrystallization is the reduction of the surface 

energy content of the material. 	The spherulitic structure 

gives a large area of internal surfaces in a material, 

giving a large amount of surface energy per unit volume 

(the spherulitic structure is not an equilibrium morphology), 

and this is reduced when the lath shaped crystals are 

produced. 

Barry et al (73) found that the kinetics and dendritic 

or spherulitic morphology of crystal growth in a eutectic 

composition lithia-aluminosilicate glass, containing 

titanium dioxide as a nucleation catalyst, were modified 



68 

by Ti 	ions becoming preferentially sited on certain 

crystallographic faces of the crystals (which had the 

$-eucryptite structure). 	This shows that crystal morpho- 

logies resulting from controlled heat-treatments of glasaes 

which contain internal nucleation agents, i.e. glass-ceramic 

microstructures, may be more complex than those formed by 

denitrification of simple glasses and igneous rocks. 

Burnett and Douglas (42), however, found that the Keith and 

Padden theory (65) accounted extremely well for spherulitic 

crystallization from soda-baria-silica glasses which did 

not contain any added nucleation catalysts. 

Freiman and Hench (74) analysed the crystallization 

kinetics of spherulites in lithia-silica glasses using the 

Johnson-Mehl-Avrami equation (75). 	They found that crystal 

growth should be rod-like and the nucleation rate constant 

(i.e. the Avrami exponent equals 2). 	This is in agreement 

with the work of Morse and Donnay (68) who found that 

spherulites occur by the nucleation and growth of individual 

rods and that the nucleation rate of rods is constant 

throughout the spherulitic growth process. 

(See also appendix V.) 

1.4.3. 	ROD PULLING TECHNIQUES: 

Maries and Rogers (76) found that it was not 

possible to induce fibrous calcium metasilicate crystals 

to grow along the axis of lmm diameter calcium oxide-zinc 

oxide-silica-glass rods when these were subjected to a . 

conventional zone heating technique. As the rods. passed 
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through an annular heating element crystals nucleated on 

the rod surface (see section 1.3.1.) and grew into the 

rods, thereby forming weak interfaces across the rod 

diameter. 	Another problem was that as the glass rod was 

heated the glass became progressively less viscous and 

therefore the hot zone slumped. 	(When crystalline 

materials are zone melted the solid each side of the hot 

zone remains rigid and this supports the molten material 

which is held by surface tension forces.) However they 

found that if the rod was passed through an electrically 

heated platinum coil which is in contact with the rod 

surface and therefore supports the molten material, and 

the glass each side, then no surface nucleation occurred. 

Instead, if crystallization is nucleated just below the 

hot zone (by a platinum wire), then 11-CaSi0-5  can crystallize 

in an aligned and fibrous habit. 	The rod does not pass 

through a low temperature before the crystals form and 

therefore neither spontaneous internal nor surface nuclea-

tion can occur, i.e. this is crystallization from the melt 

rather than from a quenched glass. 

More recently Maries has adapted this technique (77) 

so that glass rods of varying diameters, up to about lmm, 

may be pulled directly from a heated platinum hopper full 

of molten glass and immediately crystallized in the 

temperature gradient, as above. 

The situation below the molten zone, or below the 

melt in the platinum hopper, is represented in figure 1.8. 

The rod cooling rate may be exponential (77a) and the 
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corresponding growth rate curve was found by Maries 

using hot stage microscopy on the glass composition 

ZnO 20 wt %, Ca0 30 wt % and Si02  50 wt % (78), which was 

that used for rod pulling. 	Once the crystals have 

nucleated and the pulling rate is constant, the growth is 

self-stabllising. 	Since this is crystal growth from the 

melt, the crystal growth rate increases with decreasing 

temperature, increasing undercooling, and therefore if the 

growth rate exceeds the rate of travel of the rod (pulling 

rate) the crystal growth front approaches closer to the • 

molten zone and thus moves into a region at a higher 

temperature, the growth rate decreases and the growth front 

drops back to the stable position. 	Conversely if the 

growth front drops down the rod, its temperature decreases, 

the growth rate therefore increases and the crystal growth 

front moves up again to the stable position where the 

growth rate equals the pulling rate. 

Calcium metasilicate has a phase transition, from 

the high temperature 1-CaSiO3 phase to the low temperature 

3-CaSiO3, which occurs in the critical devitrification 

region (see section 1.5.1.). 	This means, in the case of 

the glass used by Maries (76), that pulling rates below 

20 microns per second will result in the crystallization 

of L-'CaS.iO3  and at greater speeds 13-CaSiO3  is the crystal-

lizing phase, but at pulling rates above 50 microns per 

second the rod quenches through the critical devitrification 

region and pulls out as a glass, see figure 1.8. 

Livingston (79) has described a process somewhat 
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similar to this rod pulling. 	In order to produce very 

fine, aligned in-situ composites by solid-state transform-

ations the samples are transformed by moving up a tempera- 

ture gradient. 	The transformation rate versus temperature 

curve is bell-shaped (i.e. goes through a maximum below the 

equilibrium transformation temperature). 	The spacing of 

eutectoid, eutectic or cellular precipitation decreases 

with decreasing temperature of transformation (for similar 

reasons to those in crystal growth from the melt, see 

section 1.4.2.). 	If the material is transformed by 

cooling through the transformation region it will convert 

at a higher temperature than if it is first quenched and 

subsequently reheated so that the transformation occurs 

below the maximum rate temperature thereby resulting in a 

fine microstructure. 	Livingston has suggested that if a 

suitable quenched material is moved up through a temperature 

gradient then aligned composites with finer spacings could 

be produced. 	Carpay and Cense (6) have applied this 

technique to the in situ growth of composites from the ,  

vitreous state. 	They state that the position of the 

growth front is stable, "which means that variations in 

the pulling rate are followed automatically by the growth 

rate". 	This is not the case in the down-transformation 

of quenched materials, i.e. in the case of this research 

(crystal growth from a glass) since below the maximum 

transformation rate temperature the transformation rate 

(in this case crystal growth rate) decreases with 
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temperature. 	Therefore if the transformation front drops 

down the temperature gradient the transformation rate 

decreases, and since the rate of material travel remains 

constant, the transformation front drops further down the 

gradient, the transformation rate again decreases, etcetera. 

A similar "vicious circle" is set up if the transformation 

front moves too far up the temperature gradient. 

1.5. THE CRYSTALLOGRAPHY OF PHASES PRODUCED IN THE 

SELECTED MATERIALS: 

1.5.1. 	CALCIUM METASILICATE: 

There are three structural modifications of 

crystalline calcium metasilicate, known by the mineral-

ogical names wollastonite, parawollastonite and pseudo-

wollastonite. 

Wollastonite and parawollastonite, are both referred 

to as the 16w temperature modification, designated 13-CaSiO3 . 

Wollastonite (and parawollastonite) are pyroxenoids (80),  

and therefore have a structure which consists of chains of 

silicon-oxygen tetrahedra running parallel to the crystal-

lographic b axis, the chain structure repeating after every 

three tetrahedra, i.e. Dreirketien. 	These single chains 

are linked by calcium atoms in irregular octahedral 

coordination with six oxygen atoms. Monoclinic para-

wollastonite is related to the triclinic wollastonite by 

a simple packing modification (81), and this explains why 

intergrowths of these two forms occur on a sub-microscopic 

scale (82). 	In natural wollastonite the calcium can be 
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replaced by iron, manganese and, to a lesser extent, 

magnesium, and synthetic wollastonites have been shown 

to form a solid solution series in the CaSiO3-17bSi0 with 

compositions up to 76% FeSiO3. 

Pseudowollastonite is generally regarded as being 

triclinic, but there are planes of pseudosymmetry perpen- 

dicular to all three triclinic unit cell axes. 	The cell 

can therefore be regarded as pseudo-hexagonal, or a larger 

pseudo-orthorhombic cell (83). 	There is Borne evidence of 

polytypism in pseudowollastonite which can be explained 
6-  

in terms of a double sandwich layer of Si30g  rings (see 

figure 1.1) between hexagonally packed Ca2+  ions (84). 

There is some disagreement about the temperature of 

inversion of wollastonite to pseudowollastonite. 	Although 

1120°C t 10°C is usually taken to be the true value (85), 

temperatures as high as 119000 and 1200°C have been quoted. 

A small amount of diopside (CaMgSi206) in solid solution 

is known to raise the inversion temperature. 	Rostoker 

found that it is possible to.sinter fibrous wollastonite 

at 1150°C without any transformation (86); he found the 

inversion to occur at 1160°C. 	The rate of the inversion 

has been reported as very slow below 1150°C, since this is 

a solid state phase transformation, although more recently 

Buckner and Roy found that this is not always necessarily 

the case (87). 

In nature wollastonite occurs in coarse bladed 

aggregates, and is usually acicular or fibrous even in 

small particles, the crystallographic b axis (chain axis, 
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q.v.) coinciding with the fibre axis. 	The aspect ratios 

of these fibres (i.e. fibre length over fibre diameter) 

may be as much as 13 or 15,,but are more usually 7 or 8. 

Synthetic calcium metasilicate (13-CaSiO3) has been 

produced commercially for some years. Many hydrothermal 

techniques have been used, e.g. (88), but the hydrated 

product does have the same properties as the anhydrous 

material. None of the anhydrous techniques produce a 

"pure" product, e.g. (89).. 	A review of these synthetic 

materials, and also of the occurrence and properties of 

wollastonite mineral is given in the book by Andrews (85). 

SECONDARY DEVITRIFICATION PRODUCTS: 

CaAl2Sia08  has several known polymorphs. 

The mineral phase which is stable in contact with Ca0- 

Ala05-SiO2  liquids is anorthite (90). 	This is a triclinic 

feldspar which melts congruently at 1553°C. 	It enters 

extensively into solid solutions, e.g. the plagioclase 

series between anorthite and albite (NaaAlaSicp\b). 

Ca2  ZnSi2  07  occurs naturally as the mineral hardystonite. 

This has a melilite type structure, i.e. zinc tetrahedra are 

located at the corners and base-centre of the primitive 

tetragonal lattice. 	The structure of hardystonite can be 
14-  

described as consisting of [ZnSia07] sheets within which 

the nature of bonding is dominantly covalent, the adjacent 

sheets being held together by Ca
2-l
'ions with the interlayer 

bonding predominantly ionic in character (91). 	The 

melilites are capable of extensive solid solution, e.g. the 

akermanite-gehlenite continuous range of solid solution (92). 

1.5.2. 
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1.6. THERMAL EXPANSION CHARACTERISTICS OF SILICATE 

MATERIALS: 

1.6.1. 	GLASSES: 

Figure 1.9 shows a typical expansion curve 

for a glass. 	The temperatures Tl, Tu and Mg are at points 

of tangency; Tg and Ts are points of intersection. 	This 

curve is analysed as follows (93). 

Ti is the lower annealing limit, the lowest temperature 

at which the residual stresses, produced when a glass is 

cooled after casting, can be relieved by small adjustments 

of the internal structure (see section 1.2.), a process 

requiring a prolonged isothermal treatment at Ti (19). 

There is insufficient thermal energy available for this 

process below Ti. 

Tg is the "glass transition temperature", the lowest 

temperature at which the internal molecular structure of 

the glass can react to a change in conditions affecting 

its metastable internal equilibrium within the time scale 

of an experiment. 	Below Tg the equilibration time is so 

long that it is not normally measurable. The exact value 

of Tg depends on the rate of the experiment measuring the 

change in properties of the glass, i.e. experiments 

measuring only fast responses find a higher value of Tg 

than slow time scale measurements. 	The annealing state 

of a glass can also affect the value of Tg, i.e. a fast 

quenched glass with a high fictive temperature (a glass 

which would be in internal equilibrium at a relatively high .  

temperature (19)) would have an open molecular structure 
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and therefore would begin to reach dimensional equilibrium 

at a relatively low temperature. 	This would result in 

low values for Tl and Tg. 

Tu is the upper annealing limit and Mg is the point 

of incipient deformation, i.e. the temperature at which 

the viscosity of the glass is so reduced that the glass no 

longer behaves as a rigid solid. 	Ts is the dilatometric 

softening point, see section 3.4. 

The linear expansion below Tl is associated with 

changing interatomic distances and angles, i.e. the changes 

in bond lengths and angles. 	It has been shown by Smyth 

(94) that those vibrations in a network whose frequency 

increases.as the network expands make positive contributions 

to the thermal expansion, and vice versa. 	The vibrations 

of bridging oxygen atoms parallel to the line connecting 

the centres of the two adjoining silicon atoms make a 

negative contribution to the thermal expansion of the 

network, but the vibrations perpendicular to the line of 

centres leads to a positive expansion. 

1.6.2. 	CRYSTALLINE MATERIALS: 

The thermal expansion of a crystal structure 

can often be expressed empirically as a linear combination 

of the expansions of the units making up the structure. 

In the case of a silicate framework the macroscopic 

expansion is the algebraic sum of a bond-length expansion 

and a tilting effect (95), i.e. in a structure'in which 

the coordination polyhedra are tilted with respect to each 

other the simple bond-length expansions are modified by 
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the manner in which the angle of tilt changes with 

temperature. 	(This is similar to the consideration of 

the Si-O-Si bond vibrations discussed above. in section 

1.6.1.) 	Megaw (95) has found that generally bond-length 

expansion coefficients are roughly equivalent to the 

inverse square of the Pauling valence but the effect of 

tilting on the thermal expansion is usually larger. 

She has found that thermal expansion always involves a 

straightening out of the angles between the structural 

polyhedra, resulting in an increase in the mean linear 

expansions over what would be expected from bond-length 

expansion alone. 	This change of tilt angle within a phase 

can lead -to a phase transition. 

From his study of thermal expansion anisotropy of 

oxide compounds Bayer.  (96) found that differences between 

thermal expansion coefficients in different crystallographic 

directions occur in single crystals and orientated poly 

crystalline ceramics of compounds with lower than cubic 

symmetry. 	The amount of anisotropy depends mainly on the 

atomic arrangement in the compound and on the microstructure 

of the ceramic. He found that the magnitude of the thermal 

expansion coefficient and degree of expansion anisotropy 

are determined primarily by the valency and size of the 

ions present on the structure, and only to a smaller extent 

by the type of structure, although the effect of structure 

type on the anisotropy may be more pronounced .in crystals 

with highly distorted coordination polyhedra. However 

generally the lower the valency of the larger cations the 
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greater both the expansion coefficient and anisotropy. 

1.7. MECHANICAL PROPERTIES OF CERAMICS: 

1.-7.1. 	BRITTLE MATERIALS: 

Brittle materials are those materials whose 

crystal structures do not have any mechanism for the 

absorption of mechanical stresses by plastic deformation. 

A sinusoidal tensile force vermwdisplacement curve is the 

closest approximation to the theoretical fracture of a 

material by the breaking of atomic bonds across unit area 

of fracture interface (11, 97). 	The area under this 

curve equals the energy expended in pulling atomic planes 

apart, i.e. twice the surface energy of each new surface. 

c7-0 	(VVa
,)1/2 

where: 

cr;= theoretical strength of material, 

E = Young's modulus, 

a = atomic spacing, and 

= surface energy per unit area of each new surface. 

Using experimental values for E, K and a, then empirically 

for most solids: 

(3-0  B/10 

This value is only approached by crystal whiskers or 

carefully produced fibres. 	Typically for the fracture 

of brittle materials (or for yield of ductile materials): 

cr8 "217.E/1000 

This discrepancy is due to the inevitable presence of 

small flaws in real materials. 
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For ideally elastic brittle materials, mechanical 

properties reviewed in (98) and (99), subjected to tensile 

stress, local stress concentrations build up at any 

structural imperfection. 	For a sharp crack in the 

surface of the material, of length c, a radius of curvature 

at the crack tip /o and subjected to an applied stress c5-0,, 

the stress at the crack tip"is increased to: 

= 207;(c//p) 
1/2 

When this concentrated stress is equal to the theoretical 

strength of the material fracture occurs, i.e. when: 

(EVa)I/2 = 21:7;:t(c//00 

07; = (E/0/4ac)1/2 	(1). 

This equality gives the applied stress for fracture 

approaching zero as the radius of the crack tip approaches 

zero, which is physically unlikely. 	However, if it is 

assumed that the crack can only propagate catastrophically 

if the free energy of the system is lowered, then the work 

done by the applied stress in the form of stored elastic 

energy around the crack tip must supply the new surface 

energy for crack growth. 	The stored elastic energy per 

unit thickness perpendicular to the crack length-(UE) 

for plane stress: 

UE  = (7c20-2) /E 

The surface energy required (U5) is: 

Us  = 2ec 

Therefore, for an unstable crack: 

(7c20-2) /E = 2I(c 

cr-  = (2IfE/7t01
/2  

(2). 
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This is the "Griffith" stress. 

Since the applied stress for fracture equals the 

Griffith stress for fracture in the presence of flaws, 

then from comparison of equations (1) and (2): 

2/TC =/0/4a 

and therefore the limiting value of crack tip radius is: 

= 8a/TC -22= 3a 

A sharper crack would propagate, but although .the Griffith 

criterion (equation (2)) is necessary and sufficient for 

atomically sharp cracks, i.e. perfectly brittle fracture, 

it is too small for real ceramic materials. 	In these 

crack blunting occurs (i.e. an increase in the radius of 

the crack tip) due to limited plastic flaw at the crack 

-tip induced by large shear stresses and/or by chemical 

corrosion at the crack tip (e.g. erosion of glass by water 

vapour). 	For real materials an empirical surface energy 

term must be used in equation (2), i.e. 	, which includes 

the results of the plastic flow, rough surface steps, crack 

blunting, etcetera. .Therefore generally: 

o'F  = 1/Y(2E2Si/c)1/2. 

where: 

Y = geometrical factor depending on crack and specimen 

geometries, and 

crF  = fracture stress. 

In ceramics at relatively low temperatures fracture 

occurs by the propagation of inherent flaws (100) (as 

described above). 	The initiating flaws may be surface 

scratches, internal pores or grain boundaries (101). 
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1.7.2. 	CERAMIC MATRIX COMPOSITES: 

Unidirectionally crystallized fibrous materials 

could be regarded as composites, i.e. in situ composites, 

see section 1.1.1. 

Donald and McMillan (102) and Davidge (103) have 

recently published reviews of ceramic matrix composites. 

In unidirectional fibre reinforced ceramic matrix 

composites significant strengthening occurs if the Young's 

modulus of the fibres (Ef) is greater than that of the 

matrix material (Em). 	For conditions of equal elastic 

strain in matrix and fibres the strength of the composite 

is expressed by a simple mixtures law (104): 

0c  = 6 	CrrnIrrn 
where: 

cr".f. = ultimate strength of fibres, 

o—rn  = ultimate strength of matrix, 

C7-  = strength of composite,. 

= volume fraction of fibres, and 

Vm = volume fraction of matrix. 

The strain is equal in fibre and matrix, i.e.: 

E = d /E f- = TiVE 

therefore, 

Crc, = 071., [1 + Vf.((WEm) - 

If the aligned fibres are discontinuous the stress 

in the fibres builds up to a maximum over a certain 

critical length, 1c/2 from the ends .of the fibres, where: 

4c= rcr/B 

r 	
f 

= radius of fibres, and 

B = interlamellar shear strength. 
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The mean stress 	in fibres of length Q is: 

= o [1 - (1 - Z) Ic/11 

where: 

Zc.7-  = thd average stress in fibres within a distance of 

Ic/2 from their ends. 

If the fibres are not in parallel alignment then. 

acs'IT is reduced by a geometrical factor. 

Uniaxial aligned fibre composites under the action'of 

a tensile stress applied at an angle e to the fibre direc- 
tion generally fracture by one of three mechanisms (97). 

1. Failure in the plane perpendicular to the fibres due 

to tensile failure of the fibres, in this case: 

fracture stress = fd,-8/cos2 E). 

2. Failure by shear in the direction of the fibres on a 

plane parallel to the fibres, 

fracture stress = 2B/sin 2e 
where B is the shear strength of the fibre/matrix interface, 

or failure stress in shear of the matrix. 

3. Failure of the fibre/matrix interface in tension, 

fracture stress =cn/sina B, 

where 	is the tensile stress required to produce failure 

of the composite in a direction normal to that of the 

fibres. 

The fracture mode that requires the lowest stress occurs, 

and therefore a curve showing the variation of composite 

fracture 'strength with varying angle e can be plotted, see 
figure 1.10. 	Phillips et al found good agreement between 

this theoretical curve and that drawn from the results of 
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mechanical tests on a carbon fibre reinforced glass 

composite, (13). 

The fibre/matrix interface is vital in determining 

the properties of the composite. 	When both the fibres 

and matrix are brittle and are strongly bonded the composite 

behaves essentially as a homogeneous brittle solid. 

However if the fibre/matrix interface is weak then a 

matrix crack can pass the fibres without causing their 

immediate failure, i.e. to use the fibres efficiently the 

stress must be transferred from the matrix to the fibres. 

In ceramics the fibre/matrix bond is often mechanical, 

achieved by frictional forces between the fibre surface 

and matrix material, rather than a chemical reaction bond 

(105). 

The work of fracture of the composite can be defined 

as the amount of energy required to produce unit area of 

fracture during controlled crack growth (106), and can be 

taken as a measure of the toughness of material. 	Brittle 

ceramics exhibit low works of fracture, since cracks are 

easily propagated (no crack blunting). 	The ratio of 

stored elastic energy at fracture to the work of fracture 

(104) is 0.2 for copper, and 25 for alumina, i.e. failure 

is expected to occur by cracking in alumina but not in 

copper. 	This provides a rough criterion of toughness for 

materials with widely differing capabilities for absorbing 

strain energy. 

In a fibre reinforced ceramic the energy required to 

propagate the crack will be greater than that required for 
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initiation, since such a composite contains weak fibre/ 

matrix interfaces which can blunt the crack tip. 	For this 

type of material the work of fracture technique yields a 

more realistic engineering parameter than conventional 

fracture mechanics analysis of fracture initiation energy 

(102). 

The total work of fracture is increased by increasing 

the effective crack propagation area by providing weak 

directions within the material parallel to the tensile 

axis along which the crack can be deflected. 	In unidirec- 

tionally aligned fibrous composites a weak fibre/matrix 

interface may deflect a crack, therefore effectively 

blunting the crack tip, but although this mechanism gives 

a large work of fracture the composite material is relatively 

weak. 	If the fibre/matrix interface is strong the crack 

may propagate relatively unimpeded, and if the load is 

totally transferred to the fibres and the composite fracture 

stress occurs when the fracture load is reached in the 

fibres, then a planar fracture is given across the material 

and a low value for the work of fracture. There will 

always be some debonding of the fibres in the immediate 

vicinity of the crack. A composite containing continuous 

fibres usually fractures across a flat plane. 	A composite 

containing discontinuous fibres of less than critical 

length does not give any fracture through the fibres. 

Instead the fibres debond and pull-out of the matrix giving 

a large work of fracture. 	Strongly bonded, discontinuous 

fibres longer than critical length give a combination of 
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pull-out and fibre fracture. 	The composite strength of 

materials containing aligned fibres of critical length is 

half the law of mixtures strength. 

In brittle fibre-brittle matrix composites multiple 

cracking of the matrix will only occur if the failure 

strain of the matrix is less than that of the fibres. 	In 

this case the matrix cracks when its failure strain is 

exceeded, the fibres adjacent to this crack debond and 

pull-out to span the crack giving an increase in the work 

of fracture. 	The strain builds up in the matrix as the 

distance from the crack increases and at half the critical 

length away from the crack the matrix failure strain is 

again exceeded and another matrix crack forms. This 

multiple cracking gives pseudo-ductility (apparent 

ductility in the load versus deflection curve). 	These 

cracks cannot propagate as they are limited by the degree 

of elastic strain in the fibres. 

Therefore (102) for optimum strength and stiffness of 

a continuous fibre (or fibre length much greater than 

lc) composite, 	the difference between the failure stress 

and strain of the matrix and those of the fibres should be 

as large as possible, the fibres should be aligned parallel 

to the tensile axis, and should have a strong fibre/matrix 

interface bond. 	However, for optimum toughness (fibre 

pull-out) parallel aligned discontinuous fibres of 

approximately critical length, and weak fibre/matrix 

interfaces to deflect cracks are required. 	The best 

compromise properties are obtained for materials with 
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aligned, discontinuous fibres of lengths somewhat greater 

than the critical length, or continuous fibres with varying 

fibre tensile fracture strengths, to give fractures at 

different distances from the primary fracture plane and 

therefore some fibre pull—out. 

The thermal shock resistance of composites depends on 

the differential expansion between the matrix and fibre 

materials. 	This is an important parameter as it controls 

the residual 'stresses in the composite left after cooling 

from the fabrication temperature or after heat cycling. 

On cooling from the fabrication temperature the effect 

of thermal shock depends on whether the matrix or fibres 

has the higher expansion coefficient. 	If the expansion 

of the matrix is greater than that of the fibres then the 

fibre/matrix interface is in compression radially, which 

strengthens a frictional bond, and perhaps also a chemical 

bond, and this is therefore desirable. 	However axially 

the fibres produce tension in the matrix parallel to the 

fibre axis, and if this tensile stress exceeds the matrix 

fracture stress then a network of cracks can develop in 

the matrix perpendicular to the fibre axis (i.e. thermally 

induced multiple cracking) which is undesirable. 	If the 

expansion of the matrix is less than that of the fibres 

then the fibre/matrix interface is in tension radially, 

and if this stress exceeds the tensile strength of the 

interface this will cause interfacial "decohesion". 

Axially a strong fibre/matrix interface' will be in 

compression, which increases the stress necessary to 
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initiate fracture, but a weak interface will not transmit 

the stress (i.e. there will be no prestressing of the 

matrix) and voids may form at the fibre ends which debond. 

Generally the thermal residual strain in the matrix 

(assuming there is either a chemical or a frictional bond, 

even if weak) is given by: 
/ 

t ryi = EJ,F L4.LT/Ec 	(102). 

E c  = E0/. + Ercyrn  (law of mixtures), 

then: 

CAG = E ( E 	) 

where: 

= matrix fracture strain in the absence of fibres, and 

F' = residual strain in the matrix. - If, 

Goan and Prosen (107) have tested both untreated 

(weak fibre/matrix interface) and whiskered (strong fibre/ 

matrix interface) carbon fibre reinforced resin in shear 

using short beam teats (as in ASTM D2344-65T, but using 

flat specimens), scissors and University of Virginia method. 

They found that for both types of specimen the scissors 

method gave the lowest B (interlamella shear strength) 

value, the short beam test an intermediate result and the 

University of Virginia method the highest B results. 	In 

short beam tests weak interface specimens fractured under 

shear, giving a true B value, but strong interface materials 

failed in tension so, although the B strength calculated 

is very much higher than that for the weak interface 

material, this is a minimum B value for the strongly bonded 

material. 
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1.7.3. 	BEND TESTS: 

Brittle materials are weaker in tension than 

compression, and therefore it is important to measure a 

tensile "modulus of rupture" for ceramics. 

A bend test specimen, or any other mechanical test 

specimen, is a structural component subjected to a load of 

known magnitude and direction (108). 	Subsequent stress 

or strain analysis of—this gives the strength value of the 

specimen material. 	This means the limits of stress 

analysis apply to strength testing, i.e. the assumptions 

of material characteristics, loading conditions and 

specimen geometry, and these are sources of error (109, 110). 

Uniaxial tensile tests are difficult to achieve with 

ceramics, as these brittle materials cannot alleviate the 

effects of imperfect test apparatus and specimens as can 

ductile materials and therefore parasitic stresses can 

lead to erroneous strength results (111). 

Bend tests, in which non-uniform stress distributions 

are developed, avoid the problems of setting-up uniform 

stress distributions in ceramic materials. 	A more complex 

analysis of the results is required, but this is compensated 

by the simplicity of the test apparatus and technique, 

although parasitic stresses which affect the final result 

can still be developed. 	Ideally the test should be 

perfectly "hard", i.e. the force developed is a function 

only of the compliance of the specimen to the imposed 

deflection. 	However. this ideal can never actually be 

attained, because of the elastic deformation of the testing .  
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machine, and of the specimen itself. 	A screw-driven test 

machine operated at a small fraction of its full capacity 

is reasonably hard. 	If the force required to produce 

unit deflection in the direction of the force, i.e. the 

stiffness, of the testing machine is K n  and of the load 

train is Kt, then when a load P is applied U, the stored 

energy is: 

P2  1 	1 14.  II = — 	v — 	elastic energy stored in specimen. 
2 Kn  Kt 

At the same surface stress the energy stored in the specimen 

in uniaxial tension is three times the energy stored in 

bending. 	The load necessary for fracture is less in 

bending and so the energy stored in the testing machine 

and load train is also less. 	Therefore a bend test is 

harder than a uniaxial tension test, the hardness depending 

on the specimen geometry, the material tested, the type 

of test machine and the loading conditions.. 

A beam loaded in bending has tensile stress on one 

face and compressive stress on the opposite face (109). 

The simplest type of bend test is three-point loading in 

which the maximum stress occurs below the central loading 

point. 	If the span to depth ratio, i.e. L:d, is suffi- 

ciently large then, assuming an elastically'homogeneous 

specimen material, the stress at the outermost element of 

a three-point bend test specimen is: 

( cAkx'= Mh/I 	(110, 109)  

where: 

M = externally applied moment, 
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I = second moment of area of the cross-section about 

the neutral axis, and 

h = initial distance between the neutral axis and the 

extreme element where stress is a maximum. 

For a beam of rectangular cross-section, depth d, breadth b, 

simply supported over a span L and carrying a concentrated 

load P mid-span (109): 

M 1.Apo( = PL/ 4 

and: 

I = bd
3
/12 

therefore, since h = d/2: 

cr, = 3 PL 
"'x  2 be 

The Young's modulus (E) of the specimen material can 

be found using (109): 

v= M1  x dx  
EI] 

where: 

v = deflection at the bottom of the beam, and 

x = the distance along the beam. 

Therefore: 
L/2 

V = 
	3P  x2 dx 
0✓ Ebd3  

v = PL
3
/4Ebd

3 

and: 

E = PL3/4vbd3 

Bend tests are statistically indeterminate, i.e. the 

assumption made is that the strain is linearly distributed 

from a maximum tension at one surface to a maximum 
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compression at the opposite surface. 	This means that 

the resulting stress distribution depends on the stress 

versus strain characteristics of the material under test, 

i.e. if the stress/strain plot is linear then the stress 

disti.ibution is linear, but if the stress/strain plot is 

non-linear the stress distribution is also non-linear. 

Since a combination of the assumed strain distribution and 

static equilibrium is not sufficient to completely determine 

the stress distribution, then bend tests are "indeterminate". 

Phillips et al (13) used short beam three-point bend 

tests to measure the interlamella shear strength of carbon 

fibre reinforced glass composites. 	This technique is widely 

used to measure the shear strength of composites due to its 

experimental simplicity. 	Short beam tests have a span to 

depth ratio of less than five, and for three-point loading 

the distribution of vertical shear stress down the depth of 

the section is parabolic (109). 	The shear stress must be 

zero at the external surfaces since the complementary shear 

stress in the longitudinal direction must be zero at a free 

surface. The maximum shear stress (BmW.occurs on the 

specimen neutral plane: 

 

B 	= MAX 
41 

a _ al  idl 

[2] 
(109) 

therefore: 

   

BN\p,y,= 3P/4bd 

The maximum shear stress. is 1.5 times the mean value. 

The major sources of error in bend tests (108, 112) are: 

1. 	Wedging effects below central loading point, 
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2. Frictional forces developed at the outer loading 

points, and 

3. Twisting due to improper loading or specimen geometry, 

i.e. 'if the loading edge is not parallel to the specimen 

surface. 

Wedging, crushing or local shear, can occur due to 

the high stresses produced under the knife-edges or small 

diameter rollers which transmit the load and contact the 

surface at right angles to specimen axis. 	However these 

failures can be easily distinguished from the desired 

fracture mode, and can be rejected. 	If this effect does 

not actually cause failure, then these stresses can make 

the maximum tensile stress in the specimen occur slightly 

to one side of the centre line below the top loading point. 

The changes of length produced by the strains due to 

the test specimen surfaces curving gives longitudinal 

fictional forces at the outer loading points. 	The net 

effect is a reduction in the total stress at the specimen 

surface and, if not corrected, an increase in the apparent 

strength of test material. 	This can be reduced by using 

freely rotatable rollers, and, if the specimen has a high 

surface hardness, low rolling friction coefficients can be 

attained by using a hard material for the rollers. 

The torsion due to non-uniform load distributions 

across the breadth of the specimen can be reduced by 

machining the top and bottom surfaces of the specimen 

exactly parallel, and by using an accurately constructed 

testing apparatus. 
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Using the Weibull weakest link model analysis the 

probability of fracture, S, can be expressed as (113): 

S= 1- exp 	V W/6"0 )mI 

where: 

c7-0 = "classical" strength of a "flawless" specimen, 

a" = stress at fracture, 

V 	= volume of the body subjected to tensile stresses, and 

m = constant related to the flaw density in the material. 

There is a finite stress below which fracture will never 

occur, amu, and. so empirically: 

S = 1 - exp 	V (3 0.-c7 )m  
0 

Therefore the probability of fracture depends on the 

volume of material under tension (tensile stresses usually 

cause fracture in brittle materials), as it can be shown 

(113) that for both tensile and bend tests the mean strength 

of the samples varies inversely with the (1/m)th power 

of the volume subjected to the maximum tensile stress. 

For three-point bend tests theoretically only the section ..  

of the specimen directly below the top loading point is 

subjected to the maximum stress, and therefore the "volume" 

of material tested depends on the breadth of the specimen 

beam. 	This means that the size effect is less important 

in three-point bend tests than in four-point bend tests. 

Hasselman et al (114) discuss how the change in 

specimen volume is usually accompanied by a change in the 

specimen compliance, i.e. in the strain rate for a given 

cross-head speed. 	In three-point rectangular beam bend 

tests for an increase in span the strain rate and the 
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Weibull statistical effects are additive, whilst for an 

increase in beam depth these effects counterbalance one 

another. 

When highly anisotropic materials are tested it has 

been found (115) that the end effects (effects of the 

local stress concentrations set-up at the loading points) 

may exert an influence over the stresses in the specimen 

for a far greater distance than that generally accepted 

for isotropic materials, which is St. Venant's principle 

(end effects zero within 'a distance equal to the maximum 

cross section of the specimen). 	Therefore the calculated 

experimental moduli found from beam tests performed on 

unidirectional composite materials will be below. the "true" 

value for the material, especially from beams with small 

length to width ratios. 
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Fig. 1.2 Rates of homogeneous nucleation and crystal growth 
in a viscous liquid. 
(ref.10, page 29) 
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Fig. 1.3 Schematic binary phase diagram. . 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1. 	PREPARATION OF 'GLASSES: 

All the glass compositions used throughout this 

project were made up by fusing the dry constituents in a 

platinum crucible placed in an electric muffle furnace, 

powered by "crusilite" silicon carbide elements (manu-

factured by Morganite Electroheat Limited), in which the 

hearth temperature could reach 1450°C. 	After three hours 

et temperature the melts were water quenched, by standing 

the lower half of the crucible in a dish of water, and 

when cold knocked out of the crucible using a tack hammer. 

The glass was then crushed in. a Torrington percussion 
•- 

mortar, replaced in the crucible and remelted. 	This 

process was repeated and the final melt was either quenched 

or cast depending on the use to be- made of the particular 

glass batch. 	Previous workers have found that this 

method gives a homogeneous glass (116). 

The starting materials for the glasses are shown in 

table 2.1. 	These powders were dried to keep the water 

solution, i.e. the formation of OH-  groups within the 

glass structure (117), to a minimum and to- facilitate 

accurate weighings. 	The powders were' then weighed out 

into a large glass bottle and were violently agitated 

before melting to ensure thorough mixing. 	Any excess 
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materials were stored in a desiccator over magnesium 

perchlorate. 	For every composition made at least one 

of the constituents was added in the form of a carbonate. 

Swarts (118, page 280) has reviewed the main factors 

affecting the melting of glasses. 	The first stage in 

the conversion of a batch into a glass melt is the 

appearance of the lowest liquidus phase e.g. in compo-

sitions containing silica and sodium carbonate at about 

800°C a liquid is produced corresponding to the sodium 

disilicate/silica eutectic. 	The carbon dioxide liberated 

by the reaction, 

SiO2  + Na2CO3 ;==t NaaSiO3  + COat 

refines the batch since its evolution mixes the reactants 

so that concentration gradients are reduced and reactions 

accelerated. 	The decomposition of calcium carbonate 

above 825°C also liberates carbon dioxide. 	The active 

evolution of this gas continues as the reactants reach 

higher temperatures as continuous dissolution of silica 

into the melt decreases the carbon dioxide solubility. 

The limiting step in complete melting is the slow 

dissolution of the remaining silica residues into a 

viscous silica-rich melt.(20, page 240), and at this 

final stage bubbles of carbon dioxide are nucleated at 

the glass/residue interface as the silica content is 

increased. 

The_particle sizes of the batch materials also 

control the rate of melting (118, page 284). 	Generally 
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the finer the particles and the more intimately they are 

mixed the faster the melting. 	At very fine particle 

sizes the voids between particles may be sealed by liquid 

at a -very early stage of melting, these sealed holes fill 

with carbon dioxide, suppressing the reactions which 

produce this gas and therefore decreasing the melting 

rate. 

Bubbles trapped within the molten glass are mainly 

formed by the accumulation of the gases'evolved during 

the decomposition of the batch. 	They are removed by 

floatation in melts of sufficiently low viscosity and by. 

dissolution in. melts of suitable chemical composition. 

The glass compositions investigated during the course 

of this project are shown in table 2.2. 

2.2. PREPARATION OF SPECIMENS FOR THE PRELIMINARY 

ASSESSMENT OF A GLASS: 

For each new glass composition a batch of powders 

was weighed out which would yield 100g of the fused glass. 

This batch was prepared as described above (section 2.1.), 

using a 70m1 platinum crucible. 	After the fihal melt 

the crucible, now approximately half full of molten glass, 

was quickly removed from the furnace and the glass poured 

onto a clean brass slab. 	After about one minute the 

block of glass was sufficiently cool to be rigid enough 

to be.slid onto a slice of firebrick and transferred to a 

wire-wound muffle annealing furnace. 	This furnace was 

set at 650°C, a temperature that was estimated to be higher 
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than the glass transition temperature of the glasses used 

for this project. 	At this temperature any internal 

. stresses in the glass block, caused by rapid cooling, 

should have been removed as the glass structure approached 

an internal equilibrium (19, page 61). 	After thirty 

minutes-the annealing furnace was turned off and allowed 

to cool slowly to room temperature, i.e. at less than 
-1 

1°C min.. 

Once cold the glass block was sectioned using a 

slitting machine fitted with a diamond impregnated cutting 

wheel. 	Small pieces of the glass were cut. to be 

approximately 10mm x 10mm x 10mm, each having four faces 

abraded by the action of the cutting wheel and the 

remaining two the smooth top and bottom surface of the 

cast block. 

2.3. MEASUREMENT OF CRYSTAL GROWTH RATES: 

2.3.1.. HEAT-TREATMENT OF SPECIMENS: . 

The rate of surface nucleated crystal growth 

in the glasses of suitable composition was found from 

heating the prepared specimens of the glass for different 

times over a range of temperatures. 	The specimens were 

contained in firebrick trays, i.e. slices cut off a 

firebrick so as to be approximately 5cm deep and having 

. a series of holes, approximately 15mm deep and 15mm in 

diameter, drilled into one surface. 	The bottom of these 

holes was filled with alumina powder so that if any of 
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the glass blocks softened and formed a bead, as occurred . 

when the heat-treatment temperature exceeded 900°C, it 

could be easily removed from the tray with only a thin 

layer of the powder adhering to the glass. 

In order to find the optimum range of crystallization 

temperatures for a particular glass composition a 

preliminary investigation was carried out using the 

temperature gradient in a horizontal tube furnace. 	A 

long firebrick tray was preheated in the furnace, removed, 

filled with glass blocks and quickly replaced in the 

furnace so as to span the temperature gradient. 	A 

chromel/alumel thermocouple placed in the centrol hot 

zone of the furnace indicated by the mV output measured 

using a potentiometer when the furnace temperature had 

returned to its equilibrium temperature, generally after 

about 2 minutes and the timing of the heat-treatment was 

then started. 	The thermocouple was slowly withdrawn from 

the furnace, over the heating tray, and its position could 

be seen by sighting through a filter over a slit in the 

end brick of the furnace. 	The thermocouple junction 	. 

was rested over each glass specimen in .turn and left until 

a steady temperature reading was obtained, i.e. the 

temperature of the specimen t10°C. 	Heat-treatment times 

of between 66 hours and 30 minutes were used, depending 

on the estimated crystallization rate expected for a 

particular glass, and the temperature gradient in the 

furnace was from 700°C to 1100°C in 20cm. 	See figure 2.1.. 
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Once the range of temperatures giving acceptably 

fast rates of crystallization had been determined, as 

described in section 2.3.2., and the crystalline phase 

or phases produced at those temperatures checked using 

X-ray powder diffraction, see section 2.4.1., then a 

series- of heat-treatments in which specimens were held 

for a range of times at an accurately known temperature 

could commence. 

A firebrick heating tray was preheated in a Kanthal 

wire wound muffle furnace. 	The furnace temperature could 

be set, and maintained within ±3°C of the set temperature, 

as it was fitted with a thyristor type (Eurotherm Ltd.) 

temperature controller. 	A chromel/alumel thermocouple 

was placed on the furnace,  hearth in contact with the side 

of the firebrick tray. 	(This type of thermocouple was 

used to measure the heat-treatment temperatures since it 

gives a larger mV output at a particular temperature than 

a platinum/platinum alloy thermocouple and .therefore is 

more sensitive to small temperature variations.) 	Once 

the thermocouple registered the set temperature the 

furnace and its contents was left to "soak" at temperature 

for about thirty minutes. 	The furnace door-was then 

opened, the glass specimens placed into the holes in the 

tray and the door shut as quickly as possible. 	Care was 

taken to locate the thermocouple sheath in the small slit 

cut in the bottom of the door as this allowed the door to 

be a close fit therefore eliminating any convection currents. 
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The thermocouple regained the set temperature after about 

two minutes, and therefore it was assumed that the glass 

blocks reached equilibrium in less than five. 	In order 

to standardize this technique the heat-treatments were 

timed from the moment that the thermocouple reached 

equilibrium. 	A specimen was removed from the furnace 

as quickly as possible after a certain measured time had 

elapsed, the timing for the specimens remaining in the 

furnace being restarted when the thermocouple again 

reached the set temperature. 	This process was repeated 

until all the specimens had been removed from the furnace. 

Depending on the crystallization characteristics of 

a particular glass composition, the heat-treatment 

temperature was set at a value from 800°C up to 1180°C, 

and specimens were heated for time intervals varying from 

10 minutes up to 72 hours. 

2.3.2. .PREPARATION AND MEASUREMENT OF THIN SECTIONS: 

The heat-treated specimen blocks were 

sectioned normal to a flat surface (i.e. the bottom 

surface in the case of those specimens which had slumped 

into beads) using a diamond slitting wheel.' One part 

was retained for powder X-ray analysis, whilst the other 

was made into a thin section, suitable for examination 

by transmitted light microscopy, by the standard technique 

described below. 

The specimen was placed, sectioned face downwards, 

on a glass microscope slide and the whole heated on a 
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hot-plate to 140°C. 	The end of a bar of "Lakeside 

No. 70C" thermoplastic cement (Whithear Lapidary Co.) 

was touched onto the slide around the specimen. 	A small 

amount of the cement melted and flowed out in -a uniform, 

colourless thin film both around and beneath the specimen. 

The slide was removed from the heat and allowed to cool 

to room temperature. 	The section, now firmly mounted on 

the slide, was ground parallel to the slide on silicon 

carbide abrasive papers (English Abrasives Ltd.) using a 

Metasery rotary pregrinder (Metallurgical Services). 

The section was thinned down using a 220 grit coarse paper 

until it was about 1.5mm thick. 	It was then ground on 

a finer 600 grit size paper until a section approximately 

lmm thick was obtained. 	The slide and specimen were now 

reheated and when the cement became fluid the specimen 

was inverted. 	When cold again the specimen was again 

ground on the 600 grit paper until a translucent, thin 

section about 30 to 50 microns thick was produced. 	If 

the top surface of this section was badly scratched after 

grinding a final polish was done by hand using gamma 

alumina powder (Gallenkamp Ltd.). 

The thin sections were observed-under transmitted 

light .using a Reichert "Zetopan-Pol" binocular polarizing 

microscope. 	On this the analyser could be rotated through 

90° with respect to the polarizer, enabling the sections 

to be observed under plane polarized or cross-polarized 

light. 	Since all the crystalline phases produced as a 

result of devitrifying the glass specimens displayed some 
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degree of birefringenbe (119), and unstressed glass is 

non-birefringent then the crystalline and glassy regions 

of the sections were easily distinguished by observation 

under cross-polarized light. 	All the glasses studied 

by this technique, i.e. RW1 to RW14 inclusive, nucleated 

and grew crystals only from the surface of the glass, 

except, of course, RW14F internally nucleated material. 

If the primary crystalline phase was 13-CaSiO3 this 

crystallization was in the form of transcrystallized, 

"spherulitic" fibres, but if 01.-CaSiO3  was the primary 

phase then dendritic crystals grew from the surface of 

the glass towards the centre of the specimen (see section 

1.3.1.). 	However, in both cases the crystal growth was 

virtually unidirectional and therefore the rate of crystal 

growth could be determined from the thickness of the layer 

of surface crystallization. 	The depth of surface 

crystallization was measured with a calibrated eye piece 

graticule in the optical microscope, the calibration being 

made by comparing the divisions in the graticule with the 

divisions on a stage micrometer. 

In addition to measuring the depth of crystallization 

in the thin sections the microstructure'of the crystalline 

region was examined. 	The morphology and alignment of the 

crystals was.observed and the diameter of.fibres, or 

dendrites, measured using the eye piece graticule. 

Photomicrographs were taken of typical regions of micro-

structure (see section 3.1.). 
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2.4. 	X-RAY DIFFRACTION ANALYSIS: 

2.4.1. 	POWDER DIFFRACTION ANALYSIS: 

A Guinier asymmetric focussing .camera was 

used to record the front reflection region of the X-ray 

diffraction pattern produced from a powdered sample of a 

devitrified glass specimen. 	AzL.off (120) gives a full 

description of the geometry of this camera, and the method 

of indexing the diffraction pattern produced. 

A special feature of this camera is that up to four 

samples can be placed on the specimen grid, and therefore 

these diffraction spectra are recorded on the same film 

from the same exposure, thus enabling side-by-side 

comparisOns to be made. 	This was especially useful when 

a series of heat-treatment specimens were being studied. 

In order to separate •the individual spectra the specimen 

grid is divided into four rectangular "windows" by three 

horizontal metal bars. 	The powdered samples are held on 

the grid by sticking a piece of cellulose adhesive tape 

over -one side of the grid and coating the adhesive areas 

exposed. 	The grid is then positioned in the camera so 

that the incident X-ray beam impinges upon the cellulose 

backing before reaching the samples and therefore the 

faint spectrum obtained from the tape will not distort 

the diffracted rays from the samples. 	An exposure in 

which one "window" is- left uncoated with sample allows 

this faint spectrum to be. identified so that it may be'  

eliminated when spectra from samples are indexed. 
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The X-ray generator tube was operated at 30kV and 

20mA, using a cobalt source and an iron filter to give a 

beam composed predominantly of the KGL17e  lines.- At the 

diffraction angles in the front reflection region the d'-1 

and 4-alines are unresolved, and therefore the intensity-

weighted mean of the two wavelength components, that is 

i(2Kal  + Kaa), was used in the interpretation of the 
0 

diffraction spectra. 	For cobalt this value is 1.7902A. 

The diffraction spectrum for a sample can be read 

directly as "d-spacings" using the calibrated rule 

supplied with Guinier camera. 	This rule is specific to 

the geometry of the particular camera and the wavelength 

of the XTay beam used. 	It is constructed using the 

Bragg equation (120) 

n\ = 2d sine 

from which it is found that longer wavelength X-rays give 

a larger distance between the d-spacings recorded on the 

film. 	For this reason a cobalt source was preferred to 

a copper target tube, which produces shorter wavelength 

X-rays, in order to improve the resolution obtained in 

the recorded spectra. 	Since the calibrated rule is 

transparent it could be placed over the film on a light-

box and the d-spacing, that is the spacing of the set of 

crystallographic planes acting as a diffraction grating, 

of each line measured. 	However, using this method the 

relative intensities of the lines comprising the spectrum 

can only be estimated. 

In order to obtain accurate values for the relative 
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intensities of the lines in spectra a neutral wedge double 

photometer (or microdensitometer, Joyce Loebl Ltd.) was 

used. 	This gives a precise measurement of the optical 

density of a film in the form of a chart in which the 

ordinate gives the intensity and the abcissa the distance 

along. the film. 	The intensity peak heights (I) were 

measured and the intensities relative to the maximum (I0) 

calculated. 	The d-spacings were measured from the 
0 

calibrated rule and diagrams of I/I0  versus dA drawn for 

representative spectra. 	(See section 3.1.). 

The Powder Diffraction File (121) was used to 

identify the spectra obtained, but as an additional aid 

for the initial identification of devitrification products 

a series of "standard" films were taken using samples of 
those minerals likely to crystallize from the glasses 

studied. 	The mineral samples were obtained from the 

Department of Mineralogy, British Museum (N.H.). 

2.4.2. 	PIN-HOLE TRANSMISSION ANALYSIS: 

Pin-hole transmission X-ray analysis was 

used to find the crystallographic direction corresponding 

to the fibre axis. 	This technique is similar to the 

front-reflection Laue method (120), but a bundle of fibres 

is analysed in place of a single crystal. 	As it is 

necessary for the spebimen to be a rod of well aligned 

fibres approximately lmm diameter and 15mm long it was 

only possible.  to use this technique on the material 

produced using the rod-pulling technique (section 2.7.) 
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and on a sample of wollastonite obtained from the 

Department of Mineralogy, British Museum (N.H.). 

A cobalt source X-ray tube was used, operating at 

40kV and 20mA, and a lmm diametei collimator. 	The rod 

of fibres was fixed co-axially onto the spindle of a 

1 turn per minute synchronous motor by means of a small 

piece of "Plasticine". 	The motor assembly was then 

placed so that the specimen rotated about the vertical 

axis perpendicular to the X-ray .beam-and at a distance 

of 25mm from the collimator. 	This rotation of the fibres 

ensured that the resultant X-ray diffraction pattern was 

that of a bunch of fibres aligned along their axis but 

randomly orientated about the fibre axis. 	The film to 

record the diffraction pattern was positioned as nearly 

as possible at 50mm away from the specimen;' hoWever since 

envelope wrapped film was-used (Kodak Ltd.) it was 

impossible to measure the exact specimen to film distance. 

since several layers of paper covered the film. 

Using the conditions listed above a satisfactory 

diffraction was obtained after a 1 hour exposure. 	The 

developed films were analysed as described in section 

3.1.8.1., the intensity-weighted mean of the cobalt K,1,1  

and Kd,2  being used as the X-ray wavelength (see section 

2.4.1.). 

2.5. 	PREPARATION OF TILES: 

2.5.1. 	PREPARATION OF GLASS SURFACE: 

From observation of the specimens heat-treated • 
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as described in section 2.3.1., it was found that crystals 

nucleated on both the glass/air and glass/alumina powder 

surfaces of the blocks. 	However, the nucleation sites 

are more numerous and evenly spaced on the surface in 

contact with alumina powder, a result of the powder 

particles abrading the glass surface and thus producing 

heterogeneous nucleation sites. 

Petticrew (41) has found that a crystallized layer 

may be produced in the surface of a Ca0-ZnO-A1a03-Si02  

glass by roughening the surface such that it has a frosted 

appearance and subjecting the glass to a heat-treatment at 

above its annealing and below its softening temperature. 

Therefore, some of the specimen blocks used to investigate 

the crystallization properties of the glasses were 

roughened by abrasion with 600 grit silicon carbide paper 

prior to heat-treatment. 	However, it was found that the 

optimum heat-treatment temperatures are greater than the 

softening temperatures of the glasses and therefore viscous 

flow tended to smooth out the surfaces. before nucleation 

could occur. 	When sections of these specimens were 

examined it was found that the roughened surfaces appeared 

smooth after crystallization and that the effect of the 

abrasion was to promote the nucleation ofol.-CaSiO3  at the 

expense of P-CaSiO3. 

Swift (38) investigated the effect of dust in the 

air on surface devitrification. 	When the furnace 

atmosphere was filtered he found that a freshly exposed 

surface showed only a'few nucleation sites,' whereas when 
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an exactly similar surface was exposed to a non-filtered 

furnace atmosphere dense, uniform surface devitrification 

occurred. 	From this he Concluded that airbourn dust 

(referring to all kinds of foreign particles) is an 

important factor in surface devitrification. 

From the observations on the small specimens and the 

above information it was decided that no special 

preparation was required to produce uniform, surface 

nucleated crystalline materials. 

2.5.2. 	CASTING AND HEAT-TREATMENT OF TILES: 

In order to produce material in a form from 

which rectangular prism test specimens having the fibre 

axis orientated either transverse or perpendicular (see. 

section 2.8.1.) could be machined, rectangular tiles were 

prepared. 	A tile-press was made in which a mould of • 

four steel bars was arranged on a flat steel plate, which 

was heated on its underside by a bunsen burner, and an 

upper steel plate could be swung round so as to be above 

the mould and then pressed down onto the top of the mould 

bars so as to be parallel to the heated plate. 	The 

mould bars were square section, of side lcm, and 

approximately 10cm long. 	From these a square or 

rectangular mould could be constructed by abutting the 

end of one bar against the side of another, the end of 

which abuts against the side of the third bar, etc. 

The steel bars and the areas of the top and bottom plate 

comprising the interior of the mould were protected against 
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oxidation, caused when the mould is filled with hot, 

fluid glass, by a coating of "Aquadag", an aqueous. 

suspension of colloidal graphite. 

In addition to the casting mould a heat-treatment 

mould was prepared to support the glass tiles during 

crystallization above the glass softening temperature. 

A slice of firebrick was .cut and a depression about 2cm 

deep And 0.5cm longer on each side than the casting mould 

made in one side. 	A layer of alumina powder was placed 

in the bottom and up the sides of the mould. 	A Kanthal 

wire-wound, electric muffle furnace was set at the required 

heat-treatment temperature and the firebrick mould was 

placed in this furnace to preheat. 

A 100 gram glass batch, prepared as described in 

section 2.1.., was given a final melt of 3 hours at 1450°C. 

When the glass was ready the firebrick mould was removed 

from the heat-treatment furnace and placed so as to be 

level with and adjacent to the heated steel-plate. 	The 

glass was removed from the high temperature furnace and 

immediately.poured from the platinum crucible into the 

heated casting mould until this was filled. 	This mould 

was sufficiently hot to reduce the cooling rate of the 

glass so that it remained fluid and flowed into the 

corners of the mould. 	The cold top plate was then 

pressed onto the mould and quenched the glass into a 

rigid block.. The mould bars were knocked away from the 

sides of the glass and the' tile was slid into place in 

the firebrick mould, which was quickly replaced in the 
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heat-treatment furnace. 

A chromel-alumel thermocouple was placed along side 

the firebrick mould to enable the exact temperature to 

be measured, as described in section 2.3.1. 	The heat- 

treatment was timed from the moment when the thermocouple 

.reached the set temperature. 	After the predetermined time 

had elapsed the furnace power. was turned off and the 

furnace door opened to cool the tile at• the rate of about 

15°C per minute until the thermocouple registered a.  

temperature 200°C below the crystallization'temperature, 

thus effectively stopping any additional crystal growth 

in the tile. 	The furnace door was then shut and the 

tile allowed.to cool to room temperature at about 2°C 

per minute, a'slow cooling rate being used to minimise 

the damage produced by thermal shock and thermal expansion 

anisotropy in the unidirectionally orientated material, 

and to allow any residual glass_ to anneal. • 

After removal of the cold tile from the firebrick. mould 

it was sectioned and examined in the same way as the 

small specimens (see sections 2.3.2. and 2.4.1.). 

2.5.3. 	HEAT-TREATMENT SCHEDULES: 

The investigative heat-treatments of small 

specimens of the different glass compositions revealed 

two compositions which gave well-aligned, fine, fibrous 

crystals of )3-CaS103 at sufficiently rapid crystal growth 

rates (see sections 3.1.5. and 3.1.6.). 

On devitrification RW9 composition, see table 2.2, 

gives transcrystallized, "spherulitic" type fibres of 
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(3-CaSiO3 in a crystalline matrix of CaAleSi208 (i.e. a 

synthetic analogue of the mineral anorthite) together 

with a small amount of residual glass. 	Some d.-CaSiO3  

crystals were also produced in this material even at 

temperatures 100°C below the nominal d,-,±l3 transition 

temperature of approximately 1120°C. 	The optimum 

crystallization temperature to achieve a relatively rapid 

growth rate, the primary phase as §-CaSiO3 and an 

undistorted final microstructure was found to be 1180°C, 

although this is higher than the nominal ci,-c- 1:5 transition 

temperature. 	This anomaly is discussed further in 

section 3.1.5. 	Therefore to produce a tile of 

crystallized RW9 the heat-treatment furnace temperature 

was set at 1180°C on the "Eurotherm" controller and, 

since the crystal growth rate at this temperature is 

about 1 micron per second, the time at temperature was 

90 minutes for a lcm deep tile. 	The furnace was cooled 

rapidly until the thermocouple registered 900°C and then 

left to cool slowly to room temperature, as discussed in 

the last section. 	A diagrammatic representation of this 

heat-treatment schedule is shown in figure 2.2. 

On devitrification RW14 composition, see table 2.2, 

gives transcrystallized, "spherulitic" type fibres of 

p)-CaSiO3 in a matrix of residual glass, or .with less 

than the detectable limit of X-ray analysis of a secondary 

crystalline phase (i.e. less than 5%). 	The optimum 

crystallization temperature was found to be 1100°C and, 

as the growth rate at this temperature is 5 microns per 
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second, the heat-treatment'duration was 30 minutes for a 

lcm deep tile. 	For the 2cm deep tiles of this material, 

used to produce short beam test specimens, the time at 

tempei.ature was increased to 45 minutes. 	The furnace 

was cooled rapidly to about 850°C and then left to cool 

slowly, as above. 	A diagram of this heat-treatment 

schedule is shown in figure 2.3. 

RW14F, see table 2.2, a modification of the RW14 

material designed to produce internally'nucleated, 

spheruliticp-CaSiO3 on devitrification was also made in 

tile form. .However this composition required a nucleation 

period at a temperature somewhat below the crystallization 

temperature in order to produce the nuclei (see section 

1.3.2.). 	Therefore after this tile had been cast it was 

placed into the heat-treatment furnace which.was at 660°C 

and left for 60.minutes. 	The furnace was then heated 

to 900°C at the rate of 5°C'per minute and left for 

90 minutes at this crystallization temperature. 	This 

time was rather longer than was required from a knowledge  

of the crystal growth rate and approximate nucleation 

density, but it was necessary to ensure that the interior 

of the lcm deep tile had attained 900°C. 	After heat- 

treatment the furnace was cooled rapidly to about 700°C 

and then slowly to room temperature. 	Figure 2.4 is a 

diagram of this heat-treatment schedule. 

2.6. 	PREPARATION OF CRUCIBLE GROWN MATERIAL: 

In order to produce material in a form from which 

rectangular prism test specimens having the fibre axis 
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longitudinally orientated (see section 2.8.2.) could be 

machined, it was necessary to grow the crystals radially 

inwards from -the surface of a cylinder of glass. 

However, in order to produce test specimens about 3cm 

long the glass cylinder would need to be about 8cm in 

diameter and it was found to be impossible to cast a 

cylinder of this size without it cracking due to thermal 

shock. 	Therefore it was decided to melt a batch of glass 

in a ceramic crucible and then to subject the crucible and 

glass to a controlled heat-treatment. 	In this way the 

crucible containing the melt would become an approximately 

cylindrical mould in which to crystallize the glass. 

Since molten glass is generally corrosive to 

refractory ceramics the glass batch was given all three 

melts in a platinum crucible and the resultant glass was 

crushed into about lmm size particles using the Torrington 

percussion mortar. 	The crushed glass was then placed 

into a Morgans Refractories "A"-shape size one fused 

alumina crucible, which had been slowly heated to about 

1000°C in the wire-wound muffle furnace, and this 

crucible was immediately put into the silicon carbide 

element furnace at 1450°C. 	The wire-Wound furnace was 

set to equilibriate at the required heat-treatment 

temperature. 	After an hour at 1450°C the alumina 

crucible was- removed from the high temperature furnace, 

stood in still air until the exterior of the crucible 

cooled to yellow heat and then put into the heat-treatment 

	

furnace, along side a chromel-alumel thermocouple. 	The 
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heat-treatment was timed from the moment when this 

thermocouple reached the required temperature, and the 

furnace power was turned off at the end of the treatment. 

However, in this case the furnace door was. not opened to 

give a rapid cooling rate since the crystallized material 

had grown directly onto, and was therefore joined to, the 

walls of the crucible and the thermal shock due to 

differential, thermal. contraction between the crucible and 

material may have caused cracks to develop in the material. 

The crucible was therefore cooled fr.= the.heat-treatment 

temperature at about 2°C per minute. 

When completely cold the crucible was sectioned 

through a diameter. 	This.sectIonrevealed that very 

little corrosion of the crucible by the glass had occurred, 

and therefore the glass was not badly contaminated by 

impurities. 	It also showed that any major.  .cracks, due 

to thermal shock, occurred either across the thickness 

of the crucible wall or in the glassy areas remaining in 

some parts of the crucible. 	It was found that although 

nucleation was not uniformly distributed around the 

crucible/glass interface-, enough nucleation developed to 

prodiice crystalline material from which test specimens 

could be machined. 	Some disordered crystalline regions 

were formed both at the bottom of the crucible and at 

the glass/air interface at the top, due to the nucleation 

and subsequent growth of fibrous .orystals at right angles 

to the radial growth. 	Samples of the crucible grown.  

material were examined as described above (sections 2.3.2. 
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and 2.4.1.). 

This intra-crucible growth method was found to be 

suitable for glasses in which the rate-of crystal growth 

is of the order of 1 micron per second, e.g. RW9. 

However when this technique was applied to glasses in 

which the rate of crystal growth is of the order of 

5 microns per second or greater, e.g. RW14, it was found 

that a disordered mass of crystalline material resulted. 

This was apparently due to,crystal nuclei forming in the 

interior of the melt and subsequent spherulitic crystal 

growth from these nucleation sites. 	The nuclei could 

have occurred heterogeneously on small particles of fused 

alumina which had become detatched from the crucible wall 

by the corrosive action of the molten glass and been 

carried into the interior.of the melt by a convection 

current. 	It was also found that 'some of the crystal- 

lization had been distorted from a fibrous, spherulitic 

morphology to a lath type structure due to the relatively 

long heat-treatment times necessary to grow fibres of 

sufficient length, see section 1.4.2. 	Therefore a 

modified zone-heating technique was developed to produce 

longitudinally orientated bend test specimens from the 

glasses in which the crystal growth rate is greater than 

10 microns per second: 

2.6.1. 	HEAT-TREATMENT' SCHEDULES: 

The same heat-treatment temperature was used 

for the RW9 composition, see table 2.2, glass intra-crucible 
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crystallization as for the tile method (see section 2.5.3.). 

Therefore, after removal from the 1450°C furnace and 

cooling to yellow heat (i.e. about 1000°C), the alumina 

crucible containing the RW9 glass was placed into a 

furnace at 1180°C and left for 9 hours after the equi- 

librium temperature had been regained. 	This allowed . 

fibres to grow up to 3cm in length, at the rate of 1 micron 

per second. 	The furnace was then cooled slowly to room 

temperature, as explained in the previous section. 

Figure 2.5 is a diagram of this-heat-treatment schedule. 

2.7. 	PREPARATION OF RODS: 

Maries and Rogers (76) describe a novel technique 

for directional devitrification from a zone of molten 

glass in which a rod of glass of a suitable composition 

is passed through an electrically heated platinum coil. 

The coil is wound in contact with the glass rod in such a 

way that in addition to producing a zone of molten glass 

within the coil, i.e. the viscosity of the glass is reduced 

to about 10 N s m-2, the hot coil also supports the molten 

zone. 	This is necessary as glasses display a continuous 

increase or decrease in viscosity as they are cooled or 

• heated respectively and therefore an unsupported hot zone 

in a conventional type of zone-heating apparatus 

would flow and: distort and.produce a misorientated final 

product.-  

Maries' apparatus can form imm diameter rods containing 

a parallel array of p!-CaSiO3 crystalline fibres from lmm 
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diameter vitreous rods. 	However, an attempt to scale 

up this type of apparatus to produce lcm diameter 

directionally crystallized rods from. RW14 glass rods 

failed for several reasons. 	It yas found. to be necessary 

to use ceramic tube heat shields in order that the coil 

could heat the larger mass of glass sufficiently for it 

to become fully molten, but this caused the glass above. 

the coil to overheat and slump onto and over the coil as 

the rod passed downwards through it and the cooling gradient 

below the coil to change, therefore changing the crystal- 

lization characteristics. 	Since RW14 has a relatively 

high "melting" temperature, i.e. above 1400°C, the 

platinum furnace-wire coil had to be operated near its 

melting temperature, i.e. at about 1700°C (melting point 

of platinum is 1772°C), and any local overheating caused 

the coil to burn out. 	Also, at this temperature platinum 

becomes extremely flexible and the surface tension forces 

in the molten glass between adjacent turns of wire drew 

these wires together until electrical contact was made 

and the coil shorted out. 

It was therefore decided to design and build an 

• apparatus in which a rod of glass could be drawn out from 

the bottom of a heated platinum collar containing molten 

glass and the pulling rate.adjusted so as to allow the rod 

to crystallize in the temperature giadient below the collar. 

2.7.1. 	ROD PULLING APPARATUS: 

The basis of this apparatus is a ten times 
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voltage step down transformer, i.e. a 10 volt, 30 amp 

input gives a 1 volt, 300 amp output, similar to the type 

of transformers used for welding applications. 	The 

terminals of this transformer were modified by bolting 

on 0.4cm thick, 3.5cm wide copper strips. 	These were 

fixed onto the 	of the transformer and fabricated 

such that the terminals are now 3.5cm apart and are about 

10cm in front of the transformer windings, see figure 2.6. 

A platinum cylinder 1.5cm long and 0.5cm diameter was 

constructed from 0.3mm sheet, using a simple overlap seam . 

and spot-welding by having a 0.5cm diameter copper rod as 

the lower anvil. 	The diameter of the collar thus produced 

was limited by the electrical power available from the 

transformer, i.e. a maximum of 400 amps, and this was the 

reason why the diameter of the rods produced by this 

apparatus was smaller than that whioh was ideally required. 

In fact in order to give a 1.5cm long hot zone the collar 

was slit by five equally spaced cuts on each side of the 

seam, leaving enough material at the seam and down the 

strip opposite it to maintain the integrity of the collar. 

The lmm wide slits were made using a small silicon carbide 

wheel. 	This arrangement. gives a collar with about one 

and a half times the electrical resistance of the simple 

cylinder and therefore will reach a higher temperature at 

the'same input amperage., The mass of glass within the 

collar was large enough to eliminate any thermal gradients 

caused by the slits in the collar by convection, and at 

the operating temperatures used the glass was too viscous 
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and had too high a surface tension to flow out of the 

slits. 	This collar was connected to the centre of the 

long sides of two platinum strips 4cm long by 1.5cm wide, 

cut from the 0.3mm sheet, by four small platinum rectangles, 

one at each end of the continuous areas on the collar. 

These were spot-welded to both the collar and the large 

strips, and the centre line of each of the-  strips was also 

spot-welded to the side of the collar.' The large strips 

were bent back on themselves and were clamped onto the 

transformer terminals, thus forming a circuit between the 

collar and the transformer, see figure 2.6. -  

•It is important that all the glass in the collar is 

at the same temperature when heated, since 'if the glass 

at the top of the collar is at a lower temperature than 

that being withdrawn from the bottom the more viscous 

glass prevents the free flow of glass down the collar. 

The current should therefore be fed into the collar along 

the entire side of the collar, as in the design described 

above. 	The double thickness and large areas.  of the • 

platinum strip connectors enabled them to carry large 

currents to the collar whilst not themselves overheating 

and thus dissipating power. 	Even so, it was found that 

the copper terminals were oxidizing at the clamps holding 

the platinum strips due to excess heating and this 

• produced an oxide scale on the copper which increased 

the resistance at the copper/platinum contact and reduced 

the amount of power received by the collar. 	To combat 

this the- ends of the terminals were -water cooled. 
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To protect the transformer and other equipment 

from the radiative heat from the collar, and to ensure 

that the maximum amount of energy is used to heat the 

glass, an alumina tube (Morgan's Refractories Ltd.) heat 

shield is put around the collar. 	The 2.5cm 0.D; tube used 

had two opposed slots machined up its walls such that the 

shield could be slid onto the. platinum strips and extend 

about lmm below the bottom of the collar. • The top 

extended about 5mm- above the collar, and a removable 

alumina lid fitted exactly into the top of the tube, as 

shown in figUre 2.7. 	This size of heat shield allowed 

enough room around the collar to give free access whilst 

loading with glass, yet efficiently conserving heat. 

The amount of power through the collar was controlled 

by a variac, a variable voltage transformer, on the input 

circuit of the large transformer.- Since to maintain the 

collar full of glass at 1450°C required a transformer 

input of about 39 amps at 18 volts, i.e. a collar current 

of nearly 400 amps with a 2 volt voltage drop, it was 

necessary to "double-gang", i.e. connect in parallel, two 

20 amp variacs. 	The input current was measured on a 

0 to 50 amp moving iron ammeter. 	This circuit is shown 

in figure 2.8. 	It was found that the variac control 

was sufficiently sensitive-to set the collar temperature 

to within 10°C. 

The temperture of the glass melt was measured using 

a Leeds and Northrup optical pyrometer which sighted onto 

the bottom of the collar via a.45° mirror placed below 
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the collar. 	With the heat shield and lid in position 

this approximates to black-body conditions and therefore 

a precision of about ± 10°C may be obtained when sighting 

into the mass of the melt. 

A motorised drive unit was constructed so that glass 

could be pulled out of the bottom of the collar at a 

constant, kriown rate. 	This was built by modifying a 

pair of screw driven vernier calipers (Mitutoyo Mfg. Co.); 

as shown in figure 2.7, (77). 	The short length of 

studding and knurled drive nut.  were removed from the 

calipers and replaced by a 20cm length of 6BA studding, 

and the thread guide was now clamped at the far end of 

the vernier scale. 	The shims in the mobile jaw were 

adjusted so as to allow very free movement along the scale. 

The calipers were bolted with the fixed jaw at the bottom 

onto a frame built onto the transformer body, .ensuring 

that they were exactly vertical and positioned slightly 

to one side of the vertical centre-line of the platinum 

collar. 	A ceramic type electrical connection block was 

joined onto the side of the mobile jaw so that one of the 

clamping holes of the block was directly in line with the 

platinum collar. 	Therefore the seed crystal or wire used 

to pull out the glass from the collar could be fixed so 

to be exactly vertical and.to give a straight pull. 

A 66-toothed, 2.5cm diameter "Meccano" gear wheel 

had a 6BA nut fitted coaxially inside the boss, using 

"Araldite" adhesive, ..and this was threaded down the upper 

end of the studding until it rested on.top of the thread 
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guide. 	A "Meccano" 3 to 12 volt D.C. motor and six-ratio 

gearbox was bolted onto the apparatus frame and adjusted 

until a 2mm pitch worm gear engaged with the gear wheel. 

This motor is reversible and its speed can be controlled 

by varying the input voltage. 	A circuit was designed, 

shown in figure 2.9, which allowed remote control of both 

the motor speed and spindle rotation direction. 	The 

capacitor included in this circuit enabled the motor to 

be started, when extra power is needed to overcome the 

initial inertia, even.when the variable resistance is 

adjusted to give only 3 volts across the motor terminals 

(77). 	The double pole switch reversed the polarity of 

the motor terminals and therefore reversed the drive 

direction. . 

By using the gearbox, which is variable between 6:1 

and 60:1, and adjusting the speed of the motor by use of 

the variable resistance, the movable jaw of the calipers 

could be driven downwards at a continuous range of rates 

between 5 and 450 microns per second. 	Of course, a 

corresponding range of speeds could be obtained for the 

upwards motion of the jaw.. (When driving downwards the 

motor and gear assembly are acting as a check against the 

fall of the jaw, i.e. the wire clamp, due to gravity, but 

. when driving upwards the motor is pulling up the jaw as 

the threaded boss of the gear wheel rotates around the 

fixed studding. 	Therefore, there is considerably more 

load on the motor as it is driving upwards compared to the 

downwards drive and so the rates of upwardS movement are 
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all relatively slower.) 

This drive mechanism was calibrated for the downwards 

mode by measuring the distance travelled by the jaw, using 

the calipers own vernier scale, over.a fixed time interval, 

measured using a stop clock, for the full range of gear 

ratios and motor speeds. 	This allowed the pulling rate. 

to be preset to the desired value, but .since an additional . 

' load was introduced by the resistance of the glass to • 

leave the collar, in each case the exact pulling. rate had • 

to beThhecked by timing the duration of the pulling run on 

the stopclock and recording the initial and final readings 

on the vernier scale to'find the distance moved. 

The vibration due to the motorised drive was minimised 

since the apparatus frame was attached to the large mass 

of the transformer. 	Also, since the pulling-wire clamp 

and the platinum collar were connected via the frame and 

transformer, then any transmitted vibration should have 

affected them equally. 

A small, horizontal slit air blast outlet was fitted 

slightly below the level of the bottom of the platinum 

collar, i.e. level with the bottom of the ceramic tube 

heat shield, and between the collar and the transformer 

'coils so as to avoid blowing hot air onto the transformer 

which anyway tended to become warm (about 50°C) during 

operation at full power. 	The air line was equipped with 

a diaphragm reducing valve and a 9 to 2000cm per minute 

rotameter to control and monitor the flow rate. 	The air 

blast increases the thermal gradient below the collar and 
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allows rods to be pulled at fast rates without the glass 

necking off, i.e. the rapid decrease in temperature quenches 

the rod into a rigid glass that does not flow under the 

pulling stress. 	However, this change in the thermal 

gradient also affects the devitrification of the rods. 

The full theory of the crystallization of the rods produced 

by this pulling technique is discussed in section 1.4.3. 

2.7.2. 	PRODUCTION OF RODS: 

After ensuring that the water cooling system 

was operating the transformer circuit was turned on with 

the variac setting at zero volts. 	The voltage was then 

increased in stages so as to maintain the input current, 

measured on the ammeter, at about 35 amps, since as the 

platinum collar heats its resistance increases and therefore, 

at constant voltage, the current would decrease and the 

collar cease to increase in temperature. 	Once the collar 

reached about 1400°C the lid of the heat shield was removed 

and chips of glass, prepared as described in- section 2.1., 

about 2 to 3mm in diameter were poured slowly into the top 

of the collar from a nickel hopper. 	The glass chips 

immediately softened and fldwed so as to fill the collar 

with a .bath of molten glass, but since the removal of the 

heat shield lid and the addition of cold glass caused the 

collar temperature to drop to about 1350°C some of the . 

glass at the bottom of the collar crystallized. 	However, 

once the lid was replaced and the power increased to 

approximately 17 volts, 38 -amps transformer input (about 
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1.7 volts, 380 amps through collar) the melt temperature 

inside the collar reached 1450°C and any crystals melted 

to give clear, bubble free molten glass. .Surface tension 

forces held the glass inside the collar'. 

A length of Pt/13% Rh thermocouple wire, which is 

less susceptible to embrittlement at high temperatures 

than pure platinum, was clamped into the connector block 

so as to be directly below the collar and either a small 

spiral, less than 4mm diameter, made in its upper end or 

twisted around a 2mm square section rectangular block 

"seed crystal" so as to hold it vertically. 	These seed 

crystals were prepared by sectiohing a piece of a RW14 

crystallized tile using a "Capco" diamond slitting wheel 

(see section 2.8.2.) so that square section, rectangular 

prisms were produced in which the 3-CaSiO3 fibre axis ran 

along the long axis. 	Therefore, when a block was positioned 

beneath the collar the fibre axis was vertical and in line 

with the long axis of the collar. 

In order to measure the temperature gradient 

experienced during rod pulling at different rates the 

pullihg wire was replaced by a Pt verses Pt/13% Rh 

thermocouple, arranged with the junction at the top and 

the two wires either vertical, or wrapped around a seed 

crystal (taking care not to short out the wires). 	The 

thermocouple was connected to a pen chart recorder via 

compensating cables. 

Any of the above arrangements acts both as a 

heterogeneous nucleus for the initiation of crystallization 
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and as a means of securing the bottom of the rod so that 

it may be pulled vertically out of the collar. 	The 

motorised drive was turned on at about 200 microns per 

second upwards and stopped when the top of the wire or 

"seed crystal" was about 5mm below the bottom of the heat 

shield. 	The drive controls Were set to give the required 

downwards pulling rate and then again turned on upwards. 

The bottom of the melt was observed through the optical 

pyrometer and as soon as the wire-or block broke through 

the surface tension on the melt the drive was switched • 

from the upwards to the downwards mode: The temperature 

was checked and any necessary adjustment made to the 

"variac". 	The position of the scale vernier as. it passed 

a convenient division was recorded and the timing started. 

Throughout the pulling run the melt temperature was 

checked, and the power through the collar was slightly 

reduced as the collar emptied of glass and therefore its 

thermal capacity decreased. 	The crystallization front 

in the rod was observed, via a suitable filter, to ensure 

that the rod was being pulled out as a glass, supercooling 

and then crystallizing about 3 to 5mm below the collar. 

This is the correct mode of crystallization to ensure 

alignment down the long axis of the rod. 	When the collar 

had been emptied the downwards drive remained on until the 

top of the rod had crystallized and was about 10mm below 

the bottom of the collar, thereby allowing the rod to cool 

relatively slowly as it passed down the temperature 

gradient. 	The drive was turned off, the timing stopped 
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and the exact.pulling rate found after reading the final 

position of the vernier, and the collar allowed to cool 

(the water cooling remaining on until the collar reached 

room temperature). 	When the rod had cooled down the 

pulling wire was removed from the connector block and the 

wire cut off next to the bottom of the rod, or the "seed 

crystal" removed from the wire twist, in order to free 

the rod. 

If the air cooling blast was required to increase the 

cooling rate of a particular. rod this was turned on only 

once pulling had started, as it caused the bottom of the 

melt to cool and crystalliZe inside .the collar, even 

when the bulk melt temperature was over 5000 above the 

liquidus. 

Using the above technique it was attempted to groW 

rods of aligned, p-CaSiO3 fibres using RW14 composition. 

glass, see table 2.2. 	However after using various melt . 

temperatures, the full range of pulling rates possible 

with, and without, air blast cooling, and both wire and 

seed crystal nucleation this was not achieved. 	The 

collar was removed from the apparatus, cleaned by 

immersion in 40% hydrofluoric acid for 24 hours, washed 

and dried using acetone and replaced. 	This investigative 

process was repeated using both RW15 and RW16,.other 

soda-type glass compositions, see table 2.2, but with no 

greater success. 	This problet is discussed in section 

3.1.8. 

Therefore it was decided to try the lime-zinc 
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oxide-silica glass used by Maries and Rogers (76), i.e. 

composition RW17 in table 2.2. 	This was found to be 

far more suitable for rod pulling both in its crystal-

lization and in the manner in which its viscosity changes 

with temperature. 	Using this glass it is possible to 

produce v.ery well aligned, small diameterp-CaSiO3 fibres 

in a matrix of Ca2ZnSie07 	(a synthetic analogue of the 

mineral hardystonite) and some residual' glass, by pulling 

rods at rates above 25 microns'  per second up to about 

60 microns per second, above which rate the rod is cooled 

too quickly for a stable crystal growth front to form and 

therefore a glass rod is formed. 	Up to '60 microns per 

second the crystallization rate equals the pulling rate, 

as is explained in section 1.4.3. 	To grow these!-CaiO3 

rods it was found to be unnecessary to use the air blast, 

but the f3-CaSiO3 block "seed crystals" were' required. 

The optimum melt conditions were found to be to start 

pulling with the melt at 1430°C, but to allow this to 

drop to 1410°C as the glass is removed from the collar.. 

It is very important to ensure that the seed crystal only 

just breaks the surface of the melt before it is pulled 

out or else the bottom of the melt becomes chilled and 

premature crystallization takes place. 

Cooling rate determinations during rod pulling RW17 

at different rates were done using both a thermocouple 

as the nucleation/pulling wire and a "seed crystal" plus 

thermocouple arrangement. 

Reprgsentative examples of the rods produced were 
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examined by X-ray powder diffraction analysis, see 

section 2.4.1., and optically by transmitted light thin 

.sections, see section 2.3.2. 	The results are given in 

section 3.1.8. 

2.8. 	PREPARATION OF MECHANICAL TEST SPECIMENS: 

2.8.1. 	FROM TILES:.  

Strips_about 3cm wide were cut from the middle 

section of the selected tiles using a diamond impregnated, 

tube-slitting wheel. 	The ends of each strip were cut off 

at the point at which the surface crystallization became • 

distorted due to growth from the sides of the tile. 

(The orientation of the 13-CaSiO3 fibre axis can be easily 

seen with the naked eye on sections through both RW9 and 

RW14 composition tiles.) 

A mild steel block, approximately 6cm by 10cm by 5cm 

deep, having its two large faces ground parallel, was 

heated to 150°C on a hot plate and a sheet of plate glass, 

6cm by 10cm,was fixed to one of the ground faces using 

"Lakeside" thermoplastic cement (see section 2.3.2.). 

The slices of tile were stuck by one of the sectioned faces 

on top of the plate glass, using the cement, so as to 

expose the join at the middle of the tile where the two 

crystal growth fronts from the top and bottom surfaces 

met. 	The steel block, etcetera, was allowed to cool and 

then lined up on the magnetic chuck of.a "Universal Rock 

Cutting and Grinding Machine" (model GF3, Impregnated 

Diamond Products, Ltd.) (122) so that the traverse axis 
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of the machine .(the cutting orientation) was parallel to 

the growth front join of the -tile sections, i.e. perpendi- 

cular to the fibre axis. 	Slices were cut along the 

growth front join using a diamond slitting disc type 

DIAIR (Triefus Ltd.) having 180 grit -(about 80 micron) 

diamond chip .embedded. in a bronze bond. 	This. wheel gives 

a cut approximatelylmm wide. 

The strips of tile were now abolit 3cms. wide and 0.5cm 

deep, down the fibre axis direction. 	For the 2cm span. 

three-point bend- tests (see section 2.9.1.) the specimen 

size .used was the length greater.than 30mm, the breadth 

5.0mm•and the depth 2.5mm (73)• 	The tolerance on the 

breadth and depth was plus, or minus, 0.25mm. 	Therefore 

the sections of the tile could be machined, being remounted 

on the cutting block in the required orientations, to 

produce two types of specimen, i.e. a transverse type in 

which the13-CaSiO3 fibre axis runs across the width of 

the specimen, or a perpendicular type in which the fibre 

axis runs down the depth. of the specimen, see figure 2.10. 

The sides of the specimens were left as cut by the slitting 

wheel, but the tension and compression faces, i.e. the 

bottom and top faces respectively, were ground to size 

using first a coarse 200 grit (about 65 microns diameter 

chips) and then a fine 600 grit (15 to 30 microns chips) 

diamond impregnated bronze .peripheral grinding wheels 

type DIAI. 	This gave a standard abrasion treatment to 

• the specimens which, kn theory, should have limited the 

flaw size to'30 'microns assuming that the spedimens were 
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otherwise undamaged. 

The finished specimens were removed from the plate 

glass cutting block and any excess cement removed by 

immersing them for a few hours in methylated spirits. 

When clean they were carefully dried, wrapped in cotton 

wool and placed in a desiccator over magnesium perchlorate 

until they were required for testing. 	Storage in a dry 

atmosphere ensured that the corrosive effect of water 

vapour, particularly on any residual glass areas on the 

surface of the specimens, was minimised. 	Extreme care 

was taken when handling the prepared specimens not to 

damage the ground surfaces, and, indeed, not to fracture 

these specimens which were comparatively weak. 

To enable the bend test apparatus to be calibrated 

using a material the mechanical properties of which are 

known and are reproducible, specimens were prepared in an 

identical manner from the wall of a large diameter "Purox" 

recrystallized alumina tube (Morganite Refractories Ltd:). 

All the short-beam test (4mm span) specimens were 

of the longitudinal type, 	where the fibre axis runs 

along the length of the specimen beam, see figure 2.10, 

and had the dimensions of length 5.0mm or greater, breadth 

2.5mm, ± 0.2 mm, and depth 1.0mm, ± 0.2 mm, (13). 	Due 

to the small size of these specimens they could be cut 

using the "Capco" annular slitting wheel, a very thin 

blade containing a fine diamond grit which gives an accurate 

cut only 0.3mm wide. 	The specimens were mounted on the 

glass cutting block using "Durofix" adhesive (Rawlplug Ltd.) 
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which is easily dissolved using acetone. 

As the "Capco" wheel gives a -good, almost polished 

surface, and due to the fragility of these small specimens, 

only. the tension, i.e. the bottom, surface of the beams 

was given the standard abrasion treatment described above. 

When completed the specimens were cleaned, dried, wrapped 

and stored in the same way as the 2cm span specimens. 

2.8.2. 	FROM INTRA-CRUCIBLE MATERIAL: • 

Specimens for the 2cm span three-point bend 

test were prepared so that the 13-CaSiO3 fibre axis runs 

along the length of the specimen, i.e. longitudinal 

specimens, see figure 2.10. 	The finished didensions 

were - again length greater than 30mm, breadth 5.0mm, 

± 0.25mm, and depth 2.5mm, ± 0.25mm. 

On the section which had already been cut across 

the crucible and its contents to examine the crystallization 

obtained after heat-treatment, the orientation of the 

fibres could be seen. 	The crucible and any redundant 

interior material was cut away using the tube cutting 

wheel. 	The selected fibrous material was mounted on the 

cutting block in the necessary.orientation and cut and 

ground to shape, as described in section 2.8.1. 	The top 

and bottom faces of the specimens were given the standard 

abrasion treatment, and when finished these specimens were 

cleaned, dried and stored in the same way as those fabricated 

from the tiles. 	These specimens were carefully handled, 

of course, but it was noted 'that these longitudinal 

specimens were far less fragile than either the transverse 
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or perpendicular ones. 

2.8.3. 	FROM RODS: 

As the diameter of the rods grown was only 

5mm and the length 15mm or less, the three-point bend . 

test specimen dimensions were.scaled down from a 20mm 

to a 7mm span in the ratio ,of 20:7. - Therefore the 

specimen dimensions were 10mm or greater in length, 

breadth 1.7mm, ± 0.2 mm, and depth 0.9mm, ± 0.2 mm. 

It was also only possible to prepare the longitudinal 

• type of specimen, see figure 2.10. 	Short beam test 

specimens, as described in section 2.8.1. were also 

prepared from the rods. 

Both of these types of specithen were small enough to 

be prepared using the "Capco" slitting wheel and therefore 

only grinding down the tension surface to the standard 

abrasion, for the reasons explained in section 2.8.1. 

The finished specimens were cleaned, wrapped and stored 

in a desiccator as described above, and it was again 

observed that longitudinal orientation specimens are leSs 

fragile than the other types. 

In addition to €he spebimens in which the p-CaSiO3.  

fibre axis ran along the length, specimens for both types 

of test in which ck-CaSiO3 dendrites had the .primary arms 

parallel to the long axis were prepared. 

In order to calibrate the 7mm span bend tests "Purox" 

recrystallized alumina specimens were prepared in an • 

identical manner to the rod specimens. 
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2.9. 	MECHANICAL TESTING: 

2.9.1. 	20mm SPAN THREE-POINT BEND TESTS: 

These tests were performed using a steel rig 

mounted on an "Instron" testing machine. 	The rig was 

fixed by a coupling system containing pin-joints, which 

should have eliminated any non-linearity in the apparatus, 

and was connected to the Instron cross-head and load cell 

in the reversing mode. 	This means that a tension type 

of load cell is used and the apparatus constructed so that 

the block containing the single, upper roller moves 

downwards under the Instron cross-head and applies a load 

to the specimen which is recorded by the load cell as it 

weighs the block containing the two lower rollers. 	A 

diagram of thiS apparatus is shown in figure 2.11. 

The rollers used to test the ceramic materials were 

made of tungsten carbide, a material that has a high 

Young's modulus and does not yield under the loads used 

for these bend tests. 	These rollers were completely free 

to roll along the specimen surface and since the ceramic 

specimens had a high surface hardness and hard rollers 

were used then low rolling friction coefficients should 

have been obtained, (112). 	Friction during testing 

produces longitudinal surface strains in the specimen 

surface and the net effect'is to reduce the total surface 

stress and therefore increase the apparent strength of 

the test material. 	The rollers were fitted into circular 

section slots in steel blocks and were 5mm in diameter. 
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They were carefully aligned so as to be exactly parallel 

and the upper roller positioned exactly over the mid-point 

between the lower rollers. 	The ram containing the upper 

roller was self-adjusting to ensure a uniform contact of 

this roller across the specimen width. 

The Instron was set up, zeroed and balanced to allow 

for the weight of the lower roller block suspended from 

the load cell, and calibrated using standard weights. 	A 

100kg load cell was used, giving a smallest full scale 

deflection of 2kg on the load versus distance travelled 

by cross-head pen chart out-put. 	The cross-head speed 

used was 0.1mm per minute, a slow speed to ensure that the 

correct mode of fracture took place (see section 1.7.3.), 

and the chart speed was selected at 50mM per minute to 

enable the slope and shape of the load versus deflection 

curve to be measured accurately. 

Before testing each specimen was marked with a coloured 

stripe on both extreme ends of the compression face. 

After fracture this enabled the fracture faces to be 

identified and correctly interpreted and the colour 

indicated the type of material tested. 	The specimens 

were also numbered so that they could be matched with the 

correct load versus deflection curve. 	Care was taken 

to line up each specimen exactly at right angles to the 

rollers. 

After testing the breadth and depth of the specimens 

were measured with a micrometer screw gauge accurate to 

0.01mm each side of the fracture surface, and each specimen 
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was wrapped in cotton wool and stored in a desiccator in 

order to keep the fracture surfaces as fresh as possible 

until they could be examined under the scanning electron 

microscope. 

2.9.2. 	7mm SPAN THREE-POINT BEND TESTS: 

These tests were performed in a similar manner 

to the 20mm span tests, but a smaller, table-top type of 

Instron was used and the small three-point test rig was 

not fitted with' rollers. 	Instead the arrangement shown 

in figure 2.12 was used. 	In'this hardened steel knife 

edges transmit the load to the specimen, the top knife 

edge being located above the mid-point between the two • 

lower edges by means of two locating pins. 	This rig was 

connected to the Instron by a reversing apparatus, as 

described in section 2.9.1., the load being transferred 

from the upper ram to the top knife edge via a steel ball 

bearing which ensured that no twisting or wedging moments 

were transmitted to this knife edge. 	In order to minimise 

the frictional forces on the specimen both the top and 

bottom knife edges were covered with "Teflon", polytetra-

fluoroethylene, tape, a material with an extremely low 

frictional coefficient. 	This tape also served to retain 

the pieces of the specimens after fracture, as small, 

brittle specimens tend to "fly off" the lower knife edges 

at the moment of fracture and are easily lost. 

The 7mm span specimens were marked, measured and 

stored after testing in the same way as those tested in 
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the 20mm span apparatus, as described in the previous 

section. -  

2.9.3. 	SHORT BEAM TESTS: 

The three.-point bend test apparatus used for 

the 7mm span tests was set up exactly as described in the 

previous section except that the lower knife edges were 

replaced by a set with a span of only 4mm, see figure 2.12..  

The short beam tests were conducted in exactly the same 

way as the bend tests, but in addition to the dimensions 

of the fractured specimen the type and position of the 

fracture was also recorded,"in accordance with the 

recommendations in ASTM D2344-72. 	"Teflon" tape was 

again used to cover the knife edges and the tested specimens 

were wrapped and stored, as described in section 2".9.1., 

prior to examination in the scanning electron microscope. 

The tests were carried out at an Instron cross-head speed 

of 0.1mm per minute (13). 

2.10. 	SCANNING ELECTRON MICROSCOPY: 

. 	The fracture surfaces of selected specimens, i.e. 

an example of the strongest and weakest specimen of each 

material for each type of mechanical test, were mounted 

on aluminium stubs using "Durofix" adhesive and stored 

in a vacuum desiccator for one day. 	The stubs were then 
o 

coated with a 100A layer of vacuum deposited gold. 	This 

produced a conducting' layer over the non-conducting ceramic 

specimens• which provided electrical contact with the 

aluminium stub without obscuring the details. of the fracture 
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surface. 

The prepared stubs were examined using a Cambridge 

Stereoscan 600 scanning electron microscope using the 

reflected electron mode. 	Photographs•of representative 

regions and any special features were taken at suitable' 

magnifications up to a maximum of two thousand' times. 

2.10.1. 	ELECTRON PROBE MICROANALYSIS: • 

This technique could only be applied to the 

RW9 composition specimens as the other compositions gave 

too fine a microstructure on devitrification, i.e. the 

diameter of the fibres and inter-fibre distance are smaller" 

than the limit of resolution of the instrument (about 

10 microns). 	Another problem with the crystallized 

glasses containing Na20 in the residual glass is the high 

mobility of the Ns*  ion which results in the X-ray intensity 

for this species changing as a function of time when an 

electron beam remains stationary on a glass specimen, with 

an accompanying change in the intensities observed for 

.other atomic species in the glass (123). 

The RW9 composition specimens included both tile and 

crucible grown material. 	Small chips of material were 

embedded -in cold setting plastic so that the fibre'axis 

ran in the plane of the exposed surface. 	The specimens 

were ground on coarse (180 grade) and fine (600 grade). . 

silicon carbide wheels and then polished on an automatic 

polisher using successively 6, 3 and 1 micron diamond 

pastes. 	Optical micrographs were taken of these specimen's, 
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see figure 3.73, prior to them being coated with an 

electrically conducting carbon film. 	The specimens were 

analysed on the microprobe and the.  results were obtained 

as a pen chart record of a line scan taken as the beam 

traversed at right angles to the fibre axis of the specimen. 

2.11. 	DILATOMETRY: 

An automatic recording dilatometer was used to 

measure the thermal expansion characteristics of the 

materials studied. 	Specimens were prepared in the form 

of rectangular prisms approximately 5mm by 5mm in section 

and up to 15mm in length, by cutting using the accurate 

"Capco" diathond slitting wheel (see section 2.8.1.). 

Examples froM all thesynthetic calcium metasilicate 

materials which had been mechanically tested were prepared, 

together with specimens of the original, uncrystallized 

glasses and, in the case of the RW14 material, a glass of 

approximately the same composition as the inter-fibre 

residual glass (see table 2.2). 	Specimens were also made 

up from a piece of unidirectionally aligned, fibrous 

wollastonite, sample number BM 1913, 253 obtained from 

the British Museum (Natural History). 	In all cases of 

specimens fabricated from the materials containing parallel 

fibres, or parallel primary dendritic arms, examples in 

which the fibre axis is aligned both along and exactly at 

right angles to the specimen long axis were prepared. 

One end of each specimen was carefully ground into an 

approximate hemisphere on a fine silicon carbide wheel, 
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and the length of the finished specimen was measured 

using a micrometer screw gauge. 	The specimen was placed 

in the dilatometer so that one end of a-horizontal silica-

glass thrust-rod bore on to the square end whilst the curved 

end rested against the end of an outer silica-glass tube. 

This system provides a self-aligning, point contact between 

the specimen and the measuring mechanism, thus avoiding the 

necessity of'accurate alignment. 	A Pt./Pt.Rh. thermo- • 

couple junction was poSitioned over the specimen and the • 

specithen, support tube, thrust-rod and thermocouple assembly 

was placed inside a draught-free Kanthal wound furnace. 

The dilatometer furnace was fitted with'a cam-type 

temperature controller which allowed the expansion to be 

measured over complete heating and cooling cycles at the 

linear rate of 2°C per minute, when the maximum temperature 

was set at 650°C. 	The thrust-rod emerged from-the furnace 

and was connected to a linear variable differential 

transducer. 	This transducer was supplied with a constant 

voltage of exactly 10 volt so that a 22mV output from the 

transducer was equivalent to 2.54 x 10 5m movement of the 

thrust rod. 	This output from the transducer was recorded 

on a .two pen chart recorder, together with the output from 

the specimen thermocouple. 	An automatically adjusting 

back-off unit was connected to the transducer output to 

allow a sensitive scale to be used on the recorder, yet 

not be distorted due to any drift in the "constant" voltage. 

This circuit is shown in figure 2.13. 

Control, "blank-run" experiments were made periodically, 
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in which the end of the thrust-rod bore directly onto the 

end of the outer support tube, and these enable the 

dilatometer results to be corrected for the changes in 

dimension of the silica-glass system with temperature. 

It is also necessary to add the small additional expansion 

due to the expansion of the silica-glass outer tube, which 

'extends the length of the specimen beyond the thrust-rod, 

to the result obtained for that particular specimen. 

When all these corrections are applied it is possible to 

find the expansion of a 10mm long specimen to within 

1.2 x 106 m. 

2.12. 	MODAL ANALYSIS BY POINT COUNTING: 

Modal analysis by point counting is widely used . 

in quantitative petrographic studies, but it is usually . 

applied to rock structures which do not display any marked 

preferred orientation. 	However, Chayes (124) has proved 

that this technique can be applied to banded* rocks, i.e. 

rock composed of alternating bands of different modal 

composition, and provided that certain conditions are 

fulfilled, then the areal proportions found on measurement 

of a section will lead to consistent estimates of the 

volumetric proportions. 

Chayes states that the measurement area should be at 

a high angle, and preferably normal, to the plane of the 

banding, in order to include as many bands as possible in 

the area. 	He then demonstrated how the inclination of 

the bands to the modal analysis grid affected the relative 

.proportions of the bands included inside the grid, and 
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found that if one corner of the measurement.grid area 

coincides with a band boundary and the bands. are inclined 

at any angle between 30° and 50° to the shorter side of 

grid then the banding introduces no bias into the sample. 

The banding does however make a small contribution to the 

random variation (or analytical error) of the method, but 

even this may be greatly reduced by the size of the 

measurement area being large compared to the band width. 

Therefore, when it was desired to find the volume 

per cent of fibres, and any other phases, present in the 

materials on which mechanical tests had been performed, 

thin sections were prepared (see section 2.3.2.) in which 

the fibre axis orientation was approximately 45° to the side 

of the glass slide. 	(In these analyses it was assumed 

that the fibre and inter-fibre regions.of the materials 

constituted a banded structure.) 	The sections were 

examined on the polarizing microscope to which an automatic 

stage, Swift point counter had been attached. 	The fibre 

orientation was measured using the rotating stage. 	The 

point counter stage moved the slide in 0.05mm steps along 

a traverse axis parallel to the long side of. the glass 

slide. every. time a counter button was depressed. 	A set 

of counters allowed a different one to be used for each 

phase whilst one kept the overall total of counts as a 

check. 	An'eyepiece containing cross-hairs was used and  

the grid points were taken as the intersection of these. 

As the slide was moved under the cross-hairs the button 

corresponding to a particular phase was pressed. if that 
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phase came to rest under the intersection, thus moving 

on the slide to the next grid position. 	At the end of 

a traverse the stage was returned to the. other edge of 

the section and the slide moved 0.33= parallel to the 

short side of the glass slide before beginning another 

traverse. 	In this way a grid of points was built up and 

the average measurement area was about lcm by 2cm. 	Since 

the average fibre diameter in the calcium metasilicate 

materials is about 10 microns, and.the inter-fibre distance' 

even less, (see section 3.1.) then Chayes 1  conditions are 

fulfilled. 

The counts for the individual phases were calculated 

and placed over the total numbet of counts to find the 

volume percentages for each phase. 

The reliabilities of the percentages calculated were 

found using the chart devised by Van de Plas and Tobi (125). 

This chart is based on the standard deviation, and the 

.operator error, due to mis-identification of phases, etc., 

usually much smaller than the counting error, introduced 

during estimation of areal fractions, is not considered. 

The standard deviation is given by: 

Cr' -/P(100  - p) 

n 
where: 

0-= the standard deviation 

p = the true percentage composition 

P = the calculated percentage composition 

.n = the total number of points counted. 
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The 95% confidence limits are: 

p ± 2a' 

and this and the corresponding relative 20- values are 

plotted on a chart of n versus P. 	Thus knowning n and 

P for any phase in any section the reliability of the 

modal analysis can be found. 



Table 2.1 : Materials used in the preparation of glasses 

Material Manufacturer Grade 	. Drying 
Temperature 

°C 

Mean 
Particle Size 

x 106m 

A1203  Hopkin and Analar 1000 • 4 
. 	Williams Ltd. . 

CaCO3 British Drug Analar 150 ' 	5 
Houses • 

CaF2  British Drug Extra. Pure 150 5 
Houses • 99.9% Pure 

• 
Na2CO3  Hopkin and Analar . 150 120 

Williams Ltd. . . 

Si02  Thermal Crushed Brazilian 	. 1000 225 . 
Syndicate Ltd. Quartz  

Analysis:  
. Na 	4 	' 	Ppm. , 

Mg 	0.026 	ppm. . 
Fe 	0.074 	ppm. 
Ca 	0.07 • 	ppm. 
Cu 	0.4 	ppm.  
B 	0.05 	ppm. 
Sn 	0.023 	ppm. 
Al 	5 	ppm. 

, . • 

ZnO . Hopkin and 
Williams Ltd. 

Analar 
. 

600 	• 
• 

300 
• 



Table 2.2 : Glass compositions 

Glass Weight % Composition Mol. % Composition 
5102 Ca0 A1203  ZnO Na20 CaF2  Si02  Ca0 A1203  ZnO Na20 CaF2  

RW 1 60.0 30.0 10.0 61.2 32.8 6.0 
RW 2 53.0.  32.0 15.0 55.1 35.7 9.2 
RW 3 48.0 36.0 16.0 50.0 40.2 9.8 
RW 4 55.0 35.0 10.0 55.9 38.1 6.0 
RW 5 60.0 32.0 8.0 60.6 34.6 4.8 
RW 6 60.0 31.0 9.0 60.9 33.7 5.4 
RW 7 55.0 32.0 13.0 56.7 35.4 7.9 

RW 8 52.9 30.8 12.5 3.8 55.0 34.3 7.7 3.0 
RW 9 50.9 29.6 12.0 7.4 53.5 33.3 7.4 5.7 

RW10 50.0 42.5 7.5 48.6 44.3 7.1 
RW11. 50.0 45.0 5.0 48.5 46.8 4.7 
RW12 55.0 40.0 5.0 53.6 41.7 4.7 

RW13 49.2 41.0 5.0 4.8 48.8 43.6 2.8 4.8 
RW14 55.0 35.0 5.0 5.0 54.9 37.4 2.9 4.8 

RW14 
Residual 64.0 17.0 19.0 69.2 10.8.  19.9 

RW14F 54.7 29.9 4.3 4.3 6.8 55.4 32.5 2.6 4.2 5.3 

RW15 50.0 40.0 10.0 48.4 42.1 9.5 
RW16 52.5 40.0 7.5 51.0 42.2 6.8 

RW17 50.0 30.0 20.0 51.2 33.4 15:4 
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Fig. 2.8 Transformer circuit. 

Fig. 2.9 Motorised drive circuit. 
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Fig. 2.11 Schematic diagram of the 20mm span bend test 
apparatus, key overleaf . 
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KEY TO FIG. 2.11 

A 	Tension load cell 

B Instron cross-head 

C 	Instron lead screws 

D Self centering joint 

E Upper part of test apparatus 

• Tungsten carbide rollers in steel slots 

G Specimen 

H Base of Instron 

KEY TO FIG. 2.12 

A 	Tension load cell 

B Instron cross-head 

C 	Instron lead screws 

D Ball bearing 

E Upper part of test apparatus 

F 	Steel knife edges 

• Specimen 

H PTFE tape 

I 	Base of Instron 
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MINIREG 

5.6 	22 
OHMS 	OHMS 

169 

0 	 

	 E 

CONTROLLER 

0 	 

EUROTHERM 

o2 

3 

0 + 	 CAM 

TIC 
	T/C CONTROLLER 

4. o 0- 
240v A.C. 

	

L +o 	 
T/C 

	

-o 	 
N 

FURNACE 

TRANSDUCER 
OUT OUT 
+ o o- 

+ o 	o- 

IN IN 	o - 
D.V.M. 

	o+ 
+ o o - 

T/C 

PENCHART 
RECORDER 

Fig. 2.13 	Dilatometer circuit. 



170 

CHAPTER 3 

RESULTS AND DISCUSSION 

3.1.*. CRYSTALLIZATION CHARACTERISTICS OF THE GLASS  

COMPOSITIONS: 

The compositions of the glasses discussed in this 

section, expressed both as, weight per cent and moles per 

cent; are listed in table 2.2. 

In order to facilitate the interpretation of the 

powder X-ray diffraction patterns obtained from devitrified 

samples of these glasses, the patterns given by the mineral 

species which may appear were found. 	Those of wollastonite, 

pseudowollastonite, and anorthite were prepared by taking 

an X-ray powder photograph of a sample of the mineral, as 

described in section 2.4.1., and this ensured that any 

aberration in the camera influenced a sample X-ray 

photograph and that of the "standard" mineral equally. 

However pure samples of devitrite, NaaCa2Si30q, and 

hardystonite were not available and therefore the patterns 

for these minerals where found in the Powder Diffraction 

File (121). 	For each mineral the normalised peak 

intensity expressed as a percentage, either found from 

measurement of microdensitometer traces or directly from 

the index cards, was tabulated with the corresponding • 

d-spacing of the planes of the crystal structure; see 

tables 3.1 to 3.6, and also expressed diagramatically in 
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figures 3.1 to 3.6. 

The crystallization of glass compositions RW1 to 

RW14F inclusive was investigated by the heat-treatment 

techniques described in section.2.3. 

3.1.1. 	COMPOSITION RW1: 

From the investigation of crystal growth rates 

in the Ca0-A1203-5102 ternary system made by Kumm and 

Schol•ze (126) composition RW1 was chosen as having a 

relatively low liquidus temperature, about 1340°C, and 

giving CaSiO3 as the primary devitrification product. 

From the Ca0-A1203-Si02  phase diagram (127), see figure 

3.7, this composition is found to be on the silica rich 

side of the CaSiO3 phase field. 	Glasses with high silica 

contents tend to have high viscosities (19, 118) and 

therefore slow rates of crystallization (see section 1.4.1.), 

and this is in agreement with Kumm and Scholze's data. 

RW1 was found to require 18 hours at 1080°C to 

produce a 3.5mm depth of crystallization, i:e. approximately 

0.025 microns per second. 	This surface nucleated 

crystallization was composed of coarse, spherulitic-type 

fibres up to about 30 microns in diaMeter, as is shown in 

the photomicrograph of a thin section of this sample, 

figure 3.8. 	Although this sample shows a straight crystal/ 

glass interface the fibres are not well aligned due to the 

large distance between the developed surface nuclei , i.e. 

about 100 microns apart, which allows the fibres to fan 

out into a "cone", i.e. a three-dimensional segment of a 
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spherulite, before mutual impingement allows only -those 

fibres orientated within 50  each side of the perpendicular 

to the sample surface to continue to grow, i.e. the 

transcrystallization mechanism (see section 1.4.2.). 

The X-ray data obtained from the same sample, 18 hours 

at 1080°C, are given in table 3.7 and figure 3.9. 	From 

this it is seen that I)-CaSiO3 is the primary devitrification 

product but that approximately one third of the'total 

crystallization is made up of CaAl2Sig0a, a synthetic 

analogue of the mineral anorthite. 	The relative propor- 

tions of the crystallization products were estimated from 

the relative sizes of the maximum I/I0  values of each phase, 

an inaccurate method which neglects the effects due to the 

background scatter from any residual amorphous phase and 

the effect of any solid-solution in either, or both, phases 

altering the structure-factors of the crystal lattice and 

hence the intensities of the diffracted X-rays, (120). 
• 

(An accurate, quantitative determination of the relative 

amounts of the crystalline and glass phases in a glass-

ceramic can only be made by X-ray methods when an X-ray ' 

diffractometer is used and a number of assumptions which 

must be verified for each material, tested (128, 129).) 

This glass showed no evidence of the formation of 

internal nuclei at any of the heat-treatment temperatures 

used during the investigation. 

3.1.2. 	COMPOSITION RW2: 

Samples of RW2 composition glass were heat-

treated in the temperature range 1000°C to 1075°C for 
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various times between 1 and 71 hours. 

All the thin sections made from these samples show 

surface nucleated, fibrous crystallization, but the fibres 

are not in parallel alignment. 	Instead the fibres are 

branched and distorted so that they have' a "feathery" • 

appearance. 	On analysis of the X-ray data obtained from 

a typical sample it was found that CaAlaSi208  was the 

dominant phase whilst p-CaSiO3 only constituted about 40% 

of the total crystallization. - RW2 is in the primary 

ck-CaSiO3 region in the liquidus projection of the Ca0- 

A12037Si02  phase diagram (127), but it is close to the 

boundary with' the CaAl2Si208  region (see figure 3.7), and, 

of course, the limits of these regions maybe altered for 

transformations at sub-liquidus temperatures. 	(Since 

the devitrification of a glass is a transformation from a 

non-equilibrium state to the equilibrium state at the 

particular temperature concerned, then an equilibrium 

phase-diagram, which is constructed such that each compo-

sition is in its equilibrium state at all temperatures, 

can never give an exact forecast of the products of 

devitrification.) 

From the above information it appears that although 

/3-CaSiO3 is the primary phase, i.e. on crystallization it 

was the first phase to nucleate and grow into the glass, 

since the "spherulitic" type of crystallization only occurs 

in growth from the melt (see section 1.4.2.), the CaAlaSiaOB 

phase rapidly nucleates on the developing fibres and the 

growth of this secondary phase distorts these fibres. 
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At 1020°C the growth rate in this composition was found 

to be about 0.02 microns per second. 

3.1.3. 	.COMPOSITION RW3: 

This was an attempt to produce a totally 

crystalline material, i.e. a material containing no 

residual glass after crystallization. 	This composition 

lies on the compatability join (pseudo-binary) between 

cL-CaSiO3  and CaAlaBia0B, on the pro-d..-CaSiO3  side of the 

1307°C eutectic, as shown on the. liquidus projection phase 

diagram, figure 3.7. 

Small samples were heat-treated at temperatures between 

1045°C and 1075°C for times up to 72 hours, and in these 

well aligned fibres grew, i.e. transcrystallization 

occurred almost immediately as the surface nuclei are 

spaced at only about 20 microns (see section .3.1.1.), and 

unbranched fibres approximately 15 microns in diameter were 

formed. 	In those samples heated for too long a time the 

fibres nearest the surface, i.e. those which grew first, 

became distorted into lath-type shapes (see section 1.4.2.). 

The X-ray analysis of a typical sample, table 3.9 and 

figure 3:11 shows that the crystallization produced 

approximately equal amounts of 13-CaSi05 and CaAlaSia08. 

However, when tiles of RW3 composition were fabricated, 

as described in section 2.5.2., and heat-treated for 18 

hours at 1040°C, the crystal growth rate - being 0.1 microns 

per second at this temperature, the material produced was 

found, on observing thin sections prepared from pieces 
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cut from all parts of the tiles, to have a network of fine 

cracks running through it. 	The cracks run at 45° and 

135°.to the tile surface and therefore form a mutually 

perpendicular lattice pattern. 	The cracks are 50 microns 

wide and run through both the fibres and inter-fibre, 

secondary crystallization, as shown in the photomicrograph 

figure 3.12. 

This cracking is thought to be due to the complete 

absence, or at most the presence of only a small amount,' 

of residual glass in this material. 	When other compo- 

sitions were made up into tiles this type of cracking was 

not found, whether the inter-fibre matrix was crystalline 

or glass, and all these compositions must have contained 

a proportion of residual glass' from a consideration of their • 

compositions and those of the crystals formed. 	A tile 

cooled from a high temperature may contain permanent stresses 

between adjacent "layers", even if cooled moderately slowly, 

due to the thermal gradient built up across the relatively 

large cross section as the exterior cools more rapidly than 

the interior. 	The magnitude of these stresses for a given 

rate of cooling will depend mainly upon the expansivity, 

thermal conductivity and elasticity of the materials 

constituting the tile. 	However if the tile contains a 

significant amount of residual glass then at all temperatures 

above the glass transition temperature Tg this glass is 

capable of stress relaxation and permanent stresses cannot 

build up in the material, i.e. above Tg the glass behaves 

as a viscoelastic solid (see reference 19). 
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From the spalling tests performed on refractory 

bricks'(130) it has been found that both shear stresses 

and tensile stresses build up in a large body during 

cooling. 	If the body is suddenly cooled its surface 

tends to contract but. this contraction is prevented by 

the interior of the body which is still at a higher 

temperature. 	Therefore tensile stresses are set up in 

the cooler, surface material, and, if the tensile strength • 

of a brittle material is less than the shear strength, the 

body will fail in tension by cracks running at 90° to the 

sides. 	However, if the' cooling is not sufficiently rapid 

• to produce tensile failure the shear stresses built up in 

the body may still cause sudden failure. 

Figure 3.13 represents an isothermal plane ab in a 

portion Of a heating or cooling tile at a given instant 

of time. 	The temperature of the plane ab is T and that • 

of another isothermal plane_dx distant is T + dT, i.e. the 

temperature gradient is dT/dx. 	The normal plane cd cuts . 

the isothermal surfaces at a neutral point of shear. 	The 

distance between planes cd and ef along ab is si but unde 

the existing conditions ef cuts. isothermal T + dT at a 

distance s + scidT from cd, where a. is the coefficient of 

linear expansion. 	The shear strain may be measured as 

the deflection of one plane relative to another divided 

by the distance between them, i.e. shear strain = 

(sddT)/dx = sddT/dx and therefore, 

shear•. stress = EscidT/dx 

where E is the elastic modulus of the material. 	The 



177 

shear fracture should occur at 45° to the isothermal. 

This shows that the magnitude of the shear stress built' 

up on cooling a tile relatively slowly is proportional to 

the dimensions of the tile, the coefficient of expansion 

and the temperature gradient which is itself dependent on 

the cooling rate and the thermal conductivity of the 

material. 

Some of the RW3 composition small samples did not 

show the 45° cracking as their dimensions were not large 

enough for the shear stress built up to exceed the shear 

strength of the material, but others were found to be 

cracked and in these the rapid cooling rate could have 

caused large shear stresses to occur. 	RW3 devitrified 

material should have a relatively low thermal conductivity 

of the order of 3J s' m 010), a typical value for a 

glass-ceramic. 	The above reasons, and the fact that the 

cracks are orientated at 45° to the tile surface (the 

isothermal planes will be parallel with the exterior 

surfaces of the tile), suggests that the cracking of the 

RW3 tiles is due to the shear stresses produced during 

cooling which cannot be relieved in this nearly perfectly 

elastic material. 

3.1.4. 'COMPOSITIONS RW4, RW5 and RWS: 

In order 'to eliminate the cracking farmed 

durihg the cooling of RW3 tiles, compositions containing 

a higher percentage of silica were made up. 	It was 

expected that these would contain about 20*, a relatively 

large amount, of residual glass after crystallization and 
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would therefore be sufficiently viscoelastic at high 

temperatures to avoid the build up of thermal stresses. 

Composition RW4, shown on the phase diagram (figure 

3.7), is reported in Kumm and Scholze's data (126) to have. . 

a liquidus temperature of 1371°C. and to give CaSiO3 as the 

primary phase on denitrification. 	However it was found 

to be impossible to completely fuse this composition to 

give a clear, homogeneous glass. 	Similarly, composition 

RW5 (shown on figure 3.7).  could not be melted'and cast 

into a homogeneous, bubble-free block although the silicon 

carbide furnace elements were heated to 1490°C giving a 

furnace hearth temperature of at least 1450°C. 	The 

reported liquidus temperature of this composition is about 

1360°C, but the problem with these high silica content 

glasses is their high viscosity (see section 1.2.) which 

means that they must be at a high temperature to flow 

easily when poured. 

Composition RW6, see figure. 3.7, is further away 

from the CaSiO3 composition, which shoUld give a smaller 

proportion of 13-CaSiO3 on crystallization, than either.  

RW4 or RW5 but it has a lower liquidus temperature and 

could be cast into a .homogeneous, bubble-free glass from .  

a hearth temperature of about 1435°C. 	Heat-treatment of 

RW6 samples between 950°C and 1077°C foi- times up to 

66 hours gave surface nucleated crystallization composed 

of misaligned fibres. 	A tile was prepared as described 

in section 2.5.2. and heattreated at 1025°C for 66 hours, 

as the growth, rate at this temperature is about 0.02 microns 
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per second. 	This gave a tile which showed evidence of 

coarsening and recrystallization of the fibres which had 

been the first to form from the melt, a result of the long 

heating time required to complete the crystallization at 

the centre of the tile. 

The RW6 tile contains about 20% of residual glass, 

assuming the maximum amount of the crystalline phases of 

exactly stoichiometric composition, and no cracking was 

visible in this tile. 	However due to the relatively high 

viscosity of RW6 glass the crystal growth rate was very 

slow (see section 1.2.), and although the individual fibres 

are fine (about 10 microns diameter) the surface nuclei are 

very widely spaced (about 100 to 300 microns apart) and 

this allows divergent cones of fibres to develop. 	The 

fibres are therefore orientated up to 20° away from the 

normal to the tile surface and the material cannot be 

regarded as unidirectionally crystallized. 	The X-ray 	. 

data, figure 3.14 and table 3.10, show that the denitrifi-

cation is composed of approximately 60% p-CaSiO3 and 

40% CaAl2Si208. 

3.1.5. 	COMPOSITIONS RW7, RW8 and RW9: 

Composition RW7, see table 2.2, was chosen 

as a compromise between RW3 which gives unidirectionally 

crystallized fibres but contains trans-fibrillar cracks 

(see section 3.1.3.) and RW6 which is not cracked after 

crystallization but in which the fibres grow in cones and 

are therefore misaligned (.see section 3.1.4.). 	From the 

phase diagram, figure 3.7, it can be seen that RW7 has a 
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liquidus temperature of 1310°C, and so this composition 

could be fused and cast into a clear, bubble-free glass. 

On devitrification at 1020°C two types of crystal 

lization were observed. 	On surfaces which had been 

abraded, as described in section 2.5.1.,c1,-CaSiO3 nucleated 

and grew in the form of primary dendrites (i.e. needle-like 

morphology) at the rate of 0.02 microns per second. 	The 

results of the X-ray analysis of this material are shown 

in figure 3.15 and table 3.11, and these indicate that 

approximately 10% of the total crystallization is CaAl2S12.08, 

precipitating as the secondary phase. 	On smooth surfaces 

transcrystallized p-OaSiO3 ,spherulitic fibres, nucleated 

at sites spaced about 50 microns apart on the surface, 

grew at the rate of 0.006 microns per second. 	The X-ray 

analysis from this material, see figure 3.16 and table 

3.12, reveals that it consists .of nearly equal proportions 

of 13-CaSiO3 ,011.-CaSiO3  and CaAleSia08. 	The high 

proportion of J.-CaSiO3 was due to the inclusion of some 

of the crystallization which had nucleated and grown from 

surfaces abraded by the action of the diamond saw used 

during the preparation of the small sample (see section 

2.2.). 

The alpha/beta transition in calcium metasilicate 

is usually quoted at around 1120°C, although solid-

solution could alter this temperature (see section 1.5.1.). 

However, assuming_that p-CaSiO3 is the equilibrium phase 

at 1020°C, then the driving force for nucleation (i.e. the 

difference in free energy between the glassy state and .the 
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crystalline phase) of p-CaSiO3  will be greater than that 

for the nucleation of .1-CaSiO3. 	This may result in 

13-CaSiO3  nucleating on a smoother surface than ol-CaSiO3, 

but since ri-CaSiO3  has a much slower growth rate than 

o[-CaSiO3  then on a rough surface on which both can nucleate 

the faster growing phase dominates the crystallization. 

The relatively rapid growth of d,7CaS103  may be due to 
6- 

having Si30,4 groups in the crystal structure, ions which 

could be already present in the RW7 glass (see sections 

1.2. and 1.5.1.). 	The crystal structure may also explain 

whyd-CaSiO3. precipitates dendritically whereas 13CaSiO3 

forms spherulitic fibres. 	In section 1.4.2. the effect 

of viscosity on the morphology of crystals was discussed. 

At 1020°C the glass viscosity.  ,should be uniform, and both 

the calciuM metasilicate polymorphs are therefore growing 

from identical melts. 	However, the amount of structural 

rearrangement in the glass necessary to orientate the 

molecular species such that they may join into the crystal 

lattice is different for the two structures. . As already 

stated Si30q ions may join the c&-CaSiO3 structure directly 

from the glass without breaking an Si-0 or other strong 

bonds, i.e. only reorientation of existing structures is 

required for crystal growth. 	The ,-CaSiO3 structure 

(see section 1.5.1.) requires that the "backbone" silica 

tetrahedra are arranged at the correct angles and that 

each tetrahedron is linked to only two others, since this 

is a chain type of silicate, and therefore the silica 

tetrahedra network in the RW7 glass structure must be 
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broken down for crystallization to proceed. 	This means 

that bonds must be broken and tetrahedra rotated in 

addition to simple reorientation, and therefore the 

effective viscosity of the glass is greater for the growth 

of J-CaSiO3  as more energy is required to adapt the 

existing glass structure to the crystal structure. 

Figure 3.17 and table 3.13 show the X-ray data 

obtained from a piece of an RW7 composition tile produced 

by a heat-treatment of 54 hours at 102000. 	This consists 

of about 40% p-CaSiO3, 50% CaAlaSi208  and 10% ck-CaSiO3, 

the small amount of the alpha phase is due to the tile 

surface being smooth and there being no surfaces cut by 

a diamond saw. 	However the prolonged heat-treatment 

required to crystallize the full depth of this tile resulted 

in the fibres near the surfaOe recrystallizing. 	This is 

shown in figure 3.18 in which the parallel 10 microns 

diameter fibres are seen alongside a dark region of lath- 

type, recrystallized material, see section 1.4.2. 	It 

was decided that as the 13-CaSiO3 crystallization obtained .  

in RW7 was the best aligned and least cracked or deformed 

obtained in the Ca0-A1a03-Si02 system then this composition 

should form the basis for the production of mechanical, 

and other test,. specimens. 	However the crystal growth 

rate in RW7 glass is too slow to grow fibres of sufficient 

length, i.e. about 5mm. 

Rogers and Williamson (17) studied the effect of the 

addition of a small amount of zinc oxide on the crystal 

growth rate in an aluminosilicate glass of very similar 
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composition to RW7. 	They found that the presence of a 

few weight per cent of zinc oxide in the base glass gave 

a large increase in the crystal growth rate, a linear 

relationship being discovered between the square of the 

zinc oxide content and the growth rate for each crystal- 

lization temperature. 	The activation energies for 

crystallization (see section.3.2.1.) ranged from 560 kJ mol 

for the base glass to 280 kJ mol l  for the base glass plus 

8 wt % ZnO (i.e. 8-g 4n0 added per 100g of base glass). . 

At low zinc oxide concentrations this activation energy 

corresponds to that for viscous flow in the base glass at 

the crystallization temperature and confirms that'a 

substantial rearrangement of the structure of this type 

of glass is required for the growth of p-CaSiO3. 	As zinc 

oxide is added the divalent Zn
z+

ions take up modifying 

positions, and hence breakup the network of silica 

tetrahedra in the glass structure. It therefore requires 

progressively less rearrangement for the growth of the 

p-CaSiO3 chain-type silicate from the glasb and the 

activation energy is correspondingly reduced.' 

RW8 composition was made up by the addition of zinc 

oxide to RW7 base glass, in the ratio 4g per 100g glass, 

and giving this mixture two melts to homogenise the new 

composition. 	RW8 calculated composition is given in 

table 2.2. 	This glass was easily cast after the final 

melt since the addition of zinc oxide acts to reduce the 

viscosity as it breaks up the network structure in the 

glass, q.v. 	Small samples were heat-treated between 
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950°C and 1050°C. 	Figure 3.19 and table 3.14 give the 

X-ray analysis results from an abraded surface of a sample 

heated for 20 hours at 950°C and at this temperature about 

55% of the total crystallization is 15-OaSiO3 and the 

remainder consists of CaAl2Si208 only. 	Figure 3.20 and 

table 3.15 give the results from an equivalent sample heated 

for 20 hours at 975°C and show that CaAl2Sia08  now comprises 

55% of the total crystallization, 13-CaSiO3  40% and a-CaSiO3  

15%. 	After 20 hours at 1025°C another rough surfaced 

sample formed01,-CaSiO3,  as 50% of the total crystallization, 

CaAl2Si208  35% andp-CaSiOs only 15%, see figure 3.21 and 

table 3.16. 	These results confirm those found from the 

RW7 rough surfaced samples, i.e. that a roughened surface 

will allow (k-CaSiO3 to nucleate and grow at the expense 

of the stable beta phase, but they also show that below 

975°C, for this particular glass, it is impossible for, the 

alpha phase to nucleate as the difference in the driving 

force of nucleation of the two phases is increased as the 

alpha phase becomes increasingly unstable when the 

temperature is lowered away from the transition temperature. 

The p-CaSiO3 growth rate increased by ten times in 

RW8 as compared with RW7 at the same temperature, whilst 

the cl,-CaSiO3 growth rate is only five times greater. 

This confirms Rogers and Williamson's findings and the 

fact that as the silica tetrahedra network is broken doWn 

in the glass structure chains of tetrahedra may be formed • 

which can be relatively easily accommodate& into a chaim 

silicate crystal structure. 	This process would not aid 
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the growth of the ring structure of the alpha phase, 

although the decrease in viscosity of the glass will 

increase the crystal growth rate (see section 1.4.1.). 

RW9 composition was made up in the same way as RW8, 

but in this case 8g of zinc oxide were added per 100g of 

RW7 base glass. 	The calculated composition of RW9 is 

shown in table 2.2. 	Heat-ti'eatments of samples over the 

range 900°C to 1200°C allowed the crystal growth rate 

versus temperature curves to be plotted, see figure 3.22. 

There are two curves on this graph, the upper one 

corresponding to nucleation on a rough surface giving 

01,-CaSiO3  as the primary phase, and the lower to smooth 

surface nucleation giving 11-CaSiO3 as the primary phase. 

The growth rates for both primary phases are approximately 

five times greater than at the corresponding temperature in 

RW8 glass. 	Both curves are in the region below the 

maximum growth rate, although both flatten off as. 1200°C 

is approached suggesting that this may be close to 

temperature giving the maximum rate, and therefore are in 

the region where the kinetic term of the crystal growth 

equation predominates (see section 1.4.1.). 	The primary 

?)-CaSiO3  curve is in fact two curves, since it appears 

that when only the low temperature polymorph nucleates it 

can grow at a faster rate than that possible when a small 

proportion of ck-CaSiO3 nucleates concurrently. 

Figures 3.23, 3.24 and 3.25, with tables 3.17, 3.18 

and 3.19, show the X-ray analysis of samples heated at 

1160°C for 10, 20 and 30 minutes respectively. 	The 
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10 minute sample is composed of approximately 55%ck-CaSiO3 

as the primary phase, with 16-CaSiO3  making up the remainder 

of the crystallization in a sample which is translucent, 

i.e. it has a low percentage crystallinity. 	In the 

20 minute sample p-CaSiO3 constitutes 60% of the total 

crystallization, with 20% each ofck-CaSiO3  and CaAl0i208, 

and in the 30 minute sample CaAlaSia08  predominates at 40% 

of the total whilst cL and E,-.CaSiO3  each contribute 30%, 

both these samples being densely crystalline, i.e. opaque. 

These results were confirmed by observation of the thin 

sections prepared from these samples, in which the initial 

crystallization was seen to be highly birefringentol-CaSiO3  

dendrites- which are sufficiently widely spaced for the 

secondary arms to develop at right angles to the primary 

spines, see figure _3.26. 	This is followed by a den.se 

infilling of spherulitic 13-CaSiO3 fibres of about 10 microns. 

diameter and'finally the material becomes'almost totally' 

crystallized due to the growth of the inter-fibre matrix 

of CaAl2Si08. 

It was found during examination of the thin sections 

used to determine the growth rate in RW9 composition (as 

described in section 2.3.) that the crystallization 

morphology of ci-CaSiO3 phase altered over the range of 

temperatures studied. 	Above 1150°C it crystallized in 

the form of dendrites which develop secondary arms, between 

1150°C and 1050°C only the primary dendritic spine could 

grow (distinguished from a spherulitic type of fibre by 

the triangular cross-section) and from 1050°C to 1000°C, 
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the lowest temperature at which d,--CaSiO3  formed, it grew 

as branched spherulitic fibres making up wide angled cones, 

segments of spherulites, with the open, "feathery" type of 

microstructure typical of growth at "loin," temperatures. 

These crystal/temperature characteristics are 

. explained in section 1.4.2. 

A photomicrograph of the smooth surface•of a.sample 

heated at 980°C for 10 hours, see figure 3.27, shows the 

dense surface nucleation obtained in this composition, the 

nucleation sites being spaced at about 25 ta 30 micron 

intervals. 	At. this temperature the crystallization 

consists of CaAlaSi208 and ?)--CaSiOz fibres but these are 

too fine to be. resolved at this magnification. 	In figure 

3.27 the birefringence effects are produced. by zones made 

up of fibres having the same (010) orientation, in addition 

to the nearly parallel alignment of the [010] fibre axis, 

each zone having originated from the same protruberence on 

the nucleus. 	The crack running parallel with the surface 

probably formed during cooling and is at the disordered 

region where the cones of fibres impinged and only those 

orientated within 5° of the normal to the surface continued 

to grow. 

There was no evidence of any internal nucleation in 

RW9 glass. 

It was decided that RW9 composition is suitable for 

the preparation of-test specimens as the growth rate of • 

f3-CaSiO3 in this glass is over one micron per second at 

1180°C, and although this temperature is above the nominal 
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transition temperature it was found to be possible to 

nucleate and grow material composed of substantial amounts 

of fibrous crystals of the low-temperature polymorph from 

a smooth glass/air interface. 	Several tiles were prepared 

as described in section 2.5.3., and from these test 

specimens were fabricated. 	Samples were also taken for 

X-ray analysis and optical microscopy. 

Figure 3.28 and table 3.20 give the X-ray data for a 

sample from the RW9/3T tile, which shOw that this consists 

of :5--CaSiO3  together with a large proportion of CaAl2S1208 

and a small amount of4.-CaSi05. 	A thin section revealed 

that the beta phase is present in the form of transcrystal-

lized spherulitic fibres, 60 microns in diameter, whereas 

the alpha phase crystallized as widely spaced dendrites, 

and figure 3.29 is a photoMicrograph which shows the 

coexistance of these two phases at the crystal growth 

front. 

The X-ray data for two other tiles are shown in 

figure 3.30 and table 3.21 for RW9/4T and figure 3.31 and 

table 3.22 for RW9/6T. 	In both these tiles 13-0aSiO 

is the major crystal phase, with between 33% and 45% of 

the total crystallization as CaAlaSiaOs inter-fibre matrix 

and if any el,-CaSiO3  is present in these tiles it must 

constitute less than 5% of the total crystallization (i.e. 

the limit of'resolution of the powder X-ray technique). • 

Figure 3.32 is a phototicrograph of a cone of fibres grown. 

from a surface nucleus and in which the inter-fibre matrix, 

nucleated on the fibres, can be seen. 
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The RW9 composition was also used to produce intra- 

crucible growth material. 	Figure 3.33 and table 3.23 

give the X-ray data for RW9/7C, and this shows that this 

material consists of approximately equal amounts of 

p-CaSiO3 and CaA1281208 with less than 5% of the total 

crystallization made up of (4,-CaSiO3. 	The photomicrograph 

of RW9/7C', figure 3.74, reveals that the 13-CaSiO3  fibres 

are orientated within 10° of parallel alignment and the 

material was therefore acceptable for the production of . 

mechanical, and other, test specimens. 	Figure 3.34 is 

a diagram which shows the part of the crucible from which 

well aligned,.undistorted material was obtained..  

Table 3.24 gives the results of the wet-chemical 

analyses of a sample of RW9 glass and a sample taken from 

an RW9 composition tile after heat-treatment.. 	Both 

analyses are in quite good agreement with the nominal, 

weighed-out composition, but that for the crystalline 

material is the worse. 	On examination of the analyses 

of the other devitrified glass it is apparent that these 

are always further from their nominal composition than the 

corresponding glass. 	This may be due to the reduced 

solubility of the crystalline phases compared to the glasses, 

or the increased difficulty in grinding the crystalline 

materials, which were generally harder than the glasses, 

resulting in the sieved samples being non-representative 

of the bulk. 
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3.1.6. 	COMPOSITIONS RW10, RW11, RW12, RW13 and RW14: 

Strnad and Douglas found evidence of rapid, 

surface nucleated crystal growth in the Na20-CaO-SiOa 

system (131). 	In- the compositions they used the 

devitrification products Na2CaaSi309  and Na4CaSi308  formed,. 

however it was aimed to adapt the composition in this ' 

system such that rapid crystallization of 13-CaSiO3 could 

result, producing a material consisting of parallel fibres 

in a glass matrix which may have contrasting properties to 

the RW9 crystalline matrix material. 

Composition RW10, see table 2.2,, was chosen with 

reference to the Na20-CaO-Si02 phase diagram (127), see 

figure 3.35, from which it was found that this composition 

should have a liquidus temperature of about 1400°C, be in 

the primary d, or p-CaSiO3 phase field, and give Na2Ca2Si3Oq 

as secondary crystallization. 	(Of course, crystallization 

from the supercooled melt .may not produce the phases 

predicted from the equilibrium phase diagram, since it is 

quite common for intermediate, metastable phases to be 

precipitated during the crystallization of a glass-ceramic 

(10).) 	A clear, bubble-free glass was obtained after 

melting the batch at about 1450°C and, although this 

glass has a relatively high liquidus temperature, it 

could be easily poured as the addition of sodium oxide to 

a silica glass greatly reduces the viscosity at a particular 

temperature (see section 1.2.). 	On quenching about 75g 

of this glass on a cold brass plate the glass devitrified. 

Large, surface nucleated,crystals grew up to lcm in 



191 

diameter in the red-hot glass and subsequent X-ray analysis 

revealed that these consisted of both d,-CaSiO3 and a small 

amount of Na2Ca3Si6016. 	Therefore this glass is not 

sufficiently stable to form a. homogeneous glass block. 

On reheating and devitrifying small glass samples Na2CazSi309 

and some Na2Ca3Sib016,•a synthetic phase with the mineral-

ogical name devitrite, grew from the external surfaces at 

high growth rates, approximately 3 microns per second at 

800°C and greater than 17 microns per second at 900°C. 

Figure 3.36 and table 3.25 show the X-ray analysis of a 

sample heat-treated at 906°C fOr 30 minutes. 	Another 

sample, which was heated at 1059°C for 30 minutes, produced 

a complex mixture of phases. on devitrification, i.e. 

cL-CaSiO3, Na2Ca2Si50q and a small amount of NaaCa3S1601b  

as shown in figure 3.37 and table 3.26, since 

Na2CaSi601b decomposes above 1047°C to calcium metasilicate 

and a liquid phase (127). 

Composition RW11 is nearer the calcium metasilicate 

composition, see figure 3.35. 	The lower sodium oxide 

content, see table 2.2, resulted in a glass with a high 

liquidus temperature, nearly 1450°C, but it could be fully 

melted and poured from about 1450°C as sodium oxide is an 

extremely efficient fluxing agent (19). 	When a melt of 

RW11 composition was cast onto a cold brass sheet the 

resultant glass was unstable and surface nucleated crystals 

developed during cooling, particularly near the centre of 

the top surface of the glass block where the glass surface 

cooled most slowly. 	The coarse, lcm diameter crystals 
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were shown by X-ray analysis to consist of NaaCaa  1309. 

This glass composition is not sufficiently stable to form 

a homogeneous block from which controlled crystallization 

during heat-treatment would produce a required micro-

structure. 

The RW12 composition, see table 2.2 and figure 3.35, 

was chosen-, as a glass which may have been more stable than 

RW10 and RW11 due to the higher silica content increasing 

the viscosity and decreasing_the crystal growth rate (see. 

sections 1.2. and 1.4.1.). 	But when cast from 145000 a 

50g block of RW12 glass devitrified during cooling to giVe 

about 2cm diameter, hemi-spherulitic, surface nucleated 

crystals which were identified as. (4,-CaS103. 

In order to improve the stability of these types of 

glasses it was decided to make up a quaternary glass 

containing aluminium oxide. 	This intermediate type oxide 

can be incorporated into the glass network structure and 

therefore increases the viscosity and decreases the crystal 

growth rate, see sections 1.2. and 1.4.1. 	To reduce the 

amount of residual glass or secondary crystalline phase 

present after controlled crystallization to a minimum RW13'  

composition was designed ta have the same ratio of Si02.  

to (CaO + Na20) as Si02 to CaO in calcium metasilicate 

i.e. 51.8 SiOato 48.2 Ca0 wt %. 	The sodium oxide is 

combined with the calcium oxide as both these oxides act 

as glass modifiers (19), and it was considered necessary 

to have at least 50 wt % silica in the glass to give calcium 

metasilicate and not one of the ternary sodium containing 
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phases as the primary devitrification.product. 	This 

composition was successful in that a stable glass block 

could be quenched from a 50g melt, but after 30 minutes 

at 990°C the devitrification product was found to be 

Na2Ca2S130q , see table 3.26 and figure 3.88, whilst after 

30 minutes at 1030°C p-CaSiO3 - was also produced, see table 

3.28 and figure 3.39. 

RW14 composition, containing 55 wt % silica (see 

table 2.2) forms a stable, clear and bubble-free glass 

when cast from about 1430°C onto a cold brass plate and 

annealed for 1 hour at about 550°C. 	On heat-treatment of 

small specimens at a range of temperatures up to 1200°C 

p-CaSiO3was the major phase detected from X-ray analysis. 

Figure 3.40 and table 3.29 give the results of the X-ray 

analysis of a sample treated at 950°C for 30 minutes and 

show that the crystallization consists of about 60% t3-CaSiO3  

and 40% Na2Ca2Si30q, whereas for another sample heated to 

1000°C for 30 minutes only 30% of Na2CaaSi3Oci together 

with the p-CaSiO3 primary phase was found, see figure 3.41 

and table 3.30. 	After 30 minutes at 1045°C X-ray analysis 

of the resultant crystalline material revealed p-CaSiO3 

only, i.e. at most 5% of a secondary crystalline phase. . 

could be present, see figure 3.42 and table 3.31. 	A 

sample maintained at 1250°C for 50 hours gave an X-ray 

pattern corresponding to that of 4„-CaSiO3, see figure 3.43 

and table 3.32. 

The fibres in samples heat-treated below about 1040°C 

are too fine to be resolved in the optical microscope 
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(i.e.'less than 1 micron in diameter), but it was observed 

that spherulitic cones are surface nucleated very densely, 

only about 20 microns apart, and that the number of 

nucleation sites and the nature of the nucleated phase is 

the same on the glass/air interfaces as on the glass/ 

alumina powder interfaces• whether or not the glass surface 

had been abraded by the diamond saw used to prepare these 

samples. 	At 1050°C the fibres were seen to be 2 microns 

in diameter and, as expected in fine spherulitic type 

fibres grown at relatively low temperatures (see section 

1.4.2.), they exhibit frequent non-crystallographic 

branching giving a "feathery" appearance, whereas .at 

about 1100°C the fibres are 5 microns diameter, showing 

little branching and are within 10 degiees of parallel 

alignment. 	Figure 3.43 is an optical micrograph of RW14 

material crystallized at 1104°C. 

RW14 was selected as a suitable composition for the 

production of test specimens containing aligned p-CaSiO3  

fibres in a predominantly, possibly completely, glass 

matrix, the tiles from which the specimens were to be 

sectioned being heat-treated at about 1100°C. 	This 

temperature was chosen as that which gave aligned, unbranched 

fibres whilst. still being low enough for the glass tile not 

to sag too much during heat-treatment as this would have 

distorted the fibrous material. 	On sectioning these tiles 

it was found that the surface nuclei are spaced 50 to 100 

microns apart and the cones of fibres impinge about lmm 

below the surface allowing only the zones of fibres which 
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were growing approximately normal to the surface to 

develop. 	At the centre of the tiles the two growth 

fronts, nucleated from the top and bottom• surfaces, meet• 

forming an almost flat plane across the tile: 

The X-ray data for RW14/2T, RW14/4T and RW14/5T are 

given in figure 3.44 and table 3.32, figure 3.45 and table 

3.33, and figure 3.46 and table 3.34 respectively. 	The.se 

results show that at least 95% of the total crystallization 

in these tiles consists of 13-CaSiO3. 

Table 3.24 gives the results of the wet-chemical 

analyses made on samples of RW14 glass and RW14 crystallized 

tile. 	These show that only a small amount, if any, of 

sodium oxide was lost by volatilization during melt of 

the batch into glass, but a larger amount of sodium oxide 

is missing after heat-treatment. 	This would not be expected 

as the temperature and duration of the crystallization 

procedure were both less than those used during glass 

.formation, but the explanation may lie in the fact that 

the sodium ions are not incorporated into the growing 

crystals of calcium metasilicate and are therefore 

concentrated in the residual glass phase. 	The resultant 

increased activity of the sodium, -and the large ratio of 

exposed surface to-internal volume in the flat tiles, may 

allow a significant amount of volatilization even at 

relatively low temperatures. 	The high alumina content of 

the tile material is probably due to a layer of tlie 

refractory alumina powder used to line the heat-treatment 

mould adhering to the surface of the tile. 
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The growth rate of 16-CaSiO3 in RW14 over a range of 

isothermal temperatures was determined by the method 

described in section 2.3. and a plot of crystal growth 

rate versus heat-treatment temperature is shown in figure 

3.47. 	From this it can be seen that at the tile heat- 

treatment temperature, 1100°C, the growth rate is nearly 

5 microns per second, i.e. an order of magnitude faster 

than 13-CaSiO3  growth in RW9 composition at this temperature. 

This reflects the relative ease with which the necessary 

structural rearrangements prior to incorporation of units 

into the crystal lattice.may occur in the RW14 glass, the 

netwark.structure of which is broken up by the action of 

monovalent sodium ions (see section 1.2.). 

3.1.7. 	INTERNALLY NUCLEATED RW14F COMPOSITION: 

It was desired ta produce an internally 

nucleated material of similar composition to one of the 

selected unidirectional materials in order to compare 

approximately homogeneous physical properties with the 

highly anisotropic properties of an aligned fibrous 

structure. 	Mukherjee and Rogers (44) investigated the 

nucleation and crystal growth in silicate glasses containing 

fluorides. 	In the soda-lime-alumina-silica system, using 

glass compositions similar to RW14, they found that the 

nucleation rate showed a sharp maximum at 662°C (see 

section 1.3.2.) and spherulites consisting of 13-CaSiO3 

developed on these nuclei when the heat-treatment furnace 

temperature was increased to 900°C. 

RW14F composition was made up by the addition of 
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calcium fluoride to crushed RW14 glass, together with 

a sufficient amount of silica to maintain a constant Si 

to Ca ratio. 	The nominal, weighed-out RW14F composition 

contains 3.3 wt % of fluoride ions. 	This composition was 

only given one melt at 1400°C for 3 hours in order to 

minimise the loss of fluorine to the atmosphere, and since 

the RW14 glass was freshly prepared it therefore had a 

minimal water content. 	A tile of RW14F composition was 

prepared as described in section 2.5.3. 

• Figure 3.48 and table 3.35 give the results of the 

X-ray analysis of the RW14F tile, which confirms that the 

internally nucleated spherulites consist ofp-CaSiO3. 

Figure 3.49 is an optical micrograph of a thin section 

prepared from the RW14F tile. 	A section .through a 

spherulite is shown in which a "sheaf-type" of region has 

developed from the nucleus and which displays the "Maltese-

cross" effect under the cross-polarised light, both typical 

features of .spherulitic crystallization. 	The boundary 

between two spherulites can be seen to be about 5 microns 

wide. 	This region is probably still in the vitreous state 

since ahead of the growth fronts of each of the developing 

spherulites was a layer of glass into which the excess 

constituents not included in the grOwing crystals had 

been rejected. 	Therefore when these growth fronts impinge 

there is actually a layer of glass between them and since 

this residual glass composition, resulting from the 

crystallization of calcium metasilicate in RW14F glass, 

will be relatively high in silica and alumina it will not 
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devitrify at the heat-treatment temperature and duration 

used to produce the RW14F tile. 	The maximum diameter of 

the spherulites was found to be approximately lmm, and the 

individual fibre diameter 2 microns. 	Some transcrystal- 

lized, surface-nucleated crystallization occurred at the 

external surfaces of the tile and extended some 1.5mm into 

the tile. 	This was also 'made up of spherulite-type fibres 

of .-CaSiO3, again about 2 microns diameter, proving that 

the mechanism of the unidirectional fibrous growth produced 

from surface nucleation is identical to unrestricted 

spherulitic growth (see section 1.4.2.). 

3.1.8. 	COMPOSITIONS USED FOR ROD PULLING; RW14, RW15, 

RW16 AND RW17: • 

The rod pulling apparatus and the technique 

for the production of unidirectionally crystallized rods 

direct from a melt are described in section 2.7.2. 

Composition RW14, from which tiles composed of 

unidirectional p-CaSiO3 fibres were produced (see section 

3.1.6.), was found to be unsuitable for the, production of 

rods of aligned 3-CaSiO3 fibre's from which longitudinal 

type mechanical test specimens could be machined (see 

section 2.8.3.). 	Although this.  glass could be easily 

melted at 1450°C in a platinum crucible heated in a muffle 

furnace, it was found to be necessary to maintain the melt 

in the platinum collar on the rod pulling apparatus at 

over 1470°C in order to keep the bottom surface of the 

melt from crystallizing. When rods were pulled from 

this melt either using platinum wire or p-CaSiO3 seed 
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nucleation, and with or without the air blast increasing • 

the temperature gradient down the rod, only rods consisting 

ofck-CaSiO3  crystallization were produced over the range 

of pulling speeds up to 100 microns per second when, even 

using a strong air blast to quench the glass as it emerged 

from the collar, the glass necked off at the bottom of the 

melt. 	From the theory of the rod pulling technique (see 

section 1.4.3.) it should be possible to quench the glass 

rod pulled out from the melt by a sufficiently fast pulling 

rate so as to pass through the temperature range in which 

a.-CaSiO3 may nucleate and only allow nucleation to occur 

at temperatures where §-CaSiO3 is the stable phase. 	Figure 

3.50 and table 3.36 give the X-ray data for a rod pulled 

from RW14 melt at 52 microns per second and show that any 

'crystallization produced consists entirely of (4,-CaSiO3. 

Figure 3.51 is an optical micrograph taken of a thin section 

from an RW14 rod cut along its long axis. 	The area shown 

is the growth front of crystals in the rod which was 

quenched to room temperature. 	The a,cAsiO3 has crystallized 

as spherulitic fibres, indicating that crystal growth, if 

not nucleation, took place at a relatilrely low temperature 

(see section 1.4.2.). 	(It was found throughout this 

investigation of the crystallization of calcium metasilicate 

that once one of the polymorphs had nucleated that 

particular crystal structure continued to grow, even if. 

it was not the "stable" phase under the prevailing 

conditions, rather than the,  structure transform into the 

"stable" polymorph.) 	The fibres are about 5 microns in 
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diameter, are widely spaced and are divergent over 20°. 

At the. end of these fibres growth has continued for a short 

time whilst the melt cooled and very fine spherulitic fibres 

have grown, since the spherulite fibre diandeter is directly 

proportional to the growth temperature (65), as explained 

in section 1.4.2. 	The fibres had all originated from a 

hemispherulite which had nucleated at the bottom of the 

rod. 	There was no evidence of surface nucleated crystal- 

lization on the sides of the rod. 	Apart from being the 

wrong phase, i.e. this fibrous material would be not 

directly comparable to the RW14115-CaSiO3 fibre material, 

these RW14 rods have other disadvantages. 	They are 

translucent and all show a conchoidal type of fracture 

surface, typical of a glass (118), indicating a low 

percentage crystallinity. 	Only short lengths of rod 

could be produced, i.e. about 5mm, due to the need to .' 

maintain the melt at above 1470°C, a temperature that 

could only be attained in the platinum heating coil when 

this was only partially filled with glass, and theck-CaSiO3  

fibres did not grow parallel to the long, pulling axis of 

the rods. 

RW15 composition has a lower proportion of silica 

than RW14 and is a ternary glass.containing no alumina, 

see table 2.2 and figure 3.35. 	It was hoped that since 	. 

this composition has a relatively low liquidus, about 1340°C, 

rods could be pulled out as glass since the melt could 

be maintained far above the liquidus to avoid any premature 

crystallization occuring inside the platinum collar. 
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However, on pulling rods of RW15 composition over a range 

of speeds it was found that at slow speeds the major phases 

produced are NaaCaeSi30c\  and Na2Ca3Si601to with a small 

proportion of 01,..-CaSiO3, although the amount of t\„-CaSiO3  

produced increases with the pulling rate. 	Figure 3.52 

and table 3.37 show the results of the X-ray analysis of 

an RW15 rod pulled at 280 microns per second in which 

01„-OaSiO3  is the primary phase. 	This suggests that 

ct-CaSiO3  is the first phase to nucleate and grow and is 

followed by the "soda-phases" which grow more slowly and 

infill the gaps left between the widely spaced spherulitic 

fibres. 

RW16 composition, see table 2.2 and figure 3.35, is 

a compromise between 50% silica compositions which have 

low liquidus temperatures but give "soda-phases" on 

denitrification, and•55% silica compositions which, in the 

ternary Naa0-CaO-Si02 system, have too high a melting point- 

to be used in the rod pulling apparatus. 	This glass 

behaves very similarly to composition RW14 in the rod 

pulling apparatus, i.e.d1.-0aSiO3  was produced as the major 

crystalline phase at all possible pulling speeds, but.in 

the case of RW16 very small amounts of NaeCa2S130cA  and 

NaCa3Si707were also produced, see 'figure. 3.53 and table . 

The failure of RW14, RW15 and RW16 compositions to 

crystallize as p-CaSiO3 even when pulled at very high 

speeds may lie in the shape of. their crystal growth rate 

(U) versus crystallization temperature (T) curves and in 
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the temperatures of their maximum rates of crystal growth. 

Figure 3.54 illustrates two types of U versus T curves. 

Curve A may represent the crystal growth rate character-

istics, in soda-lime-silica glasses, as a curve of this 

shape was found by Swift (132) for the crystallization of 

13-CaSiO3  from a soda-lime-silica glass in which some of the 

silica had been replaced by alumina. 	In this curve the 

temperature of the maximum growth rate is above the cl/f 

transition temperature, and the slope of the crystal growth 

rate curve is steep as it approaches the liquidus, Tm. 

Due to the fast 01,-CaSiO3 growth rate at temperatures only 

just below Tm, then as the cold pulling wire, or seed 

crystal, entered the melt prior to pulling out a rod 

sufficient heat was extracted from the melt to cool the 

lower part of the melt (the coolest area of the collar 

anyway) below Tm and therefore for ck-CaSiO3  to crystallize 

inside the collar. 	On examination of these rods pulled 

using a 13-0aSiO3 block seed crystal it is found that the 

end of the block is covered by a thin layer of glass, 

quenched as the cold block was placed into the melt, and• 

this negated the nucleation properties of the seed. 	As 	• 

the wire or seed comes into contact with the surface of 

the melt in the bottom of the collar the surface tension 

in the melt surface pulls down some of the molten glass 

below the bottom of the collar, and this would also act to 

cool the melt below Tm. 	Once 6„-CaSiO3 has nucleated, as 

a hemi-spherulite across the bottom of the emerging rod 

this phase will continue to grow however fast the pulling 
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rate since the transition temperature is below the maximum 

. growth rate, as the experimentally determined U versus T 

curve for RW14 composition shows, see figure 3.47. 	When 

the pulling rate exceeds the maximum growth rate the button-

shaped c.rystalline region, i.e. the,k-CaSiO3  crystallized 

inside the collar, stops growing. and the rod pulls out as 

a glass. 	The above hypothesis is supported by the observ- 

ation that there is no glassy region visible between the 

bottom of the collar and the crystal growth front in the 

rod, i.e. the rod was not quenched to a glass and subse-. 

quently crystallized as would be expected from the theory 

behind the rod pulling technique (see section 1.4.3.). 

The problem of the extra-high liquidus temperature of 

the RW14 composition when this was melted in the platinum 

collar was solved when some RW14 rods were ground, mixed 

and analysed by wet-chemistry, see table 3.24. 	From this 

it was found that only half the nominal, weighed-out amount 

of sodium oxide was present after the RW14 composition had 

passed through the rod-pulling apparatus. 	This was 

probably due to loss by volatization while the melt was 

in the collar when the high temperature and the large 

surface area to volume ratio would aid this process. 

Curve B in figure 3.54 shows the type of behaviour 

required to pull rods containing p-CaSiO3 fibres. 	On this 

curve thed4transition temperature is higher than the 

temperature corresponding to the maximum growth rate so 

that rods pulled faster than a certain critical rate will 

crystallize in the p-CaSiO3 region. 	Curve B has a 
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relatively gentle slope near the liquidus, i.e. the 

d,-CaSiO3  growth is not significant until the melt is 

substantially undercooled, and therefore if the nucleating 

wire or seed crystal is only kept in the bottom of the 

melt inside the collar for the minimum time necessary to 

break the surface tension skin on the melt, so that a 

surface tension link to the wire or seed is formed via 

which the rod may be pulled, then the melt will not be 

sufficiently chilled ford,-CaSiO3  to nucleate and grow. 

This would be helped by using a glass with a relatively low 

liquidus temperature so that the melt could be substantially 

superheated. 

Maries and Rogers used a composition in the Ca0-ZnO- 

Si02 system for the production of lmm diameter rods 

containing a - parallel- array of fibrous 13-CaaiO3  aligned 

along the rod axis and in which there is no evidence of 

side surface nucleation (76). 	They found that a glass 

composition corresponding to RW17 in table 2.2 possesses 

the required growth rate/temperature characteristics, i.e. 

curve B in figure 3.53, by a hot stage microscopy 

investigation of the crystallization kinetics of various 

compositions in the calcium metasilicate phase.region of 

this ternary system. 	The location of. RW17 on a liquidus 

projection of the Ca0-ZnO-Si02 'system is shown in figure 

3.55, from which it can be seen that the liquidus of this 

composition is about 1340°C. 

When RW17 glass was used in the rod-pulling apparatus 

it was found that three types of crystallization could be 
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obtained depending on the pulling rate used, whether a 

platinum wire or p-CaSiO3 seed crystal was.used as the 

nucleating agent and on the temperature gradient below 

the collar (i.e. whether the air blast was used or not, 

and if used on what air flow rate was employed). 	A series 

of experiments were performed using either a seed crystal 

held in place by a Pt/Pt13% Rh thermocouple, the junction 

being positioned just below the top of the p-CaSiO3 block, 

or the thermocouple on its own as the nucleating medium. 

The thermocouple was connected to a penchart recorder which 

allowed the cooling rate in the rod to be measured, and 

since RW17 quenched to a glass below the collar prior to 

crystallization, the moment of the appearance of the 

initial crystal growth could be marked on the chart so 

that an approximate value of the crystallization temperature 

for a particular set of conditions could be obtained. 

The accuracy of this technique depends on the rate of 

pulling, since at high pulling speeds the temperature 

recorded via the thermocouple falls very quickly while as 

the speed decreases the crystal growth front approaches 

the bottom of the collar, the glare from which makes it 

more difficult to identify the onset of crystallization. 

From the chart recorder output thermocouple temperature 

versus time plots were drawn. 	Figure 3.56 shows a series 

of typical results obtained from pulling at various speeds 

using the seed crystal but without an air blast. 	It was 

generally found that two slopes could be drawn for the 

cooling rate, the initial slope, which increased rapidly 
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as pulling rates increased, and a gentler slope, less 

dependent on pulling speed, corresponding to the crystallized 

rod slowly cooling to room temperature. 	Table 3.39 gives 

the results'of this investigation. 

For nucleation on the thermocouple wires only two 

major phases were produced. 	In samples pulled at 40 

microns per second, or less, without an air blast, 4,-CaSiO3 

was the primary phase together with Ca2ZnSh07 (a synthetic 

analogue of the mineral hardystonite), the proportion of 

the secondary phase increasing as the pulling rate 

decreases. 	Figure 3.57 and table 3.40 show the X-ray 

analysis of the RW17/a rod, see table 3.39, pulled on a 

thermocouple at 19 microns per second, in which 60% of. the 

total crystallization is cL-CaS103 and the remaining 40% 

Ca2ZnSi207. 	Between 40 and 50 microns per second f3-CaSiO3 . 

is the major phase but there is still a large amount of 

01,7CaSiO3  and a small amount of CaeZnSia07  present, as 

shown in figure 3.58 and table 3.41 for rod RW17/i, see 

table 3.39, in which 60% of the total crystallization 

consists of p-CaSiO3, 30% 4.-CaSi0.3  and 10% Ca2ZnSi207. 

Above 50 microns per second (at 50 with an air blast of 

2000cc per minute, rod RW17/1) the cooling rate was 

sufficiently fast to quench the rod to a stable glass. 

From the results listed for rods RW17/a to RW17/1 inclusive 

in table 3.39 a T-T-T (time-temperature-transformation) 

diagram was constructed for RW17 rod crystallization 

nucleated on thermocOuple wires, see figure. 3.59. Pulling 

rates less than about 20 microns per second were not 
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investigated. 

Nucleation on a 15-CaSiO3. seed in addition to a 

Pt/Pt 13% Rh thermocOuple was more successful in producing 

rods which are mainly composed of. p-caisiO3. 	At pulling 

rates greater than about 70 microns per second the rods 

quench to a stable glass, but at speeds between 70 and 

25 microns per second crystalline rods were produced in 

which the primary phase is p-CaSiO3 together with a lesser 

amount of paaZnS1.2.07  which must exist as very small crystals 

since the lines in the X-ray analyses of these rods corres-. 

ponding to this minor phase are very diffuse, i.e. the line 

broadening effect produced by very small crystals (120). 

Figure 3.60 and table 3.42 give the X-ray analysis for 

RW17/s rod pulled at 50 Microns per second, see table 3.39, 

from which it is found that 90% of the total crystallization'  

consists of p-CaSiO3 together with 10% of Ca2ZnSi207. 	The 

proportion of Ca2ZnSi207 in the crystallized rods is 

inversely proportional to the pulling rate. 	Between 25 

and about 15 microns per second the primary phase produced 

is ck-CaSiO3, but now a substantial amount of Ca2ZnSi207 

is also present. 	Figure 3.61 and table 3.43a give the 

X-ray data for rod RW17/n, see table 3.39, in which only 

half the total crystallization is d.-CaSiO3. 	To investigate 

the crystallization of the Ca2ZnSi207 phase, rods were 

pulled at rates as lOw as 10 microns per second. 	The 

results of .the X-ray analysis of.RW17/1319.  see table 3.39, 

are given in. figure 3.62 and table 3.43b and correspond to 

the .pattern for hardystonite, figure 3.6 and table 3.6, 



208 

except that all the dA spacings are shifted to larger 
o 

values. 	This approximately 10% increase in dA spacing 

was not found in theCa2ZnSia07. crystallized in association 

with calcium metasilicate, therefore the larger unit cell 

found when only the "zinc phase" crystallized may have been 

due to the solid solution of excess calcium ions, by 

Vegard's rule (120a, p. 174), since the RW17 composition 

is calcium rich compared to Ca2ZnSi207. 	Hardystonite has 

the melilite type of structure, see section 1.5.2., the 

crystal structure of the ;.kermanite-gehlenite solid solution 

series and therefore known to be capable of substantial 

replacement in the lattice. 	Figure 3.63 is an optical 

micrograph of rod RW17/m which shows that the Ca2ZnSi207  

crystallized in the form of layers of elongated laths, the 

long axis aligned parallel to the pulling axis.. There 

appears to be a high percentage crystallinity. 

From the results listed for rods RW17/m to RW17/u. 

inclusive in table 3.39 a T-T-T diagram was constructed 

for 'RW17 rod crystallization nucleated on a 13-CaSi0-5 

seed, see figure 3.64. 	Comparison of this diagram with 

figure 3.59, the T-T-T diagram for nucleation on platinum 

wire, reveals that nucleation and growth of 13-0aSiO3 can 

occur over a wider range of pulling speeds when a seed is 

used. 	This may be another example of the unstable phase 

developing if already nucleated, i.e. the p-CaSiO3 phase 

will grow at low pulling rates and at correspondingly 

higher temperatures (above the transition temperature) in 

the presence of a block of this phase. 	Since this block 
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was orientated with the fibre axis parallel to the rod 

pulling axis the new fibres could grow directly from those 

in the seed. 	The fact that the seed blocks were cut 

from RW14 composition tiles was an. advantage in that RW14 

has a higher liquidus temperature than RW17 and therefore 

the blocks did not melt in the brief time that they were 

in contact with the molten glass. 

One problem that occurred  with both types of nucleating 

agent was the formation of cracks across the rods just 

above the nucleation region.' These were probably the 

result of thermal shock as the rods were subjected to a 

sharp temperature grdient below the collar and at high 

pulling speeds the cooling rates of the interior of the 

rods were very rapid (see figure 3.56). 	Around the 

nucleus a misaligned region of crystallized material was 

formed until transcrystallization (see section 1.4.2.) and 

the enforced temperature gradient down the rod allowed'only 

those fibres or dendrites aligned parallel to the pulling 

axis to grow. 	In this disordered. region anisotropic 

thermal expansion coefficients set up internal stresses 

during cooling and when these stresses exceeded the fracture 

stress cracks were formed. 

In RW17 rods the p-CaSiO3 phase always forms 

spherulitic type fibres whilst .-CaSiO3 always grows as 

dendrites with well develOped secondary arms. 	This is 

in contrast to the RW14 rods in which c1,-CaSiO3 forms 

spherulitic fibres and is evidence that this phase grows 

. at relatively low temperatures in that glass but in RW17 
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it crystallizes in its usual temperature range i.e. between 

the transition temperature and the liquidus, (see section 

1.4.2.). 

In order to minimise the thermal shock to which the 

rods are subjected after crystallization it was decided to 

use the slowest pulling speed at which p-CaSiO3  can be 	. 

reliably obtained for the production of rods from which 

longitudinal mechanical test specimens could be cut (see 

section 2.8.3.). 	No air blast was used as this introduces 

additional thermal gradients in the cooling rods, and 

increases the severity of the temperature gradient below 

the collar, and seed nucleation was employed so as to 

obtain the low temperature polymorph at a slow pulling 

speed. 	It was found that 30 microns per second is the 

best speed for the production of Uncracked rods containing 

a parallel array of ,-CaSiO3 fibres. 	Figure 3.65 is an 

optical micrograph of a section from a•typical rod showing • 

the fibres to be evenly spaced and about 15 microns in 

diameter. 	Since RW17 has a relatively low liquidus 

temperature, see figure 3.55, the collar could easily 

melt a full load of glass and therefore rods nearly 15mm 

long could be grown, but as some cracking and disordered ' 

gowth occurred in the bottom 4mm.of the rods the maximum 

length of aligned growth was about llmm. 

Using the same conditions as in the growth of RW17/30 

rods but sUbstituting a wire nucleus for the seed rods 

containing aligned dendrites of01„-CaSiO3  were obtained and 

so RW17/30ol rods were grown and longitudinal test specimens 
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cut out from them. 	In this way the physical properties 

of two materials of the same chemical composition and 

prepared under the same conditions, except that the 

01„-CaSiO3  phase crystallizes at a higher temperature i.e. 

the growth front is nearer the bottom of the collar, one 

consisting of aligned fibres and the other aligned dendrites, 

may be compared. 	Figure. 3.66 is a micrograph showing the 

dendritic structure in a typical RW17/3001 rod. 	The primary 

dendritic spines are about 15 microns diameter, spaced at 

about 75_microns and are aligned parallel to the pulling 

axis. 	The secondary arms emerge at right.angles to the 

primary spine, are approximately 5 microns in diameter and 

are regularly spaced at 10 microns intervals. 

All the rods contain some CaaZnSia07 as a secondary 

phase, but this is in.too fine a dispersion to be visible 

in the micrographs since its X-ray diffraction pattern 

shows the effects of line broadening due" to a very small 

crystal size (120). 	This secondary phase probably 

nucleates on the calcium metasilicate fibres or dendrites 

in a manner similar to that of the secondary phase produced. 

in RW9 composition devitrified material, see figure 3.32. 

As less Ca2ZnSi207  is formed the faster the pulling rate 

it may be assumed that the maximum growth rate for this 

phase occurs close to the liquidus temperature (q.v. RW17/m 

in table 3.39) and therefore its growth rate decreases with 

decreasing crystallization temperatures, or that a certain 

induction time is required for the nucleation of this 

phase (133) and as the cooling rate (pulling rate) increases 
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the time spent in the critical temperature region decreases 

and less nuclei form. 	Since the interior of the rod 

cools more slowly than the exterior the effect of increasing 

the pulling rate is a slow decline in the amount. of 

Ca2ZnSi207 formed; not a sharp cut-off at one particular 

rate. 

A chemical analysis was performed on a mixture of 

RW17/3001. and RW17/30 rod material and the result is given 

in table 3.24. 	This shows that there is a small zinc 

oxide content loss during rod 'pulling, caused by volatili- 

zation of zinc vapour from the melt whilst it was held 

above its liquidus in the heated, platinum collar. 

Figure 3.67 is a crystal growth rate against temperature 

plot for the growth of seed nucleated p-CaSiO3  in rods 

pulled from RW17 melts. 

3.1.8.1. 	Pinhole Transmission X-Ray Analysis of 

RW17 Rods: 

The fibres produced in 1?)-CaSiO3  RW17 rode 

were sufficiently long to be investigated using the pinhole 

transmission X-ray diffraction technique (see section 

. 2.4.2.). 	It was found that a lmm diameter bundle of 

fibres could be obtained from a lightly crushed rod. 

Diffraction patterns were also obtained of fibre bundles 

from a sample of wollastonite from Meldon, Devon (.BM 1913, 

253) obtained from the. British Museum (Natural History). 

The mean radius of the strongest reflection was 

measured for each set of patterns corresponding to each 

material, f.e. the distance from the centre of the pattern 
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to darkest diffraction spot (actually, since there is 

4-fold symetry in these patterns, half the mean of the 

two diameters was used), see figures. 3.68, 3.69 and 3.70 

(tracings made from the negative .films). 

The diffraction angle of each diffraction spot may be 

determined by (120, page 535): 

28= tan 

where: 

e = 'diffraction angle (Bragg angle) 

R = radius of the diffraction ring 

D = specimen-to-film distance. 

Since the exact specimen-to-film.distance.is unknown it 

was found using the radius of the most intense diffraction 

spot of wollastonite (310) and the corresponding 

diffraction angle obtained from the ASTM index (121). 

Having established the mean value of D for the patterns 

from each material this may be substituted in the above 

expression to index the corresponding set of patterns, see 

table 3.44. 

From figures 3.68, 3.69 and 3.70 it can be seen that 

a series .of strong reflections are arranged in a horizontal 

line across the diameter of the pattern i.e. the equatorial 

reflections. 	When these reflections were indexed, see 

table 3.44, it was found for each material that they 

corresponded to the Ch 0 11 axis, i.e. the. crystallographic 

b-axis. 	From the theory of fibre texture X-ray patterns 

(120) it is known that the equatorial reflections correspond 

. to the vertical (rotation) axis of the specimen, therefore 
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the b-axis of both the wollastonite and synthetic RW17 

rod specimens corresponds to the fibre axis. 	This is in 

agreement with the known crystallography of the wollastonite 

structure, see section 1.5.1. 

Comparison of the patterns shown in figures 3.68, 

3.69 and 3.70 reveals that the parallel alignment of the 

fibres, i.e. the sharpness of the equatorial diffraction 

spots,' is better in the synthetic, directionally crystallized 

RW17 rods than in the sample of the natural mineral examined. 

3.2. 	GROWTH KINETICS OF RW9, RW14 AND RW17 COMPOSITIONS: 

3.2.1. 	ACTIVATION ENERGIES .FOR CRYSTAL GROWTH FOUND 

USING ARRHENIUS PLOTS: 

The apparent activation energy for crystallization 

of each of the glasses was calculated using the Arrhenius 

equation (17) 

U = A exp (-Ed/RT) 

where: 

U = the crystal growth rate at temperature T 

A = a constant for a particular glass 

R = the gas constant 

Ea = the apparent activation energy, related to the 

activation energy required for the transportation of 

structural units from the melt into the crystal 

lattice (i.e. related to LG1  in the Turnbull-Cohen 

equation, see section 1.4.1.). 

Therefore the value of E0 could be found from the slope of 

a In U versus 1/T plot. 
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Figure 3.71 shows log U versus 1/T plots for 

crystallization in RW9, RW14' and RW17 glasses. 	These 

were constructed from the crystal groidth rate data given 

in tablei 3.45, 3.46 and 3.47 respectively, and the U versus 

T curves for these glasses are shown in figures 3.22, 3.47 

and 3.67 respectively. 	The accuracy of the measured 

growth rates depends on the heat-treatment method used. 

For the RW17 glass the growth rate of seed nucleated • 

p-CaSiO3  produced by the rod pulling technique equalled • 

the pulling speed used (see section 1.4.3..) and, even at 

high speeds (about 60 microns.per second), this could be 

found to within ± 1 second and ±- 10 microns, i.e. within . 

t 0.5%. 	For RW9 and RW14 glass the growth rates were 

found by the method described in section 2.3., and since'  

the exact time required to heat the blocks was not known 

and the sections may not have been taken exactly at right 

angles to the nucleating surfaces the 95% estimated error 

is t 3% for the samples with the fastest growth rates. 

For the samples with relatively slow crystal growth rates, 

i.e. less than 0.1 micron per second, the duration of the 

heat treatments was sufficiently long to make the error in 

timing almost negligible and therefore the overall error 

was reduced to approximately 1: 1%. 	The temperature 

measurement for the RW9 and RW14 static furnace samples 

was accurate to within 0.25%, but for the rod pulling 

technique used with the RW17. composition glass the 

temperature of the crystal growtfi front could only be 

estimated and thetefore the_ error is approximately t 2%. 
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The growth rates quoted in tables 3.45, 3.46 and 3.47 are 

the mean values of at least three measurements. 

Table 3.48 gives the values of the slopes found from 

the log U versus 1/T plots and, for RW9 and RW14 compositions, 

the corresponding values of Ea  found using 

Ea  = 2.303 x slope x R 

The log U versus 1/T, see figure 3.71, plot for RW17 rods 

has a positive slope and would give a "negative activation 

energy" (a meaningless concept) when substituted into the 

Arrhenius equation. 	This is due to the fact that in the 

rod pulling technique crystallization occurs at temperatures 

.above that corresponding to the maximum crystal growth 

rate (see section 1.4.3.), i.e. in the region of the U 

versus T curve where the magnitude of the free energy 

difference between the glassy and crystalline states controls 

the growth rate (see section 1.4.1.). 	Therefore the 

crystallization temperature in the RW17 rods decreases as 

the crystal growth rate increases, see.figure 3.67. 	The 

-1  energy value found for RW17, -147 kJ mol , is related to 

the thermodynamic free energy term in the Turnbull-Cohen 

equation (see section 1.4.1.) but it contains a contribu- 

tion from the kinetic term (activation energy) as the 

growth rates at very low undercoolings, where the kinetic 

term is negligible, could not be measured since 0,-CaSi0-6 

is the phase produced at crystallization temperatures 

close to the liquidus. 

The log U versus 1/T plots for RW9 and RW14 compositions, 

see figure 3.71, have negative slopes from which the 



217 

positive Eq  values were calculated. 	From these results 

it can be seen that the "activation 'energy" required for 

the growth of d,-CaSiO3  from RW9 composition glass is only 

half that necessary for 13-CaSiO3  growth, which substantiates 

the reason proposed in section 3.1.5. to explain the more 

rapid growth rate of the high temperature modification. 
6- 

The comparative ease with which Si30R  groups, pre-existing 

in glasses of this type of composition (29, see section 

1.2.), can join the ck-CaSiO3  crystal structure is due to 

the fact that no strong bonds need to be broken; only 

reorientation of these groups prior to incorporation into 

the crystal lattice is necessary. 	The pseudowollastonite 

crystal structure is made up of layers of Si301  and Ca
2+ 

ions in approximately hexagonal arrangements (134, see 

section 1.5.1.). 	Since calcium metasilicate has a higher 

percentage of calcium ions than RW9 composition glass (see 

table 2.2), these ions must diffuse through the glass to 

the crystal growth front. 	The activation energy for the 

diffusion of. calcium ions through calcium aluminosilicate 

glasses varies between about 117 and 294 kJ. mol t  (45) and 

the EC1 value for the growth of ol,-CaSiO3  from RW9 glass is 

160 kJ mol l which suggests that the diffusion of calcium 

is the major barrier to the advancement of the crystal 

growth front. 

For 13-CaSiO3  growth from both RW9 and RW14 compositions 
- 

the apparent activation energies, 319 kJ mol
t 
 and 383 kJ mol 

respectively, are high and are in the same range of values 

as those obtained from studies. of viscous flow in glasses 
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near their crystallization temperatures (116). 	Therefore 

for the growth of a wollastonite type of crystal lattice 

in a glass of approximately metasilicate composition 

strong Si-0 bonds have to be broken and reorientated in 

order to build up the "Dreierketten" chain structure (84, 

see section 1.5.1.). 	The value found for RW9 is in good 

agreement with the value of 280 kJ mol found by Williamson 

(17) for the crystallization of a glass of similar compo-

sition. 

3.2.2. 	DIFFUSION ENERGY FOR SPHERULITIC CRYSTALLIZATION: 

The Keith and Padden theory (65) relates the 

rate of growth of a spherulite fibre (U) to the stable 

diameter of the fibre (8) and the "diffusion coefficient 

for impurity in the melt" (D), i.e. 

67,  .D/U 

By "impurity" is meant any constituent which appears in 

the crystal and melt at different concentrations and 

therefore must be-transported towards, or away from, the 

crystal growth front through the melt.. In the case of 

calcium metasilicate crystallization froth RW9, RW14 or ' 

RW17 composition glasses all the constituents app-ear in 

different concentrations in the two states and therefore 

the rate determining step (the slowest process) of the 

transportation process is the -diffusion of silicon through- 

the melt. 	(The diffusion coefficients of calcium, 

aluminium and silicon through a calcium aluminosilicate 

slag have been found to be in the ratio. 1:4:10 respectively 

(20)). 	Since the diffusion of silicon through a silicate 
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glass involves reorganization of the silica tetrahedra, 

including breaking the strong Si-0 bonds, this could be 

regarded as analogous to viscous flow. 

Diffusion is an activated process and can be 

represented by an Arrhenius type of equation 

D = B exp (-ED/RT) 

where: 

B = a constant for a particular material 

E D  = apparent activation energy for diffusion. 

Therefore the value of ED can be calculated from the slope 

of a log D versus 1/T plot, and D can be calculated knowing 

the rate of•spherulitic growth and the width of the fibres 

produced at that growth rate. 	Tables3.49,.3.50 and 3.51 

give the spherulitic growth data for the crystallization 

of p-CaSiOs  from RW9, RW14 and RW17 glasses respectively, 

and figure 3.72 shows the log D versus 1/T plots drawn 

from this data. 	The slopes of these plots and the 

calmilated "diffusion" energies are given in table 3.48..  

An apparent activation energy could be found for 

RW17 using this method, i.e. the log D versus 1/T plot for 

RW17 has a negative slope. 	This is a result of the 

spherulite fibre width decreasing rapidly with the 

temperature of crystallization (65) and dominating the 

growth rate term (T decreases as U increases for rod 

pulling) so that the calculated diffusion coefficients 

decrease with decreasing crystallization temperatures 

which, of course, corresponds to the known diffusion 

behaviour in glasses (20). 
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The calculated "diffusion" energy values for all 

three compositions, see table 3.48, fall in the activation 

energy range corresponding to viscous flow (116), or the 

diffusion of silicon through a silica network (q.v:). 

The results for RW9 and RW14 are somewhat higher than the 

corresponding apparent activation energies for crystal 

growth but, since these calculated energies are very 

dependent on the slopes chosen for the Arrhenius plots, • 

they are close enough to enable the two energies to be 

approkimately equated. 	Both the crystal growth and 

diffusion energies are therefore due to the necessity for 

the silica tetrahedra structure in the glass to be broken 

up prior to the incorporatian of .the.tetrahedra into the 

growing crystal. 	This equality could be taken as a 

verification of the validity of the Keith and. Padden 

theory (65) for spherulitic growth from silicate. glasses.  

The "diffusion" energy for. the RW17 composition is 

less than the other glasses which were crystallized iso- 

thermally as blocks or tiles. 	In the rod pulling technique 

used with RW17 the melt ahead of the growth front is at a 

higher temperature than the crystallization temperature 

since it is nearer the bottom of the hot platinum collar. 

This means that the melt ahead of the growth front in a 

rod is less viscous and can allow correspondingly more 

rapid structural rearrangements at lower activation energies 

than the glass ahead of the crystals in isothermal growth 

which, of course, is maintained at the Crystallization 

temperature. 
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3.3. 	MICROSTRUCTURES OF SELECTED MATERIALS: 

3.3.1. DENSITIES: 

Table 3.52 gives the mean densities found 

from samples of each of the three compositions from which 

test specimens were prepared. 	The densities were measured 

by the standard displacement of water technique using a . 

balance accurate to 0.001g. 

All the crystallized materials show a'small decrease 

in density compared to the parent glasses. • The density 

of a glass-ceramic is an additive function of the densities 

of the various crystal and glass phases present (10), and 

therefore if the volume increases during crystallization 

this does not necessarily indicate that voids are develop-

ing since this volume increase could be due to the 

production of crystals of lowei density than the original 

glass. 	Porosity does not usually develop during the 

formation of internally nucleated glass-ceramics since 

the overall volume changes are very small and the final 

grain size is only about 1 micron. HoWever there is 

evidence, from the manner in which these materials fracture 

(see section 3.5.), that there are cracks running along 

the fibre/matrix (residual. glass or secondary crystal-

lization0 interface in the unidirectionally crystallized 

materials, probably formed during cooling from the 

fabrication region. 	In these fibrous structures this . 

interface area is large and .therefore .even extremely 

narrow cracks may make 'significant 'contributions to the 

total volume of material. The internally nucleated RW14F 
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tile material has the same density as the unidirectional 

RW14 tiles, which would indicate that thesecracks also 

form inside the spherulites which make up this material. 

The crack theory is supported by the fact that the 

RW17/30d,rods have approximately the-same density as RW17 

glass and their mode of fracture does not indicate the 

presence of dendrite/matrix interfacial cracking. 	Since 

• - the measured density of wollastonite is 2.88Mg m 3  (cal-

culated density 2.96Mg rt0) and the measured density of 

pseudowollastonite is 2.912Mg m 3(calculated density 

2.90Mg m3) (135), then as.one of the calcium metasilicate 

modifications is the predominant phase in all the materials 

in table 3.52, the density of the crystallized materials 

should have been of the order of 2.9Mg m 3. 

3.3.2. ELECTRON PROBE MICROANALYSIS OF RW9 MATERIALS: 

Only the RW9 crystalline materials had a 

sufficiently coarse microstructure for the EPMA technique 

to give meaningful results. 	Specimens were prepared as 

described in section .2.10.1. 	Figure 3.73 is a reflected 

light photomicrograph of a prepared intracrucible material 

(RW9/7C) specimen, in which the cp-CaSiO3'fibres appear As 

the light grey phase. 

liable 3.53 gives the results of the analyses, 

together with the calculated percentage composition of 

the parent glass, and wollastonite and morthite (127), 

the mineral analogues of the synthetic phases identified 

by X-ray analysis as being present. in RW9 devitrified 
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materials. 	The EPMA analyses of the fibres are in good 

agreement with the composition of wollastonite and show 

that there may be some small amount of solid solution with 

zinc ions. 	The interfibre analyses, however, do not 

correspond to 'the composition of anorthite, but this can 

be explained by two reasons.' Firstly the volume available 

for analysis was much smaller. for the interfibre material 

than for the fibres which are about 60 microns in diameter 

but are spaced so as to leave an .interfibre region only 

about 20 microns across, i.e. near the limit of resolution 

of this analytical technique. 	Secondly the interfibre 

region not only contains CaAlSie08.  crystals but also 

residual glass which, from a consideration of the compo,.. 

sitions and proportions (see section 3.3.3.) of the 

crystalline phases formed from RW9 glass,. should consist 

mainly of silica and zinc oxide. 

3.3.3.. VOLUME FRACTIONS OF PHASES PRESENT IN 

SELECTED MATERIALS: 

Table 3.54 gives the results obtained from 

the modal analyses made on sections taken from bend test 

specimens, see section 2.12. 

Figures 3.74, 3.75, 3.76, 3.77, 3.78 and 3.79 are 

high magnification optical micrographs of RW9 tile, RW9 

intracrucible, RW14 tile, RW14 internally nucleated, 

RW17/30?) rod and RW17/304.rod material respectively. 

These materials are described in detail in sections 3.1.5. 

3.1.6., 3.1.7. and 3.1.8. 
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3.4. 	THERMAL EXPANSION CHARACTERISTICS OF SELECTED 

MATERIALS: 

The thermal expansion coefficients were found using 

an automaticrecording dilatometer as described in section 

2.11.. 	The results were measured off the pen chart recorder 

output and the percentage expansions and expansion 'coeffi-

cients, with the associated errors, were calculated as 

described in appendix I. 	Graphs of percentage expansion 

versus temperature and expansion coefficient versus 

temperature were plotted for each type of specimen tested. 

Unidirectionally crystallized .materials were tested both 

parallel to the fibre (or dendrite) axis .(longitudinal 

specimens) and perpendicular to the fibre axis (transverse 

specimens) if the dimensions of the bulk material allowed.  

suitable specimens to be machined. 

To calibrate the dilatometer the thermal expansion of 

"spec-pure" silver was measured, see table 3.55 and figure 

3.80. 	The coefficient of expansion was found to be 

20.35 x 10 
b 
K
-1 
 (20 to 650°C) which is within 1.5% of the 

tabulated value of 20.6 x 10 
6 
K
- I 
 (0 to 500°C) (136). 

3.4.1. 	WOLLASTONITE MINERAL: 

Wollastonite has a triclinic crystal structure 

and forms orientated aggregates and therefore is likely to 

exhibit anisotropic thermal expansion (96), but values 

quoted in the literature for the linear thermal expansion 

coefficient of wollaetonite do not specify the orientation 

measured or the form of the temperature dependence. 	It 

was therefore necessary to measure thermal expansion 
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characteristics of wollastonite, see enclosed paper 

"Anisotropic thermal expansion characteristics of 

wollastonite", by Weston, R.M. and Rogers, P.S. (137). 

Table 3.56 and figure 3.81 show the results calculated 

for a wollastonite transverse specimen and table 3.57 and 

figure 3.82 the results for a longitudinal specimen. 

The sample of mineral from Meldon, Devon (BM 1913, 253) in 

the form of an aggregate of parallel fibres was obtained 

from the British Museum (Natural History). 	It can be • 

seen that the longitudinal specimen, i.e. along the fibre 

axis, shows a linear increase in dimension with temperature, 

but for the transverse specimen the rate of expansion 

increases with increasing temperature. Therefore the 

longitudinal specimen has an approximately constant expansion 

coefficient over the range 20 to 650°C but the transverse 

specimen has a coefficient which. increases linearly with 

temperature over this temperature range. 	It can be seen 

from the tabulated results that the transverse coefficient 

rises from a value below the longitudinal Coefficient at 

room temperature to one above it at 650°C, the expansion 

anisotropy of wollastonite reversing at 300°C. 	The larger 

errors associated with the results for the transverse 

specimen are a result of the shorter length of this specimen 

(determined by the dimensions of the mineral sample), the 

less.rigid crystallographic orientation in this specimen, 

and the effect of inter-fibre grain boundaries. For both 

specimens the "up" and "down" measurements were so close 

that they were amalgamated. 
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The factors influencing the .thermal expansion 

behaviour of silicate structures are discussed in section 

1.6. 	From this it would appear that the expansion along 

the wollastonite fibre axis is controlled by the rate at 

which the angles of tilt between the silica tetrahedra 

making up the chain structure changes (95), whereas 

perpendicular to the fibre, axis the influence of the 

calcium ions present between the silica tetrahedra chains 

may determine the magnitude of the expansion coefficient 

and therefore the expansion anisotropy (96). 

3.4.2. 	RW9 COMPOSITION MATERIALS: 

Table 3.58 and figure 3.83 show the thermal 

expansion characteiistics of RW9 glass after annealing at 

about 650°C. 	From the point of intersection of the slopes 

of the two linear regions on the percentage expansion. 

versus temperature graph it was found that the glass 

transition iemperature (Tg) of this glasei is about 475°C 

and the dilatometric softening temperature (Ts), i.e. the 

temperature at which the glass becomes sufficiently soft 

to yield under the pressure of. the thrust-rod, is 760°C. 

The thermal expansion behaviour of glasses is discussed 

in section 1.6.1. 

Only the "up" (see appendix I) mV values could be 

measured for the glass specimens which softened since the 

expansion trace went off the chart above the softening 

temperature and therefore no trace could be recorded 

whilst the temperature decreased. 

The thermal expansion coefficient of a glass is an 
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approximately additive property and, over the range of 

temperature6 in which the expansion increases linearly 

with temperature, the coefficient of linear expansion for. 

a multicomponent glass may be calculated by the means of 

the equation (138) 

(a t p, + a2 p2  + 	+ anpn)/3 

where: 

1)0  p2, 	pn  are the percentages by weight of the 

various components, 

a 1, aa, 	an  are the constants for the various oxides. 

Several authors have proposed values for these constants 

but for this study the factors proposed by Hall (139) were 

used, since these allow the value for silica to vary with 

the proportion of silica in the glass and have been found 

to be in good agreement with the experimental results on 

sodium-calcium aluminosilicate glasses (140). 	Using this 

method to calculate the expansion coefficient of RW9 glass 

(composition given in table 2.2) the value 7.8 x 10 61CI  

was obtained which is somewhat higher than the experimental 

result fOr the coefficient between 20 and 400°C (below Tg) 

of 6.9 x 10
I,
K 

RW9/3T tile crystallized material (see sections 2.5 

and 3.1.5.) was used to produce transverse type dilatometry.  

specimens. 	The results obtained from these specimens are 

given in table 3.59 and figure 3.84. 	It can be seen that 

like, the results from a transverse wollastonite specimen 

the expansion coefficient increases with increasing 

temperature, however for this multiphase material the 

rate of increase increases at higher temperatures. 
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The thermal expansion coefficient of anorthite has 

been reported as 4.5 x 10
to 
 K (100 to 200°C) (141), and a 

synthetic analogue exists as a secondary phase in RW9 tiles 

(see section 3.1.5.). 	The magnitude of the expansion 

coefficient perpendicular to a unidirectional fibre axis 

should be an additive property. 	Therefore for RW9/3T 

material, using the volume percentage of phases found by 

modal analysis (see table 3.54) and only considering the 

two major phases present, i.e. FS-CaSiO3  fibres and 0aAl2S1208 

matrix, at 650°C the calculated composite expansion is 

0( ao -*65o - 
(7.8 x 62)  + (4.5 x 26) 

 x 10
-(0  

(62 + 26) 
6 

= 6.8 x 10 'K -1  

This is somewhat higher than the experimental result for 

RW9/3T transverse 

cL20-iP.bscfc =  6.2 x 10-6  K-1  

(The coefficient at 650°C was chosen as this is the most 

accurately determined*result, i.e. has the lawest.percentage 

error). 	At 100°C the experimentally determined coefficient, 

4.7 x 10 
6 
 K is very close to that for the matrix phase 

only. 	These results may be explained by considering the 

state of the fibre/matrix interfaces in RW9 tile material 

which has been cooled from the fabrication temperature. 

Since at high temperatures the expansion coefficient of 

wollastonite is approaching twice that of anorthite this 

is a case when on cooling the fibre/matrix interfaCe is put 

into tension (see section 1.7.2. on the properties of 

ceramic matrix unidirectional composites) and may fracture 

and open out on further cooling to. form a crack. Therefore 
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on reheating this material initially the transverse 

expansion of the fibres only fills these cracks and the 

bulk transverse expansion measured corresponds to the 

matrix material only. 	As some of the cracks are closed 

the bulk expansion coefficient increases with temperature 

as the contribution from the relatively high expansion 

coefficient fibres increases. 	However since the fabrica- 

tion temperature of RW9/3T tile was 1180°C and the 

dilatometry measurements only went to 650°C it is possible 

that not all the cracks were closed at this temperature 

'and this would explain the discrepancy between the measured 

and calculated coefficients at 650°C. 

RW9 devitrified material must contain a small amount 

of residual glass (see section 3.1.3:), but since there is 

no indication of the material softening at 650°C there is 

either only a very - minor proportion present or it has a 

high softening temperature and therefore it would be unable. 

to compensate for the large difference in the expansion 

coefficients of the fibres and matrix. 

The results for RW9/7C longitudinal type specimens, 

given in table 3.60 and figure-3.85, are very similar to 

those found for the RW9/3T transverse specimens. 	This 

intracrucible material is a. coarser,.less exactly aligned 

fibrous material than tile type crystallized products and 

has a low volume percentage of fibres (only 46%, see table 

3.54). 	Therefore the effect of cracks at fibre/matrix 

interface may also control the expansion behaviour of this 

material since the expansion could not be measured along a 
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unique fibre axis. 

3.4.3. 	RW14 COMPOSITION MATERIALS: 

Table 3.61 and figure 3.86 give the results 

of the dilatometric investigation of RW14 glass which had 

been annealed at about 650°C. 	The glass transition 

temperature (see section 1.6.1.) is found to be around. 

450°C and the dilatometric softening temperature 720°C. 

The theoretical expansion coefficient, below Tg, was 

calculated (see section 3.4.2.) as 9.6 x 10 6 K-1  which is 

in agreement with the range of values found experimentally 

for expansion below Tg. 	The expansion coefficients found • 

for RW14 glass are generally higher than the coefficients 

of RW9 composition due to the presence of sodium oxide in 

RW14 composition (see table 2.2), a component of large 

atomic volume known to increase the thermal expansion of •  

silicate glasses greatly (138). 

The results obtained for RW14/2T tile material trans-

verse specimens show the effect of a glass matrix (this 

material does not appear from X-ray analysis to give any 

crystalline secondary phase), see table 3.62 and figure 

3.87. 	The thermal expansion behaviour shows a glass 

transition temperature at 465°C and the material just 

starts to soften at 650°C. 	The probable composition of 

the residual glass was calculated knowing the starting 

composition of RW14 glass, the composition of calcium 

metasilicate and assuming that all the calcium oxide in 

RW14 was incorporated into the crystallized fibres after 

devitrification, i.e. 35 wt % in RW14 As equivalent to 
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47 wt % in the calcium metasilicate fibres. 

RW14 composition: Average wollastonite mineral: 

5.0 Na20 	wt % 0.05 

35.0 Ca0 	wt % 47.0 

5.0 A1203  wi % 0.8 

55.0 SiO2 	wt % 52.15 

See table 2.2. 	Reference (85). 

If all CaO in fibres: 

35:47 = x:52.15 a-- y:0.05 EE z:0.8 

x = 38.8, y = 0.04, z = 0.6 

From 100 parts of original RW14 only 16.2 parts Si02, 

5.0 parts Na20 and 4.4 parts A1203  remain. 	Therefore 

RW14.  residual glass is 64 wt % Si02, 19 wt % Na20 and 

17 wt % A1203  (see table 2.2), and there should be 26 wt % • 

glass to 74 wt % fibres in the devitrified material. 

Taking the density of 13-CaSiO3  as 3Mg m 5(135) and an 

average value of 2.5 Mg m 3 for a soda-aluminosilicate 

glass (138) as the density of RW14 residual then the 

devitrified material should be about 30 vol % glass matrix .  

and 70 vol % fibres. 	This, is in quite good agreement with 

the modal analyses of these materials, see table 3.54. 

A glass of RW14 residual composition was made up, 

annealed at 650°C and specimens tested in the dilatometer. 

The thermal expansion results are given in table 3.63 and 

figure 3.88, the glass transition temperature being found 

at 425°C and the dilatometric softening temperature at 

610°C. 	These values are somewhat lower than Tg and Ts 

found for RW14/2T transverse specimens but the presence 
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of the reinforcing fibres may stiffen the tile material 

so these effects are not appreciable until the actual 

.temperature has been exceeded. 	The calculated expansion 

coefficient for RW14 residual glass below Tg (see section 

3.4.1.) is 10.1 x 	whiCh comparee well with the 

experimentally determined coefficient measured from 20 to 

400°C as 10.2 x 10 K
-1 

For RW14/2T transverse specimens the expansion coeffi-

cient up to Tg (400°C) calculated using the additive 

relationship (see section 3.4.1:) and the volume percentages 

found from modal analysis (see table 3.54) is 7.5 x 10 6  

which is higher than the measured coefficient of 
 

6.4 x 10 
&
K I. K . 	However, since in this case the thermal 

expansion of the matrix is greater than that of the fibres, 

and at high temperatures the matrix could flow and eliminate 

the stress generated at the fibre/matrix interfaces, this 

is unlikely to be due to open cracks at the interfaces. 

Specimens of RW14/5T tile material were also tested 

perpendicular to the fibre axis. 	The results for these 

RW14/5T transverse specimens are given in table 3.64 and 

figure 3.89 and from these it is found that the glass 

transition temperature for this material is 475°C. The 

general form of the thermal behaviour is the same as for 

the RW14/2T transverse specimens but the expansion 

coefficients are slightly higher for the RW14/5T material. 

The calculated expansion coefficient up to Tg (using the 

modal analysis given in table 3.54 and the thermal data 

for the fibres and matrix for 20 to 400°C) for RW14/5T 
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transverse is 7.2 x 10 6K-1  and the experimental value for 

20 to 40000 is 6.6 x 10 6 H K , which again is lower but the 

calculated value is within the 95% confidence estimated 

error for this experimental value. 

The RW14/5T tile material was also used to produce 

longitudinal (parallel to libre axis) specimens. 	The 

thermal expansion characteristics of these specimens are 

shown in table 3.65 (fig. 3.90) from which it is found that 

this material behaves almost identically to the longitudinal 

wollastonite specimens. 	This indicates that the fibres 

in the RW14/5T material are in parallel alignment and are 

continuous along the length of the dilatometry specimens 

so that the measured thermal expansion is due solely to 

the fibres. 	Therefore the characteristic linear percentage 

expansion versus temperature graph (constant expansion' 

coefficient} was obtained. 	The glass matrix has a much 

higher expansion coefficient than that of the fibres 

parallel to their axis and therefore there may be cracks 

in the matrix perpendicular to the fibre axis, produced 

on cooling this material from the fabricatiOn temperature 

(see section 1.7.2.). 	This would mean that the matrix 

expansion parallel to the fibre axis would be taken up in 

closing these cracks and therefore the externally measured 

matrix coefficient would be less than the true-value. 

This may be the explanation why the high expansion matrix 

does not dominate the expansion" along the fibre axis. 

The RW14/5T longitudinal specimens started to soften 

at about 550°C but did not completely comply to the 
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pressure from the thrust rod, i.e. the transducer output 

only decreased gradually with temperature. This may be 

due to the residual glass starting to flow under the stress 

generated by differential thermal expansion at the fibre/ 

matrix interfaces. 

3.4.4. RW14F INTERNALLY NUCLEATED MATERIAL: 

Table 3.66 and figure 3.91 show the experiment-

ally determined expansion characteristics of the internally 

nucleated form of the RW14 composition material (see 

section 3.1.7.). 	The results for these specimens are 

similar to those found for the RW14 transverse specimens 

(see section 3.4.3.) except that in this case the expansion 

coefficients at each.temperature are nearly 20% lower than 

the corresponding transverse specimen coefficients. 	This 

could be due to the "random" orientation of the fibres in 

this material which would result in the overall expansion 

coefficient of the fibres being intermediate between the 

values transverse to and along wollastonite fibres (see 

section 3.4.1.), i.e. the fibre expansion coefficient will 

be lower than that in RW14transverse specimens. 

The glass transition temperature observed for RW14F 

material is 450°C which is in good agreement with the 

RW14 tile materials (see section 3.4.3.) and demonstrates 

the substantial influence the residual glass phase has on 

the thermal properties of these materials. RW14F and RW14 

have the same Si:Ca ratio (see section 3.1.7.) and therefore 

a similar silica network structure within the glass. This 

explains the apparently negligible effect on Tg in RW14F 
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due to the fluoride ions, the presence of which lowers 

the viscosity and Tg compared to a glass of the same 

composition except for the absence of CaF (i.e. higher 

Si:Ca ratio). 

3.4.5. RW17 COMPOSITION MATERIALS: 

The thermal expansion results found for RW17 

glass, see table 3.67 and figure 3.92, show the expansion 

coefficient for this glass is similar to that of RW9 glass 

since neither of these glasses contain large atomic volume 

oxides. 	The Tg of RW17 glass is about 410°C and the 

dilatometric softening temperature 705°C. 	The experiment- 

ally determined coefficient, 20 to 300°C, is 7.4 x 10- e'IC
1  

which is lower than the calculated value below Tg whiCh'is 

8.5 x 10 17 K-I  (138). 

All the crystalline RW17 specimens were machined from 

rods produced by the pulling technique. (see section 3.1.8.).  
*Three types of transverse specimens were prepared, 

RW17/50fs(p-CaSiO3spherulitic fibres in a matrix of glass 

with a small proportion of CaaZnSia07, pulled at 50 microns 

per second), RW17/30F(15-CaSiO3.spherulitic fibres in a 

glass with a larger proportion of Ca2ZnSi207, pulled at 

30 microns per second) and RW17/30c),(47CaSiO3 dendrites 

in a matrix of glass and Ca2ZnSia07). The thermal 

expansion behaviour of RW17/50FStransverse specimens is 

shown in table 3.68 and figure 3.93, from which it is 

found that the expansion coefficient decreases to a minimum 

around 525°C and then starts to increase at higher 

temperatures. 	The values of the coefficient are lower 
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than those for RW17 glass or for transverse wollastonite 

fibres (see section 3.4.1.). 	There is no evidence of a 

glass transition temperature on the percentage expansion 

versus temperature graph. 

RW17/30[6transverse specimen dilatometry results are 

given in table 3.69 and figure 3.94. 	These show a 

hysteresis loop, i.e. the cooling curves are different 

from the-heating curve but when the same specimen is reheated 

its expansion follows the original heating curve. 	The 

average expansion coefficient is nearly constant at only 

about 3.9 x 10 6 K-I i.e. only about half the value for 

transverse wollastonite. 	A glass transition region can 

- be identified on the heating curve of the percent6.ge • 

expansion versus temperature diagrawat around 310°C. 

Table 3.70 and figure 3.95 give the thermal expansion 

results for'the RW17/3Ok transverse specimens. 	These 

again show a hysteresis loop and the. expansion coefficients 

also decrease with temperature in a similar manner to those 

for the RW17/50ptransverse specimens. 	The values of the 

expansion coefficient are very low compared with the 

reported coefficient for oi-CaS103  which is 11.8 x 10 6K -1

between 25 and 800°C (85). 

The explanation of these anomolous RW17 transverse 

specimen results was found when the thermal expansion 

characteristics of a specimen of CaaZnSia07 which was 

produced from RW17 glass by rod-pulling at only 10 microns 

per second were investigated; this material is described 

in section 3.1.8. 	Table 3.71 and figure 3.96 give the 
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thermal expansion results for this RW17/10 rod material 

measured both parallel to and perpendicular to the growth 

(pulling) axis. 	The transverse specimens showed a small 

percentage expansion during heating .but on cooling a rapid 

contraction produced a hysteresis loop and resulted in 

negative expansion, i.e. an overall contraction. 	The 

longitudinal specimens show a very small cOntraction on 

heating and again on cooling rapid additional contraction 

produced a hysteresis loop. 

A negative expansion coefficient can be produced in 

open, network type of silicate structures (see section 

1.6.2. and reference 95). 	However this would not explain 

the hysteresis effect, which is similar to the expansion 

characteristics of zirconia-yttria solid solutions (142, 

143). 	The hysteresis in this system is due to the tetra- 

gonal to monoclinic polymorphic change in the zirconia 

structure which occurs during heatirig and involves a large 

volume change. 	Since the solid-solution is not completely 

homogeneous and the amount of yttria present controls the 

temperature of the transformation therefore the transform- • 

ation is spread over a range of temperatures. 	The volume 

change in this system, up to 4 mol % yttria, is sufficiently 

great to give an overall negative expansion coefficient. 

Hardystonite, the mineral analogue of CagnSia07, has the 

melilite structure (see section 1.5.2.) which is known to • 

be capable of accommodating a complete range of solid 

solution (92). 	The melilites have no known polymorphs 

(144), but there is some evidence of a volume change 
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resulting from a polymorphic inversion (the "peg structure" 

found in some melilite minerals). 	Attempts to resolve 

the "new" phase using an electron microprobe technique 

have been unsuccessful due to the very small size of the 

transformed regions (144). 	This phenomenon has probably 

not been investigated in hardystonite, whiCh is a rare and 

not an economically important mineral. 	Therefore the 

large hysteresis and negative expansion found for the 

CaaZnSi207  material could .be due to a reversible poly-

morphic inversion distributed over a range of temperatures 

due to the solid solution of excess calcium ions in this 

structure, as was found from the powder X-ray analysis, see 

figure 3.62, table 3.39 and section 3.1.8. 	The anisotropy 

of the thermal expansion of RW17/10 is a result of the 

directional crystallization in the rods, see figure 3.63, 

but the lath type crystals were too short and tended to 

crumble as a rod was crushed so a pinhole transmission 

X-ray technique could not be used to find the crystalla-: 

graphic orientation of the growth axis. 	It was attempted 

to use differential thermal analysis to identify the trans-

formation temperature of the polymorphic inversion (i.e. an 

endothermic or exothermic peak which would confirm the 

occurrence of the inversion) but the transformation did 

not show as a sharp peak probably due to being spread over 

a temperature range by solid-solutioh. 

The RW17 c.  and r)  rods transverse thermal behaviour 

can be related to the amount of CaaZnSia07 present in each 

material. 	The RW17/50prod has only a small amount of 
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this secondary crystalline phase in the matrix and therefore 

although the overall expansion coefficient is reduced by 

the presence of Ca2ZnSi207  there is no hysteresis evident 

in this material. 	The RW17/304. and ,rods contain larger 

amounts of Ca2ZnSi207  and therefore display hysteresis 

effects in their thermal expansion behaviour in addition 

to reduced expansion coefficients. 

Longitudinal type dilatometry specimens were also 

prepared from the RW17 rod materials. 	The results for 

RW17/50p;longitudinal specimens, table 3.72 and figure 

3.97, and RW17/30>longitudinal specimens, table 3.73 and 

figure 3.98, are very similar. 	Both show the constant 

expansion coefficient characteristic of wollastonite 

parallel to the fibre axis. 	Both coefficients are somewhat 

lower than that found for longitudinal wollastonite, which 

may be due to the low expansion CaaZnSia07  phase in the 

matrix inhibiting the expansion of the fibres, particularly 

as this second phase probably nucleates at the fibre/matrix 

interfaces. 	However the p-CaSiO3  fibres in these rod • 

specimens must be well aligned and continuous in order to 

dominate the expansion behaviour in this way. 

The RW17/30c1 longitudinal specimens also do not show 

any evidence of significant hysteresis, see table 3.74 and 

figure 3.99. 	There must be a relatively large amount of 

residual glass left between the dendritic arms in this 

material as a glass transition temperature of 350°C was 

found from the percentage expansion versus -temperature 

plot, but there is no evidence of softening up to 650°C. 
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The expansion coefficients are again lower than the 

reported value (85) for 01-CaSiO3  but increase gradually 

with temperature, unlike those for the transverse specimens 

which decrease with temperature (see figure 3.95). 

3.5. 	RESULTS OF MECHANICAL TESTS: 

3.5.1. 	MODULI OF RUPTURE: 

The moduli of rupture were found for specimens 

machined from the selected materials, see section 2.8. . 

The anisotropic fibrous materials were sectioned mo as to 

give three types of specimen, i.e. transverse, perpendicular 

and longitudinal (see figure 2.10). 	The three-point test 

apparatus was calibrated using specimens prepared from 

"Purox" recrystallized alumina (Morganite Refractories Ltd.) 

which has a known modulus of rupture of 160.7 MN m-a  

(16.40 x 106 Kg M). 	Two spans were used to test the 

materials (since the rod materials were not available in 

sufficient quantities to produce the large size specimens) 

but both tests had a span to depth ratio of 8:1. 	The 

specifications for these tests are given in appendix II. 

The bend tests were carried out as described in section 2.9. 

and the moduli of rupture calculated as shown in appendix 

III. 

Table 3.75 shows the results obtained from the 20mm 

span three-point bend tests and table 3.76 those from the 

7mm span tests. 	Only those specimens which gave a load 

versus deflection curve showing a Hook's law region (a 

straight line region) are included as the other specimens 



241 

failed at very low loads because they were precracked beams 

(cracked during machining) which fractured by crack extension 

at very low applied stresses. 	Table 3.77 gives the mean 

values of the moduli of rupture (R) for each type of 

specimen, and from this it can be seen that the mean R for 

20mm span alumina specimens is lower and has a higher 

coefficient of variance than that for the 7mm span alumina 

specimens. 	From the size effect (see section 1.7.3.) 

this would be expected since a larger volume of material 

is below the top roller in the 20mm span tests than below 

the top knife-edge in the 7mm span tests. 	However both 

results are close to the reported value for the alumina 

material, i.e..within the corresponding deviation of the 

reported -value. 	(The standard deviations in table 3.77 

were calculated using the NPL code of practice (145), see 

appendix III.) 

From table 3.77 the effect of fibre orientation on 

the bend strength of each type of fibrouSly crystallized 

material can be seen. The RW9 material may be regarded 

as a .unidirectional fibre reinforced composite (see 

section 1.1.1.), p-CaSiO3 fibres in a matrix mainly 

consisting of CaA101208 (see section 3.1.5.). 	This gives 

very similar moduli of rupture when tested in either the 

transverse or perpendicular orientation and these two 

types of specimens also give similar large coefficients 

of variance. 	In these orientations the tensile stress 

of the bottom surface of the test beams acts across the 

fibre/matrix interfaces, and although in RW9 material the .  
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secondary, matrix, crystalline phase is nucleated on the 

fibre surfaces, these interfaces are likely to be cracked, 

and therefore weak, due to differential thermal expansion 

during cooling from the fabrication temperature (see 

sections 1.7.2. and 3.4.2.). 	Figure 3.100.  is an SEM 

micrograph of the fracture surface of the RW9/6T.8 trans-

verse type beam in which it can . be seen that fracture has 

occured interfibrillarly. 	The fracture resulting from 

bending of these beams is tensile since the neutral axis 

(the axis across the beam below which stresses are tensile 

and above which they are compressive when a bending moment 

is applied to the beam (109)) moves upwards through the 

beam ahead of the growing crack, and these fibrous materials 

do not fail in the catastrophic manner typical of brittle 

materials (99), see section 3.5.3. 	Therefore in the 

RW9/6T.8 specimen the tensile stresses have fractured the 

weak interface leaving the fibres intact, as can be seen 

in the micrograph. 	There also appears to be some 

orientation of the fibres normal to the fibre axis since 

the fibres all seem to have 'an approximately square cross- 

section (see appendix 1). 	Some areas. of matrix can be 

seen. 

The modulus of rupture of the longitudinal type RW9 

specimens is. about three times that for the.transverse or 

perpendicular, see table 3.77. 	In this orientation failure 

occurs by a combination of interfibrillar (interface) 

separation and fracture across fibre bundles, see figure 

3.101, a SEM micrograph of the fracture face of RW9/7C.1. 
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The fracture steps across the fibres again reveal the 

approximately square section of these 13-CaSiO3  fibres. 

The crystal structures of p-CaSiO3  are either triclinic, 

wollastonite, or monoclinic, parawollastonite, (see section 

1.5.1.), both of which give an approximately square (010) 

plane in the lattice and since each spherulitic fibre is 

a single crystal (see section 1.4.2.) this explains the 

fibre cross-section. 

The modulus of rupture of longitudinal specimens is 

strongly dependent on the exact angle between the fibre 

axis and the direction of maximum stress, see section 1.7.2., 

and the 10 degree misorientation inherent in the RW9/70 

material reduces the value of R to approximately 40% of 

the maximum value, see figure 1.10. 

The coefficient of variance is much lower for the 

longitudinal specimens than for the other RW9 specimens. 

This prdbably is due to the relative ease of machining 

these specimens compared to the transverse or perpendicular 

specimens which tended to break up whilst being ground .  

and in which therefore large flaws or. cracks could develop. 

The longitUdinal specimens, however, could be ground along 

the fibre axis and this, together with the higher strength 

of these beams, means that less were damaged during 

manufacture. 

The SEM investigations of the fracture surfaces of 

all types of RW9 specimens did not reveal any features by 

which a single flaw which initiated fracture could be 

identified. 	This was due to the standard abrasion treat- 

ment given to the tensile face of the beams so that an 
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array of flaws approximately 30 microns deep covered 

this surface and to the weak fibre/matrix interfaces which 

may have contained cracks sufficiently long to initiate 

fracture in the interior of the beam, i.e, in the region 

just above the lower surface where the tensile stresses 

are relatively large (see section 1.7.1. and 1.7.3.). 

The values found for the mean moduli of rupture for 

the three types of RW9 specimen are all relatively low for 

glass-ceramic materials, typical bend strength about 

150 MN m 2, and are also lower than the bend strength of 

glass, about 100 MN m 2 (102). 	This is probably due to 

the extremely weak interfaces present in the RW9 material, 

but may also be a result of the effects of the points of 

load application which have been found to reduce the 

apparent tensile modulus measured by flexure of beams in 

three-point bending when highly anisotropic materials are 

tested (115), see section 1.7.3. 

The RW14 material could only be tested as transverse 

or perpendicillar spedimens as it was impossible to grow 

fibres sufficiently long without distortion to be able to 

cut longitudinal specimens (see sections 2.5. and 3.1.8.). 

This material may be regarded_as a composite of unidirec-

tional, continuous 3-CaSiO3 fibres in a matrix of RW14 

residual glass, the fibre volume fraction being about 0.6 

(see table 3.54). 	The results for these specimens are 

given in table 3.75 and the mean values of R in table 3.77. 

The specimens were cut from the same tile but it is seen 

that the mean modulus of rupture of the perpendicular beams 
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is greater than that for the transverse beams and the 

coefficient of variance is lower for the perpendicular 

specimens. 	However both the R values are much lower than 

the modulus of rupture of glass, but are in good agreement 

• with the mean strengths found from testing carbon fibre 

reinforced glass composites in three-point bending with 

both transverse and perpendicular type of fibre orientation 

(13). 	The higher and more consistent value of R for the 

perpendicular specimens must be due to this type of 

specimen being more resistant to severe damage during .. 

machining since both types of specimen came from adjacent • 

sections of the same tile. 

Figure 3.102 is a SEM micrograph of RW14/2T.6, i.e. 

the strongest perpendicular specimen, which shows that 

failure occured by interfibrillar fracture together with 

some shearing of the fibre layers. 	Although in RW14 

material the differential thermal expansion is not such 

that cracks are formed at the fibre/matrix interface during 

cooling after fabrication (see section 3.4.3.) there may 

be stress-raisers such as.crystal facets and imperfections 

present at the interface which could give a loss of crystal/ 

glass coherence at low applied tensile stresses (possibly 

during fabrication of bend test specimens). 	If the 

interfacial tensile strength is zero (i.e. no coherence 

between the matrix and fibres) the transverse (or perpendi-

cular) tensile strength of the material will then be that 

of the equivalent volume of glass containing cylindrical 

voids (13). 	A typical strength of glass is 100 MN nEa, 
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and therefore using the law of mixtures (see section 

1.7.2.) and allowing for 0.6 volume fraction.of fibres 

the composite strength is reduced to 40 MN m a. 	The stress 

concentrating effect of a circular cross-section cylinder 

is a factor of 3 (13), and thiS again reduces the theoret-

ical transverse.composite strength to 13 MN III 2  which is in 

good agreement with both the transverse and perpendicular 

results for the RW14/2T material. 

In figure 3.102 the "square".  cross-section of the 

fibres can again be seen and the orientated packing of the 

fibres normal to the fibre axis is also clearly shown. 

The RW14F internally nucleated, i.e. random fibre 

orientation material, gave.the moduli of rupture shown in 

table 3.75. 	The mean value of R, table 3.77, is somewhat 

lower than those for the transverse or perpendicular RW14 

specimens but the coefficient of variance is much lower 

(only about 1.5 times that for the 20mm span alumina 

specimens). 	Figure 3.103, which shows the centre of large 

spherulite in which the sheaf-like structure can be seen 

(see section 1.4.2.), is an SEM micrograph of the fracture 

surface of RW14F.1. 	From this it is evident that the 

fracture path passes through-the spherulite centres, which 

can be seen standing proud on the fractUre surface, and not 

along the boundaries between the spherulites. 	Figure 3.104 

shows a close-up view of a boundary between two spherulites 

and from this it can be seen that there is no cracking where 

the crystal growth fronts impinge. 	Therefore, it would 

seem that fracture again occurs at the fibre/glass interfaci 
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inside the spherulites. 	The relatively low variability 

of the RW14F moduli may be a reflection of-the random 

fibre orientation, i.e. the crack or flaw length introduced 

during machining this material is limited as the inter-

fibrillar cracks are deflected by fibres in other orienta- - 

tions* whereas in a unidirectionally crystallized material 

there are crack paths which theoretically could extend 

right across one dimension of a specimen. 

Only longitudinal type bend test specimens, 7mm span, 
could be fabricated from the RW17/30 rod materials, and the 

results for the RW17/30d. and RW17/3013 materials (see section 

3.1.8.) are given in table 3.76, the mean values being given 

in table 3.77. 	The moduli for the4.-CaSiO3 dendritic 

material and for the ,-CaSiO3  spherulitic fibrous material 

are similar and are about 3 times that found for the RW9 

longitudinal specimens. 	This has two explanations; the 

fibre orientation in the rod material only varies by about 

5 degrees which means that the measured modulus was at 

least 70% of the maximum, and the shorter span, 7mm, bend 

tests give higher moduli than the 20mm span tests (see 

results for the alumina specimens). 	The coefficient o.f 

variance for both materials is high, that for , the spheru-. 

litic being the higher, and this may be due to only a few 

specimens being cut from each rod (a maximum of four) and 

therefore there could be some_ variability between the 

specimens, since the exact pulling rates and cooling rates 

of the rods could vary. 	(The cooling rate depends on the 

melt temperature and the rod diameter, see section 3.1.8.) 
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Figure 3.105 is a SEM micrograph of the strongest 

RW17/3013 specimen in which the fracture face can be seen' 

to consist of large fracture steps, failure being primarily .  

trans4abrillar. 	However deflected cracks can be seen 

running between the "cones" of fibres (i.e. the fibres which 

have nucleated from the same site and which have related 

(010) plane orientations, see section 3.1.5.) and the 

fracture steps are produced when a trans-fibrillar crack 

is deflected by one of these intercone cracks. 	The matrix 

thermal expansion is less than that of the p-CaSiO3  fibres 

(see section 3.4.5.) and therefore this material is likely 

to have weak fibre/matrix interfaces, althoUgh since there 

is a large proportion of glass in the matrix (*capable of 

relieving stresses at temperatures above Tg) and the fibres 

are relatively fine (less than 15 microns, see table 3.51) 

there may not be open cracks at these interfaces, i.e. the 

tensile stress across the interface may not exceed the 

fracture stress. 	This conclusion results from the com- 

parison of the fracture surfaces of the RW9 longitudinal 

and RW17 longitudinal specimens, see figures 3.101 and 3.105. 

The fracture surface of a typical RW17/304.specimen 

is shown in figure 3.106. 	This is a close-up of the 

uniform surface which does not show any. fracture steps as 

were found for the 	In figure 3.106fit 

would appear that trans-dendrite failui.e has occured with 

no "fibre-pullout" (see section 1.7.2.) which implies that 

there are strong dendrite/matrix interfaces in this material. 

These strong interfaces may be due to the secondary 



249 

dendrite arms which "key" the dendrite into the matrix in 

a manner similar to the mechanical bond produced by growing 

whiskers on the surface of carbon fibres prior to their 

incorporation into a resin matrix (107).. 

3.5.2. 	INTERLAMINAR SHEAR STRENGTHS: 

The interlaminar shear strengths (B) of the 

unidirectionally crystallized materials were found using 

short beam three-point bend tests (section 2.9.3. and 

appendix IV) on longitudinal type specimens. 	The test 

specifications (appendix II) were based on the work of 

Phillips et al on carbon fibre reinforced glass (13). 	Only 

results which corresponded to fracture surfaces showing some 

oblique character were used to calculate B values, i.e. 

fracture had occurred at least partially by shear along 

planes parallel to the neutral axis of the beam. 	Table 3.78 

gives the B values for the tile crystallized materials, and 

table 3.79 the results for the materials produced by the rod- • 

pulling technique. 	The mean values of B are given in table 

3.77. 

Figure 3.107 is an SEM micrograph of the fracture 

surface of a typical RW9/3T specimen. 	Fracture steps can 

be seen showing that fracture occurred partially by failure 

of the fibre/crystalline matrix interfaces (along the 

direction of the maximum shear stress) and also by trans-

fibrillar fracture (in direction of tensile stress), probably 

at weak regions in- the fibres. 	Since the fracture path 

takes the weakest route through the material, therefore the 

crack travels along the weak interface (Bee discussion in 
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previous section) until it reaches a weak part of a fibre 

(due to a crack or other imperfection) when it is deflected 

through this fibre and continues along the next interface. 

The fracture surface of a typical RW14/4T specimen is 

shown in figure 3.108. 	RW14 material contains much finer 

fibres than RW9 (5 microns as compared to 60 microns 

diameter in RW9) and in the case of RW14 the matrix is . 

glass whereas for RW9 the matrix is predominantly crystal- . 

line. 	In figure 3.108 the shear, interface fracture can 

. be seen to extend in 'a plane across a group of fibres with 

related (010) orientations (as in figure 3.102) and the 

tensile, intra-fibrillar fracture also occurs through the 

whole of the fibre group. 	The fracture step does not have 

a straight edge which suggests that the intra-fibrillar 

fracture only occurs when the shear failure path intersects 

a crack running along a jagged, deflected, path through the 

fibre bundle. 	This is in contrast to the.RW9. material in 

which the fracture steps are associated with individual 

fibres, see figure 3.107. 

Despite these differences between the RW9 and RW14 

materials the mean values of B found for them are similar, 

although the extremely large scatter of the results makes 

it difficult to draw any very exact conclusions. 	(Even 

for RW9/3T for which 45 results were found the coefficient 

of variance is 28%.) 	This scatter is due to the specimens 

fracturing with differing amounts of shear type and tensile 

type behaviour. 	Theoretically in shear tests shear 

failure occurs if the maximum shear stress exceeds the 
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shear strength before the maximum tensile stress exceeds 

the tensile strength, and therefore in specimens containing 

imperfect fibres the measured values of B may be regarded 

as the lower limit of the shear strength. 	However it has 

been found for carbon fibre reinforced, glass that the 

accuracy of'short beam tests improves at'high fibre volume 

fractions (13), and both RW9/3T and RW14 material0 contain 

more than 60 volume percent of p-CaSiO3 fibres (see table 

3.54). 

RW17/30p)specimenS failed- with very oblique fractures_ 

("green-stick" type. of fracture), i.e. almost totally in 

shear. 	This is reflected in the higher B values found 

for these specimens. 	Figure 3.109 shows a typical fracture 

surface and from this. it can be seen that fracture is 

primarily along the fibre/matrix interface. .The trans-

fibrillar fracture gives irregular non-planar fracture 

steps, so some cracks propagate through fibre bundles and 

others only through a single fibre. 	This behaviour is 

intermediate between the RW9 and RW14 materials, which is 

in agreement with the RW17/30i6 microstructure which is also 

• intermediate between these materials, i.e. fibre diameter 

about 15 microns and the matrix a mixture of glass and 

crystals. 

The fracture surfaces for the RW17/306.specimens are 

not so oblique and do not show the same, amount of interface 

- fracture when observed in the scanning electron microscope. 

Figure 3.110 is an SEM micrographof .a.typical specimen, 

showing that the fracture seems to be mainly through the 
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matrix, _only a few dendritic arms penetrating the surface. 

This is a consequence of the relatively strong dendrite/ 

matrix interface in this material (see•previous section). 

It is therefore rather surprising that the interlaminar 

shear strength found for RW17/30d, i8 similar to that for 

the weak interface RW9 material, although the very large 

scatter associated with these results makes it possible 

that in fact the correct mean B value for the dendritic 

material is higher than that found due to results from 

pre-cracked specimens which failed in tension being included 

in the calculated mean, see section 1.7.2. 

3.5.3. 	WORK OF FRACTURE: 

The work•of fracture of the bend test specimens 

was found using the method of Tattersall and Tappin (106), 

i.e. the area under controlled fracture load versus deflec- 

tion curves (Instron output) was found. 	The areas were 

found by approximating triangles. 

A schematic load-deflection curve is shown in figure 

3.111. 	Tattersall and Tappin found that negligible 

energy loss occurs during the catastrophic crack growth 

and therefore the area under the curve represents all the 

work done in the growth of the fracture crack and unavoid- 

able damage directly related with the crack-growth. 	The 

total work is divided by the area of the two fracture faces 

to •give the value for the work of fracture. 

For the determinations of the work of fracture of the. -

RW9, RW14 and RW17 materials the pre-cracked specimens, 

rejected for strength measurements, were used. 
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The failure loads attained with these specimens are so small 

that if they were not pre-cracked no permanent damage 

would have been produced in the material, and therefore 

no damage should occur in the beam remote from the region 

of maximum stress. 	Figure 3.112 shows the types of load 

versus ddflection curves obtained from transverse (or 

random) fibrous specimens, from longitudinal fibrous 

specimens and from- dendritic specimens. 	The area of the 

fracture faces was taken as twice the cross-sectional area 

of the beams, an approximation, particularly in the case 

- of the longitudinal fibrous specimens in which the jagged. 

fracture surfaces produced actually had a somewhat larger 

surface area. 

The results obtained are given in table 3.77. 	Those 

for the transverse,, perpendicular or random fibrous specimens 

are an order of magnitude lower than those for the longi- 

tudinal fibrous specimens. 	This is a result of crack 

deflection due to the- weak interfaces in these materials. 

When a crack is propagating under stress in addition to 

the stress concentration tending to open the crack further 

in its own plane there are also subsidiary stresses which 

tend to open cracks on planes normal to the plane of the 

crack. 	Therefore if there are planes of weakness parallel 

to the tensile stress axis (as in longitudinal specimens), 

- then cracks propagating normal to this stress could be 

deflected along these weak paths (146). 	In this way 

energy is expended in creating new surfaces and in increasing 

the length of the fracture path and thus the work of 
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fracture is increased. 

The Rw17/30a, dendritic material does not contain 

these weak interfaces (see section 3.5.1.) and therefore 

the work of fracture is not increased in these longitudinal 

specimens. 

The work of fracture for. the longitudinalf3-CaSiO3 

- fibre specimens, with either a crystalline or glass matrix 

is an order of magnitude less than that for deal wood (106) 

or carbon fibre reinforced glass, a fibre reinforced 

ceramic for which it has been proved that the work of 

fracture values agree.well with toughness values derived 

from linear elastic fracture mechanics (147).. 	The work 

of fracture for. the transverse (or perpendicular) or 

random fibrous, or longitudinal dencthtic -materials is 

the same order of magnitude to that found for commercial 

aluminas (106). 	(The work of fracture could not be 

calculated for the alumina specimens used to .calibrate the 

bend test apparatus as none failed by controlled crack 

growth, i.e. they were not pre-cracked and therefore 

suffered catastrophic failure.) 

3.5.4. 	YOUNG'S MODULI: 

The Young's modulus (E) could be calculated 

from the results of the 20mm span three-point bend tests 

as described in appendix III. 	The mean values of E, 

listed in table 3.77, are all rather low, compared with 

modulus of soda-glass, 60 GN n 2. 	This may be another 

example of .the effect of the points of load application on • 

a highly anisotropic material (see section 1.7.3. (115)); 
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The Young's moduli vary for the different materials 

tested in the same way as the moduli of rupture. 	Therefore 

for the RW9 materials the value of E lor.longitudinal 

specimens is about three times that for the transverse or 

perpendicular specimens. 	The E result for RW14 transverse' 

is lower (although within the standard deviation) than 

that for the perpendicular specimens cut from the same 

tile. 	The value of the modulus of RW14F random fibre 

material is only about half that for RW14 transverse but 

has a lower coefficient of variance. 
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d A I/I0  

7.3 12 
3.92 30 
3.55 76 
3.38 11 
3.35 88 
3.28 4 
3.23 11 
3.22 3 
3.13 5 
3.03 12 
3.00 100 
2.850 12 
2.750 9 
2.620 7 
2.575 11 
2.500 50 • 
2.375 4 
2.360 15 
2.320 43 
2.200 38 
2.230 8 
2.155 47 
2.040 6 
2.000 9 
1.950 9 
1.935 3 
1.920 4 
1.800 60 
1.600 12 

d I I/I 0  

5.80 8 
3.52 27 
3.30 100 
2.900 10 
2.825 80 
2.675 4 
2.500 25 
2.260 5 
2.150 5 
2.010 44 
2.000 75 .  
1.860 12 

Table 3.1 : Experimentally 

determined X-ray diffraction 

intensities of wollastonite. 

Table 3.2 : Experimentally 

determined X-ray diffraction 

intensities of pseudo-

wollastonite. 
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d I I/I0  

6.75 41 
4.80 16 
4.15 59 
4.00 8 
3.87 34 
3.83 27 
3.70 36 
3.50 19 
3.45 32 
3.32 48 
3.25 82 
3.24 100 
3.23 84 
3.18 37 
3.10 19 
3.00 28 
2.980 25 
2.950 14 
2.870 23 
2.850 11 
2.720 22 	. 
2.600 10 
2.575 19 
2.530 25 
2.475 6 
2.340 10 
2.300 8 
2.200 23 
2.120 18 
2.020 22 
1.960 24 
1.900 8 
1.860 57 
1.840 17 
1.810 11 

. 
d A .I/I0  

9.20 40 
7.55 60 
5.39 40 
5.25 20 
4.92 50 
4.41 80 
3.98 50 
3.75 80 
3.44 60 
3.38 80 
3.33 80 
3.15 40 
3.09 40 
3.04 40 
2.950 20 
2.700 40 
2.670 100 
2.620 90 
2.570 40 
2.530 50 
2.480 50 
2.380 40 
2.350 50 
2.280 40 
2.240 50 
2.200 50_ 
2.190 50 
2.150 50 
2.090 40 
2.080 20 
2.055 40 
2.020 40 
1.990 40 
1.980 10 
1.957 40 
1.899 20 
1.867 80 
1.840 60 
1.819 10 
1.801 50 

Table 3.3 : Experimentally 

determined X-ray diffraction 

intensities of anorthite. • 

Table 3.4': X-ray diffraction 

intensities of Na2CaaSi309," 

from reference (121). 
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9.90 30 
4.76 35 
4.17 40 
3.84 20 
3.31 80 
3.25 70 
3.09 10 
2.990 100 
2.934 6 
2.778 14 
2.561 35 
2.504 12 
2.477 30 
2.315 25 
2.163 18 
2.062 10 
2.036 6 
2.031 10 
2.009 16 
1.982. 4 
1.957 10 
1.885 12 
1.841 40 
1.808 25 
1.675 10 
1.651 8 
1.587 20 
1.494 20 
1.480 20 
1.425 6 
1.416 18 
1.387 20 

d I I/I. 

5.018 35 
4.220 10 
3.711 50 
3.493 6 
3.085 60 
2.951 6 - 
2.868 100 
2.779 12 
2.506 	. 16 
2.473 30 
2.420 12 
2.384 14 
2.314 8 
2.283 10 
2.219 6 
2.037 18 
1.991 2 
1.949 2 
1.896 6 
1.856 	. 12 
1.761 35 
1.730 8 
1.640 4 
1.600 8 
1.537 8 
1.508 10 
1.468 6 
1.431 8 
1.407 4 
1.395 6 
1.385 6 
1.330 4 

2S8 

Table 3.5 : X-ray diffrac- 	Table 3.6 : X-ray diffraction 

tion intensities of 	intensities of hardystonite, 

devitrite,- from reference 	from reference (121). 

(121). 
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d I I/I0  

5.2 3 
5.1 14 
3.90 8 
3.80 2 
3.55 17 
3.35 24 
3.20 49 
3.10 19 
3.00 100 
2.820 42 
2.750 25 
2.580 3 
2.500 19 
2.360' 12 
2.330 10 '  
2.240 7 
2.200 19 
2.040 3 
2.000 42 
1.940 2 
1.902 3 
1.855 30 
1.790 2 
1.780 5 
1.740 8 
1.620 14 
1.490 12 
1.470 3 
1.440 2 
1.375 8 
1.280 2 
1.220 2 
1.195 2 

0 
d A I/I0  

7.7 4 
5.2 24 
5.1 46 
3.90 3 
3.82 26 
3.70 13- 
3.55 15 
3.50 4 
3.40 48 
3.25 100 
3.15 17 
3.10 15 
3.05 7 
3.00 83 
2.975 20 
2.850 9 
2.825 9 
2.700 4 
2.550 22 
2.500 15 
2.375 7 
2.325 9 
2.200 11 
2.150 4 
2.000 7 
1.940 7 
1.900 7 
1.850 39 
1.810 4 
1.792 17 
1.725 11 
1.620 9 
1.610 9 
1.550 4 
1.365 7 
1.275 4 
1.190 4 

Table 3.7 : X-ray diffraction. Table 3.8 : X-ray diffraction 

intensities of RW1 after 	intensities of RW2 after 

-18 hours at 1080°C; 	56 hours at 1075°C. 



d I I/Io  

6.6 9 
4.1 33 
3.90 11 
3.80 9 
3.65_ 10 
3.55 29 
3.45 8 
3.35 9 
3.30 34 
3.25 46 -  
3.20 100 
3.15 14 
3.10 36 
3.00 94 
2.840 . 	38 
2.600 9 
2.500 33• 
2.475 16 
2.375 16 
2.325 18 
2.200 31 
2.150 8 
2.025 9 
2.000 22 
1.980 22 
1.940 7 
1.900 9 
1.840 48 
1.810 12 
1.770 19 
1.730 20 
1.630 7 
1.610 21 
1.540 7 
1.490 20 
1.370 14 
1.275 8 

d I I/I. 

7.8 14 
7.3 6 
4.2 10 
4.1 40 
3.90 20 
3.55 33 
3.40 11 
3.35 40 
3.20 66 
3.13 26 
3.00 100 
2.850 10 
2.750 6 
2.600 10 
2.500 33 
2.375 19 
2.350 14 
2.325 19 
2.250 11 
2.200 40 
2.050 18 
1.995 15 
1.940 13 
1.910 9 
1.860 58 
1.780 14 
1.740 29 
1.620 19 

260 

Table 3.9 : X-ray diffraction Table 3.10 : X-ray diffraction 

intensities of RW3 after 	intensities of RW6 tile after 

72 hours at 1075°C. 	66 hours at 1025°C. 
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O 
d A I/I. 

5.8 12 
4.5. 21 
4.1 26 
3.75 11 
3.45 37 
3.28 98 
3.20 7 
3.00 13 
2.840 100 
2.480 45 
2.020 75 
2.000 76 
1.845 28 
1.695 14 
1.630 16 
1.482 38 

0 
dA I/I. 

5.8 9 
4.5 17 
4.1 47 
3.75 16 
3.55 9 
3.45 30 
3.40 13 
3.35 13 
3.30 92 
3.28  100 
3.15 9 
3.03 86 
2.860 75 
2.550 16 
2.520 13 
2.500 43 
2.390 8 
2.320 7 
2.200 8 
2.020 86 
2.000 59 
1.864 43 
1.780 13 
1.730 11 
1.700 8 
1.630 11 
1.550 9 
1.495 34 
1.440 12 

Table 3.11 :. X-ray diffraction Table 3.12 :.X-ray diffraction 

intensities of RW7 crystalli- 	intensities of RW7 crystalli- 

zation from a roughened 	zation from a smooth surface, 

surface, after 22 hours at 	after 22 hours at 1020°C. 

1020°C. 
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0 
d A I/I0  

4.5 9 
4.1 16 
3.80 9 
3.55 18 
3.35 35 
3.30 44 
3.25- 100 
3.14 22 
3.02 78 
2.850 31 
2.510 29 
2.480 11 
2.380 11 
2.320 13 
2.200 16 
2.020 15 
2.000 16 
1.850 56 
1.785 16 
1.735 16 
1.620 18 
1.490 16 

d i I/1,, 

7.7 5 
4.1 21 
3.85 9 
3.70 19 
3.50 15 
3.45 5 
3.35 6 
3.30 17 
3.20 84 
3.10 14 
3.00 100 
2.950 5 
2.670 5 
2.570 6 
2.500 15 
2.360 7 
2.350 7. 	- 
2.310 8 
2.200 14 
1.845- 22 
1.770 5 
1.740 6 
1.615 8 

Table 3.13 : X-ray diffraction Table 3.14 : X-ray diffraction 

intensities of RW7 tile after intensities of RW8 after 

54 hours at 1020°C. 	20 hours at 950°C. 
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d I I/I, 

7.8 4 
6.5 5 
4.4 4 
4.1 32 
3.85 5 
3.70 23 
3.55 11 
3.45 6 
3.35 13 
3.20 100 
3.10 7 
3.00 65 
2.950 8 
2.850 24 
2.680 6 
2.560 4 
2.500 11 
2.480 15 
2.370 5 
2.320 6 
2.210 8 
2.160 4 
2.020 17 
2.000 14 
1.930 5 
1.850 32 
1.790 6 
1.740 7 
1.615 5 
1.490 10 

d I I/I0  

5.8 8 
4.5 7 
4..1 35 
3.75 16 
3.45 13 
3.35 13 
3.25 73 
3.20 100 
3.00.  29 
2.950 5 
2.850 55 
2.700 7 
2.550 5 
2.500 24 
2.020 38 
1.850 22 
1.700 5 
1.490 14 

Table 3.15 : X-ray diffraction Table. 3.16.: X-ray diffraction 

intensities of- RW8 after 	intensities of RW8 after 

20 hours at 975°C. 	20 hours at 1025°C. 
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d I I/10  

6.0 20 
4.5 25 
4.1- 15 
3.85 15 
3.50 40 
3.40 40 
3.30 100 
3.05 90 
2.870 60 
2.580 15 
2.500 25 
2.030 30 
2.010 60 
1.860 30 
1.820 20 
1.630 15 
1.490 20 
1.430 15 
1.405 20 

dA I/10  

11.4 11 
11.0 25 
4.1 18 
3.90 11 
3.55 25 
3.27 29 
3.22 36 
3.12 11 
3.00 100 
2.830 18 
2.750 29 
2.500 18 
2.380 11 
2.320 11-  
2.250 11 
2.200 14 
2.000 • 21 
1.850 14 
1.730 11 
1.640 14 
1.610 14 
1.490 18 

Table 3.17 : X-ray diffraction Table 3.18 : X-ray diffraction 

intensities of RW9 after 	intensities of RW9 after 

10 minutes at 1160°C. 	20 minutes at. 1160°C. 
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d I 1/10  

6.8 12 
5.2 12 
4.1 28 
3.80 12 
3.56 16 
3.50 28 
3.40  12 
3.35 12 
3.29 100 
3.21 76 
3.13 12 
3.00 68 
2.860 68 
2.700 12 
2.550 8 
2.500 28 
2.340 12 
2.220 20 
2.020 32 
2.000 52 
1.860 32 
1.610 12 
1.490 12 

0 
d A I/I0  

7.5 3 
6.4 5 
4.05 27 
3.84 6 
3.70 10 
3.55 10 
3.50 11 
3.40  7 
3.35 7 
3.22 100 
3.10 8 
3.00 49 
2.950 6 
2.82.5 11 
2.660 7 
2.560 8 
2.540 5 
2.500 10 
2.470 6 
2.360 5 
2.310 4 
2.220 3 
2.200 7 
2.110 8 
2.020 6 
1.980 14 
1.840 19 
1.780 7 
1.770 3 
1.750 4 
1.730 3 
1.700 3 
1.620 12 
1.488 6 
1.420 4 

Table 3.19 : .X-ray diffraction Table 3.20 : X-ray diffraction 

intensities of RW9 after 	intensities of RW9/3T tile 

30 minutes at 1160°C. 	after 1 hour at 1180°C. 
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. 
d A I/I. 

8.5 4 
7.8 6 
4.1 10 
3.75 6 
3.55 14 
3.35 14 
3.22 50 
3.10 20 
3.00 100 
2.820 6 
2.550 4 
2.500 14 
2.370 14 
2.320 8 
2.200 8 
2.100 8 
2.030 6 
1.840 54 
1.730 12 
1.725 10 
1.610 8 
1.580 6 
1.490 28 
1.440 .8 • 
1.405 4 
1.380 4 

. 
dA I/I. 

7.7 6 
5.2 6 
4.1 36 
3.85 14 
3.80 12 
3.65 8 
3.55 20 
3.30 26 
3.25 28 
3.23 84 
3.20 70 
3.10 12 
3.00 100 
2.860 8 
2.820 8 
2.660 6 
2.540 12 
2.480 14 
2.350 10 
2.320 10 
2.200 14 
2.030 4 
1.980 8 
1.930 6 
1.895 6 
1.845 42 
1.840 16 
1.780 8 
1.765 10- 
1.760 4 
1.730 10 
1.610 8 
1.485 16 

Table 3.21 i X-ray diffraction Table 3.22 : X-ray diffraction 

intensities of RW9/4T after 	intensities of RW9/6T after 

1 hour at 1180°C. 	1 hour at 1180°C. 
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d O I/I0 

5.1 17 
4.1 21 
3.90 21 
3.80 42 
3.58 21 
3.40 12 
3.35 12 
3.24 100 
3.10 54 
3.00 96 ' 
2.900 83 
2.840 8 
2.660 8 
2.490 42 
2.430 17 
2.330 8 
2.300 21- 
2.220 8 
2.200 12 
2.050 12 
1.900 12 
1.830  38 
1.785 21 
1.775 42 
1.730 8 
1.610 12 
1.545- 17 
1.450 8 
1.392 17 

0 
dA I/I0  

7.7 14 
4.5 10 
4.1 14 
3.85 37 
3.45 55 
3.30 3 
3.10 6 
2.875 2 
2.800 14 
2.700 100 
2.600 2 
2.550 5 
2.400 5 
2.300 2 
2.210 6 
2.050 2 
1.910 43 
1.840 12 
1.7.90 2 
1.660 9 
1.550 20 
1.400 .5 

Table 3.23 : X-ray diffraction Table 3.25 : X-ray diffraction-

intensities of RW9/7C material intensities of RW10 after 

after 9 hours at 1180°C.. 	30 minutes at 906°C. 



Kaximum 
absolute 
Error 

Weighed-Out Compositions Analysed Compositions 

RW9 RW14 
RW14 

Residual RW17 
RW9 
Glass 

RW9 
Crystal- 
lized 
Tile 

RW14 
Glass 

RW14 
Residual 

Glass 

RW14 
Crystal- 
lized 
Tile 

RW14 
Crystal- 
lized 
Rods 

RW17 
Glass 

RW17 
Crystal- 
lized 
Rods 

0.25 Si02 wt % • 50.9 55.0' 64.0 50.0 51.70 52.93 54.71 64.15 53.85 53.92 49.51 51.71 

0.15 CaO wt % 29.6 35.0 -- 30.0 30.01 28.17 35.01 -- 34.88 34.94 30.24 29.47 

0.10 Al 03  wt % 12.0 5.0 17.0 	. -- 11.04 12.11 5.61 18.01 7.46 8.97 -- -- 

0.15 ZnO wt % '7.4 -- -- 20.0 7.25 6.79 -- -- -- -- 20.25 	' 18.82 

0.15 Na20 wt % -- 5.0 19.0 -- -- -- 4.67 17.84 3.81 2.37 -- -- 

Table 3.24 Results of wet chemical analyses of selected compositions before and after heat-treatments. 
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d I I/ I°  

7.6 13 
5.7 . 13 
4.9 3 
4.5 15 
3.77 29 
3.43 37 
3.40 21- 
3.35 29 
3.28 100 
3.08 	. 4 
2.850 98 
2.700 40 
2.660 69 
2.600 4 
2.490 22 
2.380 4 
2.250 4 
2.025 66 
2.000 79 
1.880 31 
1.850 18 
1.730 9 
1.700 9 
1.630 15 
1.555 3 
1.535 4 
1.495 26 
1.415 6 

d I I/ 1 0  

7.7 16 
6.1 7 
4.4 8 
4.05 34 
3.75 32.  
3.40 75 
3.02 12 
2.700 100 
2.550 5 
2.410 8 
2.300 4 
2.240 5 
2.200 6 
2.040 5 
1.920 6 
1.880 43 
1.710 5 
1.645 11 
1.635 4 
1.545 17 
1.450 4 
1.402 4 

Table 3.26 : X-ray diffraction Table 3.27 : X-ray diffraction 

intensities of RW10 after 	intensities of RW13 after 

30 minutes at 1059°C. 	30 minutes at 990°C. 
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O 
d A Vic, 

7.8 11 
4.4 6 
4.2 8 
4.05 25 
3.90 11 
3.80 26 
3.55 18 
3.45 9 
3.40 38 
3.35 37 
3.25 38 
3.14 12 
3.00 100 
2.850 28 
2.775 8 
2.690 74 
2.650 11 
2.620 8 
2.560 6 
2.520 11 
2.490 11 
2.380 9 
2.330 9 
2.220 14 
2.030 14 
2.000 18 
1.880 26 
1.850 34 
1.780 8 
1.740 8 
1.650 8 
1.620 8 
1.540 9 
1.495 6 

a 1 I/Ia  

7.8 11 
7.7 10 
4.5 10 
4.15 21 
3.95 18 
3.75 25 
3.50 36 
3.40 44 
3.38 49 
3.15 27 
3.00 100 
2.800 6 
2.750 10 
2.650 68 
2.550 6 
2.490 26 
2.350 17 
2.310 19 
2.190 24 
2.030 6 
2.000 6 
1.880 28 
1.840 50 
1.770 12 
1.740 17 
1.640 6 
1.605 12 
1.530 12 
1.490 6 
1.465 8 
1.400 8 

Table 3.28 : X-ray diffraction Table 3.29 : X-ray diffraction 

intensities of RW13 after 	intensities of RW14 after 

30 minutes at 1030°C. 	30 minutes at 950°C. 
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d A I/10  

8.2-  10 
7.7 9 
4.6 14 
4.4 14 
4.2 16_ 
3.90 25 • 
3.75 15 
3.55 38 
3.45 ' 25 
3.40 47 
3.14 34 
3.01 100 
2.850 10 
2.770 9 
2.700 41 
2.600 5 
2.570 6.  
2.520 36 
2.375 22 
2.325 20 
2.220 35 
2.100 6 
2.020 7 
1.900 28 
1.850 65 
1.770 13 
1.735 19 
1.640 9 
1.620 20 
1.595 5 
1.545 11 
1.490 11 
1.475 9 

d A I/I0  

7.8 11 
3.90 25 
3.60. 46 
3.40  53 
3.15 35 
3.00 100 
2.800 9 
2.570 8 
2.500 32 
2.360 20 
2.340 20- 
2.200 34 
2.050 10 
1.86.0 81 
1.780 15 
1.740 23 
1.620 21 
1.500 10 

Table 3.30 : X-ray diffraction Table 3.31 : X-ray diffraction 

intensities of RW14 after 	intensities of RW14 after 

30 minutes at 1000°C. 	30 minutes at 1045°C. 
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d U I/I0 

7.8 8 
7.0 4 
4.4 7 
3.90 23 
3.60 27 
3.40  27 
3.15 24 
3.05 100 
2.850 8 
2.620 6 
2.590 6 
2.525 23 
2.400 14 
2.360 13 
2.220 26 
2.060 8 
1.915 6 
1.860 97 
1.820 4 ' 
1.755 14 
1.745 15 
1.650 6 
1.540 4 
1.500 6 
1.480 7 
1.450 6 

d I Ino  

7.8 10 
3.90 17 
3.55 26 
3.45 10 
3.32 39 
3.28 21 
3.12 28 
3.02 100 
2.850 26 
2.750 7 
2.700 7 
2.500 29 
2.460 9 
2.370 14 
2.320 19 
2.200 30 
2.040 7 
2.020 9 
2.000 18 
1.840 95 
1.770 12 
1.730 17 
1.640 7 
1.550 20 
1.490 14 
1.430 8 
1.395 27 

Table 3.32 : X-ray diffraction Table 3.33 : X-ray diffraction 

intensities of RW14/2T tile . 	intenaities of RW14/4T tile 

after 30 minutes at 1104°C. 	after 45 minutes at 1098°C. 
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d A I/Ie  

7.8 9 
3.85 22 
3.55 25 
3.33 36 
3.10 28 
3.00 100 
2.830 7 
2.750 5 
2.580 8 
2.550 4 
2.500 26 
2.370 14 
2.330 14 
2.240 5 
2.200 24 
2.040 8 
2.000 5 
1.900 88 
1.860 8 
1.840 68 
1.800 6 
1.770 9 
1.735 17 
1.725 16 
1.630 6 
1.620 16 
1.585 3 
1.560 3 
1.550 3 
1.525 4 
1.495 12 
1.485 6 
1.465 8 
1.440 4 

0  
d A I/1,, 

7.1 6 
4.4 8 
4.2 14 
3.85 8 
3.65 19 
3.62 8 
3.53 11 
3.32 12 
3.22 32 
3.02 100 
2.860 42 
2.730 26 
2.520 18 
2.370 7 
2.340 8 
2.200 9 
2.030 25 
1.960 32 
1.850 46 
1.845 43 
1.770 8 
1.730 7 
1.710 12 
1.635 7 
1.610 8 
1.530 14 
1.530 14 

Table 3.34 : X-ray diffraction Table 3.35 :'X-ray diffraction 

intensities of RW14/5T tile 	intensities of RW14F tile 

after 45 minutes at 1091°C. 	after 1 hour at 900°C. 
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O 
dA I/I0  

5.7 6 
5.4 15 
3.40  27 
3.18 100 
2.770 95 
2.670 6 
2.430 19 
1.995 48 
1.825 15 
1.670 15 
1.605 13 
1.470 31 
1.400 16 

d 1 I/Ia  

3.80 28 
3.42  100 
2.975 21 
2.820 76 
2.460 24 
2.000 41 
1.980 83 
1.840 14 
1.835 21 
1.825 14 
1.620 7 
1.475 10 
1.405 10 
1.390 24 
1.380 17 

Table 3.36 : X-ray diffraction Table 3.37 : X-ray diffraction 

intensities of RW14 rod pulled intensities of RW15 rod pulled 

from 1470°C at 52 microns per from 1450°C at 280 microns per 

second. 	 second. 
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d 1 I/Ib  

6.0 14 
5.7 14 
4.25 10 
3.80 8 
3.47 47 
3.40  10 
3.37 12 
3.30 100 
3.28 90 
3.20- 12 
2.870 90 
2.850 47 
2.700 27 
2.660 27 
2.500 76 
2.020 41 
2.000 82 
1.890 14 
1.855 16 
1.845 10 
1.840 4 
1.705 10 
1.635 6 
1.620 4 
1.560 6 
1.495 8 
1.480 6 
1.450 4 
1.410 4 
1.405 4 
1.385 14 

d I I/I. 

5.9 22 
5.5 17 
4.6 6 
4.2 16 
3.45 35 
3.25 94 
3.22 75 
3.15 10 
2.870 100 
2.820 63 
2.660 6 
2.450 38 
2.430 6 
2.420 6 
2.020 35 
2.000 52 
1.840 14 
1.830 14 
1.800 5 
1.760 5 
1.690 6 
1.620 10 
1.610 8 
1.530 6 
1.525 8 
1.520 8 
1.480 17 
1.475 30 
1.470 11 
1.435 5 
1.400 10 
1.385 8 

Table 3.38 : X-ray diffraction Table 3.40 : X-ray diffraction 

intensities of RW16 rod pulled intensities of RW17/a rod, see 

from 1450°C at 114 microns per table 3.39. 

second. 



RW17 
Rod 

Specimen 

Pulling 
Rate 
Micron 

per Second 

Air 
Blast 
cc per 
Minute 

Initial 
Cooling 
Rate °C 
per Second 

Steady 
Cooling 

• Rate °C 
per Second 

Crystal- 
lization 

Temperature 
°C 

Major 
Phase/a 
Prevent 

Nucleating 
Agent 

a 19 -- 2.0 1.5  1210 01.-CaSiO3 Pt/Pt 13% Rh 

b 21 1000 2.5 1.5 1220 " Thermocouple 

c 21 2000 4.7 1.5 1110 " 

d 32 --  3.7 2.5 1180 • • 

e 30 1000 5.5 2.5 1085 .1 " 

f 29 2000 5.8  2.5 1075 " •  

g 41 -- 3.9 2.8 1175 " • 
• 

h 42 1000 • 6.6 2.8 1055 15  -CaSiOs 
dL-CaSiO 3  " 

i 40 2000 7.5 2.8 1025 " " 

j 	, 

k 

49 

50 

-- 

1000 

6.7 

8.1 

 2.9 

2.9 	• 

1050 

1000 

" 

" 

.4 

• 

1 49 • 2000 10.0 2.9 -- Glass •  

m 10 -- 1.0 1.0 1270 Ca2ZnSi207  p-CaSiOs  

n 15 -- 1.7 1.1 1220 d,-CaSiO3  (RW14) 

o 	• 20 2000 2.5• 1.4  1210 • Seed Plus 

P 25 -- 2.9 1.5 1125 -CaSiOs 
ot,-CaSiOs Pt/Pt 13% Rh 

q 25 2000 5.7 2.0 1100 13 -CaSiO3  Thermocouple 

r 40.  • 2000 7.2 2.5 1025 " 

a 50 -- 4.2 2.2 1060 " "  

t 50 2000 9.2 2.7 1000 " "  

u 80 -- ' 	13.0 2.5 -- Glass " 

Table 3.39 : Results of investigation info.the effects of pulling rate, nucleating agent 

and temperature. gradient on the crystallization of RW17 rode. 
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0 	, 
d A I/I. 

5.6 7 
4.4 5 
4.2 5 
3.88 7 
3.55 11 
3.45 18 
3.35 14 
3.25 45 
3.10 11 
3.00 100 
2.860 48 
2.820 25 
2.480 11 
2.460 11 
2.370 5 
2.350 7 
2.320 7 
2.225 5 
2.200 14 
2.020 23 
2.000 39 
1.840 82 
1.795 39 
1.720 5 
1.625 16 
1.610 9 
1.580 7 
1.560 7 
1.540 5 
1.530 5 
1.480 11 

d I I I. 

7.6 4 
6.7 3 
6.2 2 
4.9 2 
4.5 3 
3.90 10 
3.75 3 
3.70 3 
3.65 4 
3.55 11 
3.45 2 
3.22 . 5 
3.14 12 
3.00 100 
2.870 13 
2.750 5 
2.600 2 
2.525 12 
2.390 .8 
2.350 7 
2.320 4 
2.300 2 
2.250 6 
2.240 5 
2.200 15 
2.050 4 
1.910 2 
1.840 45 
1.800 12 
1.770 2 
1.730 6 
1.640 4 
1.610 8 
1.490 5 

Table 3.41 : X-ray diffraction Table 3.42 : X-ray diffraction 
intensities of*RW17/i rod, see intensities of RW17/s rod,•see 

table 3.39. 	table 3.39. 



d X I I°  

6.0 24 
5.6 21 
4.2 29 
3.55 34 
3.30 76 
3.20 13 
2.870 100 
2.850 63 
2.730 11 
2.500 53 
2.350 11 
2.030 45 
2.005 71 
1.870 11 
1.700 13 
1.665 11 
1.540 13 
1.530 11 
1.497 32 
1.490 24 
1.480 39 
1.425 13 

0 
d A I/10  

5.1 13 
4.2 4 
3.75. 31 
3.56 6 
3.14 47 
3.05 8 
3.00 100 
2.820 14 
2.570. 6 
2.520 49 
2.460 15 
2.360 10.  
2.325 9 
2.250 9 
2.070 9 
2.020 4 
1.930 ' 8 
1.880 10 
1.860 8 
1.850 10 
1.795 12 
1.780 36 
1.765 22 
1.740 6 
1.670 9 
1.610 8 
1.550 8 
1.520 4 
1.485 10 
1.440 8 
1.405 12 
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Table 3.43a : X-ray 	.Table 3..43b : X-ray 

diffraction intensities 
	

diffraction intensities 

of RW17/n, see table-  3.39. 	_ of RW17/m, see table 3.39.. 



Natural Wollastonite RW17/30 JS RW17/50 f3 Pseudomono-
clinic 
Index Mean 

Radius 
e d  1 	, Mean 

Radius d I Mean 
Radius 

e d l'  

33.5.   17.46 2.98 33.5 17.46 2.98 33.75 17.56 2.97 310 

24.25 13.40. 3.86 24.5 13.52 3.83 24.5 13.52 3.83 400 

27.25 	' 14.80 3.50 27.0 14.68 3.53 27.25 14.80 3.50 002 

27.75 15.02 3.45 28.25 15.24 3.41 28.75 15.46 3.36 202 

32.0 16.84 3.09 32.25 16.95 3.07 32.25 16.95 3.07 202 

38.0 19.18 2.72 37.75 19.09 2.74 39.0 19.55 2.68 402 

41.5 20.42 .2.57 42.0 20.59 2.55 41.75 20.51 2.55 600 

43.75 21.17 2.48 44.0 21.26 2.47 44.0 21.26 2.47 402 

Table 3.44 : Indexed pinhole transmission X-ra.y diffraction patterns. 



Crystallization 
Temperature 

Primary 
p-CaSiO3 
Crystal 

Growth Rate. 
U 	microns 
per second 

Primary 
01.-CaSiO3 
Crystal 

'Growth Rate. 
U 	microns 
per second 

log Ug, log Uck 
1 	3 Tx 10  
K-I  T °C T K 

1180 1453 1.167 	' 1.500 -5.933 -5.824 0.688 

1160 1433. 0.967 	• 1.417 -6.015 -5.849 0.698 

1130 1403 0.800 0.875 -6.097 -6.058 0.713 

1100 1373 0.472 -6.326 • 0.728 

1050 1323 0.208 .0.483 -6.682 -6.316 0.756 

1025 '1298 0.122 0.392 -6.914 -6.407 0.770 

1015 1288 0.087 -- -7.060 -- 0.776 

1000. 1273 0.055 0.267 -7.260 -6.573 0.785 

960 1233 0.095 -- -7.022 -- 0.811 

940 1213 0.090 -7.046 -- 0.824 

920 1193. 0.047 -- -7.328 -- 0.838 

Table 3.45 : Crystal growth rate data 

for RW9 composition, see figure 3.22. 
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Crystallization 
Temperature 

p-CaSiO3 
Crystal Growth 
Rate. 	U 
Microns 
per second 

log U Tx 10 

K-1 	_ 
T °C T K 

1099 1372 5.000 -5.301 0.729 
1090 1363 4.000 -5.398 0.734 
1050 1323 3.416 -5.466 0.756 

1030 1303 0.980 -6.009 0.767 

1000 1273 0.812 -6.090. 0.786 

954 1227 0.116 -6.936 0.815 

901 1174 0.038 -7.420 0.852 

860 1133 0.004 -8.398 0.883 

Table 3.46 : Crystal growth rate data 

for RW14 composition, see figure 3.47. 

.Crystallization 
Temperature 

13 -CaSiO3  
Crystal Growth 
Rate. 	U • 
Microns 

log U 
I 	z Ix 10 

K-1  
T °C T K per second 

- . 

1125 1398 26  -4.585 • 0.715 
1100 1373 34 -4.468 0.728 
1080 1353 - 	. 	39  -4.409 0.739 
1060 1333 50 -4.301 0.750 

Table 3.47 : Crystal growth rate data 

for RW17 composition, see figure 3.67. 



Composition 
and 

Crystallizing • 

Phase 

Slope of 	. 
log U versus 
1/T x 104 

Calculated 
"ActivationI/ 

Energy -i
Ea  kJ mol 

Slope of 	. 

log D versus 
41/T x 104 

Calculated 
"Diffusion" 
Energy 	, 
EDkJ mol-' 

RW9 
3-CaSiO3 -1.665 319 -1.921 368 

RW9 
01„-CaSiO3 -0.835 

. 
• 160 -... -- 

RW14 
16-CaSiO3 

. 
-2.000 

. 
383 • -2.381 456 

• 

RW17 
11-CaSiO3  • 0.767 

-147  

Thermodynamic 
Free Energy 

Term (see text) 

 -1.665 319 

Table 3.48 : "Actiiation". and "diffusion" energies for 

crystal growth from RW9,•RW14 and RW17 compositions. 



283 

Crystallization 
Temperature 

T K 

Spherulitic 
p-CaSiO3  
Crystal 

Growth Rate 
U 	microns 
per second 

Spherulitic 
Fibre 
Diameter 

S microns 

Diffusion 
Coefficient 
D= d' U 

m2 8-I 

log D  z yx 10  
-1 K 

1453 
1433 
1403 
1373 
1323 
1298 
1288 
1273 
1213 
1193 

1.167 
0.967 
0.800 
0.472 
0.208 
0.122 
0.087 
0.055 
0.090 

0.047 

60 
50 
30 
25 
20 
15 
10 
8 

2 to 3 
1 to 2 

-to 
1 x 10 
5 x 10II 

2.5 	x 10
11 

.1 x 10-11 

4 x 10-12  
2 x 10 12 

9 x 10 12 

1  4 x 1011 
2 x 10 
1 x 10 13  

-10.07 
-10.30 
-10.60 
-11.00 
-11.39 
-11.70 
-12.05 
-12.39 
-12.70 
-13.00 

0.688 
0.698 
0.713 
0.728 
0.756 
0.770 
0.776 
0.786  
0.824 
0.838 

Table 3.49 : Spherulitic 

1372 
1363 
1323 

1303 

Table 3.50 : 

1398 
1373 

1355 
1335 

5.000 
4.000 
3.416 
0.980 _ 

pherulitic crystallization 

26.  
34 
39 
50 

crystallization 

5 - 
4 
2 

1 to 2 

20 
10 

5 
2 to 3 

data 

data 

for RW9 composition 

2.5 x 10 
1.6 x 10

11 

7.0x10 12  

1.5 x1012  

5 x 10 10  
3 x 10 1°  

2 x 161°  
1 x.10-1°. 

for RW14 composition. 

-10.60 
-10.80 
-11.15 
-11.82 

-9.30 
-9.52 

-9.70 
-10.00 

0.729 

0.734 
0.756 
0.767.  

0.715 
0.728 

0.739 
0.750 

Table 3.51 : Spherulitic crystallization data for RW17 composition. 
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Composition 
(see table 2.2) Material 

Mean 
Density 
Mg 10-3  

RW9 Glass 2.85 

Crystalline 	' 
Tile 2.78 

Crystalline 
Intracrucible 2.75 

RW14 Glass 2.75 	. 

Crystalline 
Tile 2.60 

RW14F Glass 2.75 

Crystalline 
Tile 2.61 

RW17 Glass 2.97 

. RW17/30[3 Rod 2.85 

RW17/30d, Rod 2.93 

Table 3.52 : Densities of RW9, RW14 and RW17 

compositions glasses and devitrified materials. 



RW9 Glass 
Calculated 

RW9 Crystalline 
Tile 

RW9 Crystalline 
Intracrucible Wollastonite 

Calculated 
Anorthite 
Calculated Fibres Interfibre Fibre Interfibre 

Ca0 
wt % 29.6 49.0 22.0 48.9 23.0 48:2 20.1 

ZnO 
wt % 7.4 0.6 7.5 0.7 6.0 -- -- 

A1203  
wt % 12.0 0.0 11.0 0.0 17.0 -- 36.6 

Si02 
wt % 50.9 50.4 59.5 50.4 54.0 51.8 43.3 

EPMA Analysis Reference 127 

Table 3.53 : EPMA analyses of RW9 crystallized materials 
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Specimen 
Phases 

(C=CaO, A.A1203, 
S.S102, Z=ZnO) 

Ref. 125 Ref. 124 

Volume 
Percentage 
of Phase 
vol. %, 

20-' 
Value 

A 

Relative 
2a'Value 
rel. % 

Angle of 
Fibres to 
Transverse 

RW9/3T (3-CS fibres 62 t 3 5 40° 

Tile CASE  +ck-CS 26 t 3 10 

Cracks + glass 12 4' 2 16 

RW9/4T p-CS fibres 59 t 3 5 35° 

Tile CAS2  +O.-CS 33 ± 2.5 8 

Cracks + glass 8 t 1.5 16 

RW9/6T p-CS fibres 52 t 2.5 5 400  

Tile CAS2 +ol-CS 36 t 2.5 7 

Cracks + glass 12 + 2 16 

. . 

RW9/7C p-CS fibres 46 t 2 5 45°  

Intra- CASa  + el-CS 42 ± 2 6 
crucible Cracks + glass 12 ± 1.5 12 

RW14/2T 13-CS fibres - 	62 	• + 3 4 45° 

Tile Glass 35 ± 2.5 8 

Cracks 3 1- 1 24 

RW14/4T n-CS fibres 64 t 3 5 40° 

Tile Glass 24 t 3 12 

Cracks 8 t 2 24 

RW14/5T p-CS fibres 66 t 3.5 5 45° 

Tile Glass 29 t 3.5 12 

Cracks 5 t 1.5 32 • 

RW17/3013 p-CS fibres 74 t 2.5 3 45° 

Rod • C2ZS2  + glass 23 t 2.5 10 

Cracks 3 :II 1 24 

RW17/30d, 0.-CS dendrites 67 ± 3.5 6 40° 

Rod C2ZS2  + glass 31.5 t 3.5 12 

Cracks 1.5 t 1 40 

-Table 3.54 : Modal analyses results for 

RW9, RW14 and RW17 materials 
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Table 3.55 : Thermal expansion characteristics 
of "spec-pure" silver. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.0 x 10 b  m. 

Temp 
T °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up t  
4, x 106K-  
ao-v•-r 

Mean Expn. 
Coeff.Down 

8... 	x 106K-I  
T.20 

dot. 
Up 	, 

x 10‘K-  

ckl, 
Down 
x 106K 

650 630 1.275 1.275 20.35 20.35 1.0 1.0 
600 580 1.142 1.112 19.70 19.18 1.0 1.0 
500 480 0.937 0.887 19.01 17.97 1.1 1.1 
400 380 0.751 0.711 19.26 18.06 1.5 1.4 
300 280 0.506 0.496 18.06 17.70 2.0 1.9 
200 180 0.340 0.340 18.89 18.89 3.2 3.2 
100 80 0.134 0.174 16.81 21.81 6.7 8.0 

Table 3.56 : Thermal expansion characteristics 
of wollastonite - transverse. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.4 x 1076m. 

Pemp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 

Mean Expn. 
eff. 

ok. x 1 	Co106 ic-1 
dd. 

x 106K-I  

650 630 0.490 7.78 0.6 
550 530 0.381 7.19 0.7 
450 430 0.296 6.88 0.9 
350 330 0.215 6.52 1.1 
250 230 0.139 6.04 1.6 
150 130 0.066 5.08 2.6 

Table 3.57 : Thermal expansion characteristics 
of wollastonite - longitudinal. 

Room temperature = 20°C. 	dT = 20°C. 	dl. = 1.8 x 1076 m. 

Pemp. 

. 

(T-20) Mean 

%ExPli* 

Mean
C 	

Expn. 
Co 

el- x 10bic t 

dd,  

x 106K-1  

. 
650 630 0.392 6.23 0.5 
550 .530 0.329 6.21 0.6 
450 430 0.263 6.12 0.7 
350 330 0.198 6.00 0.9 
250 230 0.136 5.91 1.3 
150 130 0.069 5.31 2.2 
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Table 3.58 : Thermal expansion characteristics 
of RW9 glass. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.6 x 10 b  m. 

remp. 	(T-20) 	Mean 	Coeff.Up 	dd. 
V °C 	K 	%Exp. d. x 10h K- 	Up 

Mean Expn. 

Up 	a:1- 	X 106e "  

755 	735 	0.540 	7.34 	0.4 
700 	680 	0.499 	7.34 	0.4 
500 	580 	0.418 	7.21 	0.5 
500 	480 	0.343 	7.15 	0.6 
400 	380 	0.261 	6.87 	0.8 
300 	280 	0.184 	6.57 	1.0 
200 	180 	0.114 	6.33 	1.6 
100 	80 	0.047 	5.86 	2.7 

Table 3.59 : Thermal expansion characteristics 
of RW9/3T - transverse. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.8 x 104  m. 

remp. 	(T-20) 	%Expn. %Expn. Coeff.Up 	Coeff.Down 	Up 	Down T 	°C 	K 	 1 	e. 	-t 	- 
2o--).1- 	-7.-4,2o 

	

Mean 	Mean 	Mean Expn. Mean Expn. 	d4 	dd. 

	

Up 	Down 	4 x 106K- 	d. 	x 106K-I 	x 10-K 	x 10bK 

P-
.1

\.1
`..N

 -P
. V

IC
71

47
1 

0
0

0
0
0
0
V

1 
0
0

0
0
0

0
0
 

630 	0.393 	0.393 	6.23 	. 	6.23 	0.5 	0.5 
580 	0.345 	0.344 	5.96 	5.94 	0.5 	0.5 
480 	0.271 	0.267 	5.64 	5.56 	0.6 	0.6 
380 	0.206 	0.198 	5.43 	5.22 	0.8 	0.7 
280 	0.142 	0.139 	5.06 	4.99 	1.0 	1.0 
180 	0.090 	0.086 	5.00 	4.78 	1.5 	1.5 
80 	0.037 	0.037 	4.68 	4.68 	3.5 	3.5 

Table 3.60 : Thermal expansion characteristics 
of RW9/7C - longitudinal. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.0 x 10 
6
m. 

Pemp. (T-20) 	Mean 	Mean 	Mean Expn. Mean Expn. 	dd. 	d& 
T °C 	K 	Up 	Down 	cl..,,x 10'K' 	d.r.,x 106K-1 	x 106K-' 	x 1061{-  

%Expn. %Expn. Coeff.Up. 	Coeff.Down 	Up 	Down 

ry
  
4
a
.
 I
 W
W

1
 

0
 0
 0
 0
 0
 0
 V

1 
0
 0
 0
 0
 0
 0
 0
 

630 	0.383 	0.383 	6.08 	6.08 	0.5 	0.5 
580 	0.336 	0.334 	5.80 	5.77 	0.5 	0.5 
480 	0.264 	0.261 	5.50 	5.44 	0.6 	0.6 
380 	0.204 	0.198 	5.38. 	5.22 	0.8 	0.8 
280. 	0.141 	0.137 	5.03 	4.92 	1.0 	1.1 
180 	0.084 	0.087 	4.67 	4.84 	1.6 	1.6.  
80 	0.039 	0.032 	4.94 	4.06 	3.8 	3.5 
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Table 3.61 : Thermal expansion characteristics 
of RW14 glass. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.0 x 10 6 m. 

Pemp. 
r °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean Expn. 
Coeff.Up 
01. 	x 106K-I  
20-*T 

dd. 
Up 

x 106K- 

700 680 0.724 	10.65 0.5 
600 580 0.610 	10.52 0.6 
500 480 0.492 10.25 0.8 
400. 380 0.383 10.08 1.0 
300 280 0.275 9.82 1.3 
200 180 0.168 9.33 2.0 
100 80 0.067 8.38 3.8 

Table 3.62 : Thermal expansion characteristics 
of RW14/2T - transverse. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.6 x 10 6 m. 

Temp. 
T °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
Expn. 
Down 

Mean Expn. 
Coeff.Up 
J. x 106K-  
20-.7 

Mean Expn. 
Coeff.Down 
01. 	x 106K-1  
T-1.20 

dd.. 
Up 

x 106e 

dd, 
Down 
x 109(-  

. 

650 630 0.457 0.457 7.26 7.26 	- 0.5 0.5 
600 580 0.420 0.390 7.24 6.72 0.5 0.5 
500 480 0.313 0.291 6.52 6.06 0.6 0.6 
400 380 0.241 0.217 6.34 5.71 0.8 0.7 
300 280 0.169 0.156 6.04 5.57 1.0 0.9 
200 180 0.104 0.095 5.78 5.28 1.6 1.5 
100 80 0.042 0.040 5.25 5.00 3.3 .3.2 

Table 3.63 : Thermal expansion characteristics 
of RW14 residual glass. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.2 x 10 6m. 

Pemp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 

Up 

Mean Expn. 
Coeff.Up 
d. x 10b1C-1  

dcl. 
Up 

x 106t" 
eCI-s..7 

600 580 0.609 10.50 0.5 
500 480 0.497 10.35 0.6 
400 380 0.386 10.16 0.8 
300 280 0.272 9.71 	. 1.1 
200 180 0.178 9.89 1.8 
100 80 0.068 8.50 3.6 
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Table 3.64 : Thermal expansion characteristics 
of RW14/5T - transverse. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.5 x 10
6
m. 

remp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up
a. x 10=K-1  
20 -.. T 

Mean Expn. 
Coeff.Down 
ck 	x 106K-1  
1* -->20 

cid- 
Up 

x 106K-1  

dd. 
Down 
x 10°K 

650 680 0.464 0.464 7.36 7.36 0.4 0.4 
600 580 0.411 0.414 7.09 7.14 0.5 0.5 
500 480 0.336 0.316 7.00 6.58 0.6 0.6 
400 380 0.269 0.235 7.08 6.18 0.8 0.7 
300 280 0.186 0.164 6.64 5.86 1.0 0.9 
200 180 0.114 0.103 6.33 5.72 1.6 1.5 
100 80 0.044 0.040 5.50 5.00 3.2 3.2 

Table 3.65 : Thermal expansion characteristics 
of RW14/5T - longitudinal. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 3.0 x 10
76

m. 

Eemp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 
t 	x 10'.1(-1  20.4-r 

Mean Expn. 
Coeff.Down 
a x lobv,  
-1--4- 20 

dJ., 
Up 

x 106K- 

dd. 
 Down 
x 104=1(-  

, ' 
520 500 0.305 0.301 6.10 6.02 0.5 0.5 
500 480 0.287 0.281 5.98 5.83 0.5 0.5 
400 380 0.239 0.241 6.29 6.34 0.7 0.7 
300 280 0.167 0.183 5.96 6.54 0.9 0.8 
200 180 0.096 0.101 5.33 5.61 	- 1.4 1.5 
100 80 0.028 0.050 3.5 6.25 2.8 3.4 

Table 3.66 : Thermal expansion characteristics 
of RW14F crystallized material. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.6 x 10 6 m. 

Pemp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 
d. x 106K-I  20,1.1* 

Mean Expn. 
Coeff.Down 
a. 	x 1061(-' 
T-.20 

d4. 	I-  
Up. 

x 10(1c" 

"- 
Down 

x 10`'1( 

650 630 0.405 0.405 6.43 6.43 

,V
I
I
.1
0

0
0

0
0
 

0
4

1.
W
-

3
O

N
 J

1-P
.  

1  I 

600 580 0.364 0.340 6.28 6.00 
500 480 0.293 0.267 6.10 5.56 
400 380 0.227 0.202 5.97 5.32 

N
 . 

o 

300 280 0.160 0.144 5.71 5.14 
200 180 0.094 0.088 5.22 4.89 
100 80 0.034 0.032 .4.25 4.00 
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Table 3.67 : Thermal expansion characteristics 
of RW17 glass. 

Room temperature = 20°C. • dT = 20°C. 

Pemp. 
T .c 

(T-20) 
K  

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 

,;. 	x 10'K' 
2o-v•I 

Mean Expn. 
Coeff.Don 
J.. x 10°K 
-1"--1,  21:1 

dd. 
Up, 	-1 x 10.°K 

dd. 
Down .. 
x 106K 

700 
600 
500 
400 
300 
200 
100 

680 
580 
480 
380 
280 
180 

l 	80 

0.480 
0.449 
0.364 
0.286 
0.202 
0.136 
0.056 

-- 
-- 
-- 
-- 
-- 
-- 
-- 

7.064 
7.733 
7.583 
7.526 
7.214 
7.556 
7.000 

-- 
-- 
- 

-- 

-- 

0.6 
0.8 
0.9 
1.2 
1.6 
2.5 
5.7 

- 
-- 

- 
- 
-- 

Table 3.68 : Thermal expansion characteristics 
of Rw17/50p - transverse. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.4 x 10 6  m. 

Pemp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

i Mean 	! Mean 
%Expn. 
Down 

0.288 1 
0.260 
0.206 
0.174 
0.144 
0.090 
0.044 

	

 	•T !20., 

Expn. 
Coeff.Up i  

ol. 	x 10bK-  

4.63 
4.48 
4.71 
4.95 
5.43 

I 	5.44 
l 	6.00 

Mean Expn. 
Coeff.Down 
..), x 105K' 
'T-.■ 20 

4.57 
4.48 
4.29 
4.58 
5.14 
5.00 
5.50 

dct. 
Up 	-1 x 106K 

0.5 
0.5 
0.7 
0.9 
1.2 
1.9 
4.5 

dd. 
Down 
x 106K- 

0.5 
0.5 
0.7 
0.9 
1.2 
1.9 
4.3 

650 
600 
500 
400 
300 
200 
100 

630 
580 
480 
380 
280 
180 
80 

0.292 
0.260 
0.226 
0.188 
0.152 
0.098 
0.048 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.9 x 10 
10 
 m. 

remp. 
P °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 
a x 106e 20-1-7 

Mean Expn. 
Coeff.Down 
4. x 106K" 
7-,rao 

dd.. 
Up 

x 106K 

dd. 
Down 
x 106K- 

650 
600 
500 
400 
300 
200 
100 

630 
580 
480 
380 
280 
180 
80 

0.262' 
0.248 
0.204 
0.158 
0.114 
0.070 
0.036' 

0.251 
0.216 
0.169 
0.138 
0.106 
0.066 
0.033 

4.16 
4.28 
4.25 
4.16 
4.07 
3.89 
4.50 

3.96 
3.72 
3.52 
3.63 
3.79 
3.67 
4.12 

0.4 
0.4 
0.6 
0.7 
0.9 
1.4 
3.4 

0.4 
0.4 
0.5 
0.7 
0.9 
1.4 
3.2 

dl = 3.0 x 10 6 m. 

Table 3.69 : Thermal expansion characteristics 
of RW17/30B - transverse. 
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Table 3.70 : Thermal expansion characteristics 
of RW17/304.- transverse. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 2.2 x 10 6 m. 

Vemp. 
°C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean , ,%Expn. 
Down 

I 
Mean Expn. 
Coeff.Up 
LLx 1061(' 
EC) -- T 

Mean Expn. 
Coeff.Down 
4. 	x 10b-1  1C 
T-'s 20  

dd. 
Up 	_ 

x 1011(' 

de), 
Down _ 
x 106 K 

650 630 0.315 0.333 5.00 5.28 

•  
L.C1

 	
ts-

  ON 	
■D 

• 

•
 •
 •
 •
 •
 • 

0
  0

  0
  0

  ri  r-4 

0.5 
600 580 0.313 0.287 5.40 4.95 0.5 
500 480 0.275 0.242 5.73 5.04 0.7 
400 380 0.217 0.205 5.71 5.39 0.9 
300 280 0.168 0.169 6.00 6.04 1.2 
200 180 0.116 0.116 6.44 6.44 1.9 
100 80 0.057 0.051 7.12 6.38 4.3 

Table 3.71 : Thermal expansion characteristics 
of RW17/10 - transverse and longitudinal. 

Room temperature = 20°C. 	dT = 20°C. - dl = 1.2 x 10 6  m. 

Temp . 
T °C 

(T-20) 
K 

650 630 
600 580 
500 480 
400 380 
300 280 
200 180 
100 80 

Mean I  Mean IMean--T-Mean--  
%Expn,;%Expn.i%Expn.'%Expn. 
Up tDown I Up 	Down - 

0.125 !0.080 1-0.058 -0.058 
0.137 0.035 -0.017 -0.077 
0.132 0.010 -0.007 -0.085 
0.108 0.020 -0.001 -0.083 
0.075 -0.003 -0.003 -0.047 
0.050 -0.030 -0.006 -0.047 
0.040 0.000 -0.011 -0.019 

Transverse 
	

Longitudinal 

Table 3.72 : Thermal expansion characteristics 
of RWl7/50 - longitudinal. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.6 x 10 6m- 

Temp. 
T °C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 
d. x 106K-I  
20 -1•T 

Mean Expn. 
Coeff.Down 
d. 	x 106K-I  
i -'•20 

chi, 
Up 	, 

x 1061C 

dc. 
Down 
x 106K- 

650 630 0.335 0.335 5.317 5.317 

•

ct- 	
U-1  N

.  ON  •ct-  CsJ  
, 	
•
 •
 •
 •
 •
 •
 •
 , 

I

0
0
0
0
0

r- I
M

 

600 580 0.319 0.316 5.500.  5.448 
500 480 0.278 0.262 5.792 5.458 
400 380 0.211 0.186 5.553 4.895 0

 
•  

300 280 0.153 0.136 5.464 4.857 
200 180 0.085 0.086 4.722 4.778 
100 80 0.040 0.038 5.000 4.750 
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Table 3.73 : Thermal expansion characteristics 
of RW17/30(3 - longitudinal. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.2 x 10 1' m. 

temp. 
P 	°C 

(T-20) 
K 

Mean 
%Expn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 

4, 	x 106 K-  
20-.7 

Mean Expn. 
Coeff.rown, 

c.-- 	x 106K 	' 
-1--,2o 

dd.. 
Up 	1 x 106K-  

dc, 
Down 

x 10'1(-  

650 630 0.365 0.365 5.794 5.794 0.3 

teN
 re  \ .ct  Li- % V) O

N
 N

 

• 

•
 •
 •
 •
 •
 • 

0
0

0
0
0
0
N

i i 
	

 
—

I
 

600 580 0.346 0.327 5.966 5.638 0.3 
500 480 0.287 0.255 5.979 5.312 0.4 
400 380 0.222 0.199 5.842 5.237 0.5 
300 280 0.164 0.144 	5.714 5.143 0.7 
200 180 0.092 0.081 	5.111 4.500 0.9 
100 80 0.047 0.037 i 	5.875 4.568 2.2 

Table 3.74 : Thermal expansion characteristics 
of RW17/306, - longitudinal. 

Room temperature = 20°C. 	dT = 20°C. 	dl = 1.0 x 10-6 m. 

temp. 
P °C 

(T-20) 
K 

Mean - 510.txpn. 
Up 

Mean 
%Expn. 
Down 

Mean Expn. 
Coeff.Up 
eL 	x 106K-I  
20 -"rT 

Mean Expn. 
Coeff.Down 

cls. 	x 106K' 
T-4•243 

del. 
Up. L. 	.-1 x 10 K 

da 
Down 
x 10°K.4 

• - 
650 630 0.545 0.545 8.651 8.651 0.6 0.6 
600 580 0.482 0.494 8.310 8.517 0.6 0,6 
500 480 0.408 0.396 8.500 8.250 0.8 0.7 
400 380 0.320 0.306 8.421 8.053 0.9 1.0 
300 280 0.229 0.222 8.179 7.929 1.3 1.3 
200 180 0.140 0.138 7.778' 7.667 1.9 1.9 
100 80 0.065 0.055 8.125 6.875 4.5 4.5 
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Table 3.75 : Results 
span three-point 

Specimen 

bend 
of 20mm 
tests. 

R MN m a 

Table 3.76 : 
span three-point 

Specimen 

Results 
bend 

of 7mm 
tests. 

R MN M-2  

Purox Al 203.78 Purox al 206.3 
alumina A2 198.55 alumina a2 196.3 

A3 171.54 a3 192.4 
A4 200.24 a4 213.2 
A5 210.17 a5 205.5 
A7 131.39 a6 166.9 
A8 163.32 a7 219.0 
A9 165.58 a8. 212.1 
A10 175.26 a9 190.2 
All 143.18 al0 189.6 
A13 188.86 all 185.5 

alt 178.9 
RW9 4T1 9.61 a13 198.1 
Perpendicular 4T2 10.21 a14 212.2 

4T3 10.41 a15 177.6 
4T5 19.26 a16 192.9 
4T7 8.32 all 198.4 
4T8 10.49 a18 183.4 
4T9 9.65 a19 153.6 

a20 -171.5 
RW9 6T1 12.89 
Transverse 6T2 6.77 RW17/30P 12 111.4 

6T3 5.70 13-CaSiO3  14 145.1 
6T4 12.20 Longitudinal 16 57.1 
6T7 14.34 41 72.1 
6T8 18.01 45 93.3 

47 106.0 
RW9 701 35.37 52 101.1 
longitudinal 7C2 28.68 53 82.4 

7C3 25.27 54 187.8 
704 40.29 59 84.3 
7C5 38.49 60 132.1 
706 33.03 63 134.2 

RW14 2T1 11.67 RW17/3001- 1 45.3 
Perpendicular 2T5 13.23 4.-CaSiO3  2 78.5 

2T6 22.74 Longitudinal 3 62.9 
2T7 18.22 6 71.0 
2T8 14.21 7 75.2 

8 89.9 
RW14 2T9 16.34 9 100.8 
Transverse 2T10 19.65 10 80.9 

2T11 9.63 11 79.5 
2T12 8.71 19 113.4 
2T13 7.49 20 87.8 
2T14 10.22 21 87.2 
2T16 10.48 22 84.1 

25 79.9 
RW14F Fl 11.89 27 102.9 
Random F2 8.86 28 88.9 

F3 8.47 29 116.0 
F4 8.63 30 122.5 
F5 7.01 31 118.4 
F7 10.43 32 102.8 
F8 6.41 33 103.7 
F9 8.74 34 123.2 
F10 9.88 35 95.2 

36 106.5 
37 107.5 
40 71.4 
42 79.2 



Table 3.77 : Results of all mechanical tests. 

Material Fibre 
Orientation 

Test 
Span 

x 101m 

Number 
of 

Results 

n 

Mean 
Modulus 

of Rupture 
R MN nfa  

Mean 
Interlaminar 

Shear 
Strength 
B MN m-2  

Standard 
Deviation 

S 

Coefficient 
of 

Variance 
S -rx 100* 

Mean 
Corrected 
Young's g 
Modulus 
E GN sia  

Standard 
Deviation 

S 

Coefficient 
of 

Variance 
S m7cyz 100* 

Work 
of 

Fracture 

kJ m-2  

Purox Alumina -- 20 11  177.4 -- 23.5 13 -- -- -- -- 

Purox Alumina -- 7 20 192.2 -- 17.0 9 -- -- -- -- 

RW9/4T 	- Perpendicular 20 7 11.1 -- 3.7 33 6.6 3.0 	• 47 0.01 

RW9/6T. Transverse 20 6 11.1 -- 4.7 40 5.7 2.4 42 0.01 

RW9/7C Longitudinal 20 6 33.5 -- 5.8 17 22.5 7.6 34 0.16 

RW9/3T Longitudinal 4 45 -- ' 6.4 1.8 28 -- -- -- -- 

RW14/2T Perpendicular 20 6 16.0 -- 4.5 28 11.7 3.7 31 0.02 

RW14/2T Transverse 20 7 11.8 -- 4.5 38 8.9 3.7 42 0.02 

RW14/4T Longitudinal 4 22 -- 5.8 2.7 47 -- -- -- 0.13 

RW14/5T Longitudinal 4 18 -- 5.8 2.9 49 -- -- -- 0.13 

RW14F Random 20 9 8.9 -- 1.7 19 6.0 1.3 22 0.02 

RW17/3013 Longitudinal 7 12 108.9 -- 36.1 33 -- -- -- 0.17 

RW17/3013 Longitudinal 4 15 -- 10.6 5.5 52 -- -- -- -- 

RW17/304 Longitudinal 7 26 91.8 -- 19.6 21 -- -- -- 0.02 

RW17/30d, Longitudinal 4 6 -- 6.6 3.1 47 -.. -- -- -- 
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Table 

Specimen 

3.78 	: Results 
- tile 

B MN m 2  

of short beam tests 
materials. 

Specimen B MN M 

RW9/3T 	1  6.68 RW14/4T 	1 3.29 
2 9.11 2 4.84 
3 8.05 3 11.60 
4 7.02 4 4.25 
5 6.76 5 3.10 
6 6.55 6 2.65 
7 4.42 7 10.23 
8 6.28 8 3.55 
9 4.04 10 4.35 
10 9.03 11 6.79 
11 5.71 12 8.29 
12 4.34 13 6.40 
13 7.88 14 4.51 
14 6.12 15 11.60 
15 7.35 16 3.40 
16 4.25 17 8.30 
17 6.68 18 7.82 
18 8.90 19 4.91 
20 12.17 20 4.33 
21 6.02 21 5.43 
22 5.54 22 4.64 
23 3.16 23 3.12 
24 5.25 
25 5.52 RW14/5T 	1 5.08 
26 6.89 3 14.66 
27 6.21 4 5.11 
28 7.34 5 10.02 
29 '6.66 6 3.75 
30 6.42 8 5.08 
31 4.03 9 3.39 
32 4.22 10 5.07 
33 5.77 11 2.98 
34 5.75 12 4.45 
35 4.78 14 8.54 
36 2.91 15 6.01 
37 5.35 16 4.02 
38 8.34 17 5.05 
40 8.40 18 5.55 
41 5.56 19 5.73 
43 7.74 20 4.68 
44 6.98 21 7.27 
.46 8.60 
47 4.49 
48 6.74 
50 5.56 

Table 3.79 : Results of short beam tests 
- rod materials. 

Specimen  

RW17/3013 11 
17 
18 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

RW17/30ek 1 
2 
3 
4 

10 
21 

B MN .m-2  

16.76 
4.15 
5.80 
4.20 
6.91 
5.69 
12.77 
7.70 
21.70 
8.42 
16.82 
13.68 
10.43 
16.90 
6.32 

4.51 
8.88 
10.12 
8.99 
2.94 
4.02 
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111 

7 	6 
	

4 
	

3 

Experimentally determined X-ray diffraction intensities. 
Fig. 3.1 	Wollastonite . 
Fig. 3.2 Pseudowollastonite . 
Fig. 3.3 Anorthite . 



298 

1 
9 	8 	 4 	3 	2 

d A 
r 
T. 

10 1 

X-ray diffraction intensities found from ref 121 . 

Fig . 3.4 Na2Ca2Si309  . 
Fig . 3. 5 	Devitrite . 
Fig. 3 . 6 Hardysonite . 



Si 02  

To Ca0 
	 To AL203  

Fig. 3.7 	 Ca0—A1 0 —Si02  phase diagram (ref. 127) . 
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42 Jurn 

300 

Fig. 3.8 RW1 after 18 hours at 1080° C, X-polars . 

   

42 Pm 

Fig. 3.12 RW3 after 18 hours at 1040° 	X-polars . 



   

301 

    

    

I Li  

 

    

6 	5 	/4. 1 3 

3 	2 	1 6 	 4-  

1111 al II iii 
6 	5 	4 	 2 

X-ray diffraction intensities . 
Fig. 3.9 RW1 after 18 hours at 1080°C . 
Fig. 3.10 RW2 after 56 hours at 1075°C . 
Fig. 3.11 	RW3 after 72 hours at 1075 ° C . 
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Fig. 3.13 	A .portion of o. heating or cooling tile (ref. 130). • 
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Io  

8 	7 

-F—dA • 

it 
6 	5. 	4 	3 	 1 

111, 	II I  
6 	5 	4 	3 	2 

X-ray diffraction intensities • . 

Fig. 3.14 RW6 tile after 66 hours at 1025 ° C . 
Fig. 3.15 RW7, roughened surface, after 22 hours at 1020 * C . 
Fig. 3.16 RW7, smooth surface, after 22 hours at 1020 * C . 



30.4 

II I I 

	

l 
6 	5 	4 	3 	2 	1 

	

I 	111111 	111 
7 	6 	5 	4 	3 	2 

X-ray diffraction intensities 
Fig. 3.17 RW7 tile after 54 hours at 1020 ° C . 
Fig. 3.19 RW8 after 20 hours at 950:c . 
Fig. 3.20 RW8 after 20 hours at 975 C . 
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42 Nm 

Fig 3.18 RW7 after 54 hours at 1020 ° C , X-polars . 

   

42 Pm 

Fig. 3.26 cc-CaSiO3  dendrites grown at 1160 ° C in RW9, X-polars 



d 

306 

7 
	

5 	4 
	

1 

X-ray diffraction intensities . 

Fig. 3.21 	RW8 after. 20 hours at 1025 ° C . 
Fig. 3.23 RW9 after 10 minutes at 1160° C . • 
Fig. 3.24 RW9 after 20 minutes at 1160 C . 



V RW9 cc-CaSiO3  13-CaSiO3  • CaAl2Si208 	V 

• RW9 13-CaSiO3  + cr-CaSiO3  + CaAl2Si208  

O RW9 G-CaSiO3  + CaAl2Si208  

ROUGH SURFACE 	 SMOOTH SURFACE 

■ 

- - ° 	• 	• 

0 ./ 13 	II .. 	/ ... 
..""ii  .0" 

1.50 

125 

1.00 

0.75 

'N 
E 

.43 

x 

0.50 

)6 

U_ 
O 

0.25 
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900 	 1000 	 1100 	 1200 TEMP:C 

•• 

Fig. 3.22 Crystal growth rate versus temperature, RW9 composition . 



dA  

I I I 	I 
4 6 	5 3 1 

I' lit 

308 

d A 

8 	7 	 4 

X-ray diffraction intensities . 

Fig. 3.25 RW9 after 30 minutes at 1160 ° C . 
Fig. 3.28 RW9/3T tile after 1 .hours at 1180 ° C . 
Fig. 3.30 RW9/4T tile after 1 hours at 1180° C . 

2 
	

1 



Fig. 3.27 Surface nucleation in RW9 at 980 ° C, X-polars . 

   

42 Jurn 

Fig. 3.29 B-CaSiO3  spherulitic fibres and cc-CaSiO3 dendrites 
coexisting in RW9/3T tile, X-polars 
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2 	1 
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X-ray diffraction intensities . 

Fig. 3.31 RW9/6T tile after 1 hour at 1180 ° C . 
Fig. 3.33 RW9/7C intracrucible material after 9 hours at 1180 ° C . 
Fig. 3.36 RW10 after 30 minutes at. 906 ° C . 



10 Pm 
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Fig. 3.32 Surface nucleation of 13-CaSiO3  and CaAl2 Si2O8  
secondary crystallization in RW9/4T tile, X-polars . 

   

42 Pm 

Fig. 3 .43 RW14 after 30 minutes at 1104 0 C , X-polars 



Alumina 
crucible. 

Aligned 
crystals. 	 Surface 

nucleation. 

Convergent 
crystals. 

312 

Fig. 3.34 Diagrarmatic section through crucible containing RW9/7C 
° after 9 hours at 1180 C . 
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Fig. 3.35 Na20 —Ca0 —Si02 phase diagram (ref. 127) . 
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I  
7 	6 	5 	4 	3 2 

-*—dA 

Ia  

1111111 	II 11111 
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X-ray diffraction intensities . 

Fig. 3.37 RW10 after 30 minutes at 1059.°C . 
Fig. 3.38 RW13 after 30 minutes at 990 C . 
Fig. 3.39 RW13 after 30 minutes at 1030 C . 
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1 

X-ray diffraction intensites . 
Fig. 3.40 RW14 after 30 minutes at 950 ° C . 
Fig. 3.41 RW14 after 30 minutes at 1000 'C . 
Fig. 3.42 RW14 after 30 minutes at 1045 ° C . 
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CdA 
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7 04 	3
11 	I 1  
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1 
7 

X-ray diffraction intensities . 
Fig. 3.4 4 RW14/2T tile after 30 minutes at 1164 ° C . 
Fig. 3.45 	RW14/4T tile after. 30 minutes at 1098 ° C . 
Fig. 3.46 	RW14/5T tile after 30 minutes at 1091 ° C . 
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o RW14 13-CaSiO3  

• RW14 13-CaSiO3 + Na2Ca2Si309  
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Fig . 3.47 Crystal growth rate versus temperature, RW14 composition . 
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7 

 

X-ray diffraction intensities . 	- 
Fig. 3.48 RW14F tile after 1 hour at 900 ° C . 
Fig. 3.50 RW14 rod, pulled from 1470 °C at 52 J m 5-1  
Fig. 3.52 RW15 rod, pulled from 1450 ° C at 280 P m  s-1 
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Fig. 3.49 RW14F after 1 hour at 900 ° C, X-polars . 

   

42 Pm • 

Fig. 3.51 RW14 rod, putted from 1470 ° C at 20 Pm s-1 ,  

quenched growth front, X-polars . 
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1  
4 
	

3 5 

X-ray diffraction intensities . 
Fig . 3.53 RW16 rod, pulled from 1450 ° C at 114 Pm s-1  . 
Fig. 3.57 RW17/a rod, see table 3.39 . 
Fig. 3.58 RW17/i rod, see table 3.39 . 
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Fig . 3.54 Hypothetical U versus T curves . 
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Fig. 3.55 • Ca0-ZnO-S102 phase diagram (ref. 127) . 



400 

200 

6 	7 
TIME mins. 

1400 

Nucleated on 13—CaSiO3 f T/C wire. 

No air blast. 
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Fig . 3.56 Cooling rate of RW17 rods nucleated on f3-CaSiO3  + 
PtIPt-13 )̀/oRh TIC , no air blast . 
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5 	4 	3 	2 	1 
1 	1 
6 

X-ray diffraction intensities . 

Fig . 3.60 RW17/s rod, see table 3.39 . 
Fig. 3.61 	RW17/n rod, see table 3.39 . 
Fig. 3.62 RW17/m rod, see table 3.39 
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42 }Jm 

Fig . 3.63 RW17Jm rod (see table 3 .39), tabular directional 

crystallization of Ca2ZnSi207 I X-polars . 

Fig. 3.65 RW17/30fJ rod, pulleq from 1410°C at 30 ·fJm s-1 J 

X-polars . 

42 }Jm 
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Fig. 3.66 RW17/ 30 cc rod, pulled from 1410 a C at 30 P m s-1  
X-polars . 
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Fig. 3.73 Reflected light photomicrograph of RW9/7C EPMA 
specimen . 
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Fig. 3.67 	Crystal growth rate versus temperature for B-CaSiO3  
rods pulled from RW17 melts . 
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Pinhole transmission X-ray diffraction patterns, fibre axes vertical . 
Fig. 3.68 	Woltastonite . 
Fig. 3.69 	RW17/3013 rod, pulled. at 30 P m s -1  
Fig. 3.70 	RW17/5013 rod, putted at SO P m s-1 
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Fig. 3.71 Log U versus 1/T plots for crystal growth in RW9, 
RW14 and RW17 glasses . 
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Fig. 3.72 Log D versus 1/ T plots for spherulitic crystal growth 
in RW.9, RW14 and RW17 glasses . 
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10 }Jm 

Fig. 3.74 RW9 tile material, X- polars . 

10 Pm 

Fig.3.75 RW9 intracrucible material, X-polars 



   

10 Jum 

Fig. 3.76 	RW14 tile material, X-polars . 
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Fig . 3.77 RW14F internally nucleated tile material, X-polars . 



10 ium 

335 

Fig. 3.78 RW1713013 rod material, X-polars . 

  

10 .Nm 

Fig . 3 .79 RW17130 cc rod material, X-polars . 
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Fig . 3.83 Thermal expansion characteristics of RW9 glass . 
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Fig. 3.84 Thermal expansion characteristics of RW9I3T ,  
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Fig. 3.86 Thermal expansion characteristics of RW14 glass . 
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Fig . 3.88 Thermal expansion characteristics of RW14 residual 
glass . 
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Fig. 3.91 .  Thermal expansion characteristics of RW14F , 
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Fig . 3.92 Thermal expansion characteristics of RW17 glass . 
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Fig . 3.96 Thermal expansion characteristics of RW17/10 , 
Ca2ZnSi207  , transverse and longitudinal . 
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Fig . 3 .98 Thermal expansion characteristics of RW17/30 	, 
longitudinal . 
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40 Pm 

Fig 3.100 Fracture face of RW 9/ 6T 8 transverse beam , 

20 mm span , (SEM) 

  

20 Pm 

Fig. 3.101 Fracture face of RW9/ 7C 1 longitudinal beam , 
20 mm span, (SEM) 



357 

  

10}m 

Fig. 3.102 Fracture face of RW14/2T .6 perpendicular beam , 
20 mm span , (SEM) 
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200 Pm 

Fig. 3.103 Fracture face of RW14 F.1 random beam 20 mm 
span , (SEM) 
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Fig 3.104 	As fig . 3.103 , close-up of interspherulite 
boundary , (SEM) . 
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Fig 3 105 Fracture face of RW17/ 30 	strongest specimen , 
7 mm span , (SEM ) 
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Hg. 3.106 Fracture face of RW17/ 30 cc typical specimen , 
7 mm span , (SEM ) 
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Fig . 3.107 Fracture face of RW9/3T typical short beam test 
specimen , (SEM) 
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Fig 3 108 Fracture face of RW14/4T typical short beam test 
specimen , (SEM) 
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Fig . 3.109 Fracture face of RW17/ 30 r3 typical short beam test 
specimen, (SEM) 

  

4 Pm 

Fig . 3.110 Fracture face of RW17/30 a typical short beam test 
specimen , (SEM ) 
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DEFLECTION (v) 

Fig. 3.111 Schertiatic load versus deflection curve for controlled 
crack growth . 
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Fig . 3.112. Typical load versus deflection curves for the 
different types of .bend test specimens . 
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CHAPTER 4 

CONCLUSIONS 

4.1. 	GLASS COMPOSITIONS: 

From the systematic investigation of the uni-

directional crystallization of calcium metasilicate in 

both the Ca0-ZnO-A1203-S102  and Na20-Ca0-A1203-Si02  systems 

it was found that the compositions containing between 53 

and 56 mol silica gave the most accurately aligned and 

undistorted fibrous materials. 	Too high a silica content 

resulted in materials containing broad, divergent fibres. 

However it was found to be necessary to have a sufficiently 

high silica content to give at least a small proportion of 

residual glass after heat treatment, in order to avoid 

thermal shock damage to the material on cooling from the 

fabrication temperature. 

4.2. 	CRYSTAL GROWTH: 

A static, isothermal heat treatment was found to be 

suitable for the production of relatively large amounts of 

unidirectionally crystallized calcium• metasilicate from 

glasses in which the maximum rate of crystal growth at the 

appropriate temperatures was 5 microns per second. 	It ' 

was found to be unnecessary to use any special surface 

treatment to obtain sufficient surface nucleation sites. 

For those systems which crystallize at 5 microns per 
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second or greater at the desired heat treatment temperature 

it was necessary to use a dynamic, temperature gradient 

technique in order to grow undistorted fibres of any 

substantial length. 	For this a novel modification had 

to be made to a relatively new technique in which glass 

rods pulled from a melt crystallize in the temperature 

gradient below the melt. 	This resulted in 10mm diameter 

rods, over 10mm long, containing fibres aligned parallel 

to the rod (pulling) axis. 

4.3. 	FIBRE MORPHOLOGY: 

Spherulitic type fibres gave the most accurately 

aligned materials, since these fibres do not have any 

secondary arms and only branch at very small angles (non- 

crystallographic branching). 	This crystal morphology was 

generally only found in association with the low-temperature 

polymorph of calcium metasilicate, since spherulitic growth 

is given at high undercoolings, i.e. from glasses and melts 

of high viscosity. 	Fibres between 5 and 50 microns in 

diameter were found to give the most perfect microstructures. 

Fibres that were too wide tended to be divergent, since 

this morphology was associated with somewhat sparse surface 

nucleation, and also tended to have relatively low aspect 

ratios. 	Conversely very fine fibres gave a.  structure 

consisting of an array of slightly divergent cones (segments 

of spherulites) and tended to recrystallize into lath shaped 

crystals if the heat treatment was too prolonged, due to 

the extremely large surface area to volume ratio of narrow 
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fibres. 	The crystallographic fibre orientation was 

found using long fibres produced by the rbd-pulling 

technique and pinhole transmission X-ray analysis. 	The 

fibre axis was confirmed as corresponding to the [010] 

axis of the p-CaSiO3  structure (the Dreirketten silica 

tetrahedra chain axis). 

Dendritic type fibres only produced exact alignment 

in materials manufactured by the rod-pulling technique, 

when the development of secondary arms was somewhat inhibited 

and the primary dendrite spines could not coarsen as the 

rods were pulled down and cooled out of the crystal growth 

temperature region before this could occur. 	This crystal 

morphology was only found in association with the high-

temperature polymorph of calcium metasilicate, since 

dendritic crystallization is given at intermediate under-

coolings. 

The fibre volume fractions were found, by a point 

counting technique, for the materials selected for testing. 

The fibre volume fractions were in all cases high, between 

0.5 and 0.7, i.e. between 50 and 70 vol %. 

4.4. 	CRYSTAL GROWTH KINETICS: 

The activation energy for spherulitic,13-CaSiO3, 

growth was found to be equivalent to the activation energy 

for viscous flow (energy required to break Si-0 bonds) in 

the corresponding glass or melt. 	For dendritic,cL-CaSiO3, 

growth the activation energy was found to be equivalent to 

the activation energy for the diffusion of calcium ions 

through the corresponding glass. 	From this it was inferred 
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that for the growth of 01 -CaSiO3  only the rearrangement of 

structures already existing in the metasilicate glass was 

necessary, whereas for the growth of the 5-CaSiO3  chain 

silicate these pre-existing silica tetrahedra structures 

had to be broken up prior to incorporation into the crystal 

lattice. 

The kinetics of spherulitic crystallization were also 

calculated from the fibre width versus temperature character-

istics, and these results agreed with the activation energy 

results, thereby verifying the Keith and Padden theory of 

spherulitic crystallization for calcium metasilicate 

crystallization from approximately metasilicate composition 

glasses. 

4.5. 	THERMAL EXPANSION: 

The thermal expansion characteristics parallel and 

perpendicular to the fibre axis were determined for natural 

wollastonite (calcium metasilicate) mineral. 	The longi- 

tudinal and transverse expansions were also found for 

several selected examples of the synthetic materials, from 

which it was generally seen that the expansion character-

istics parallel to the fibre axis were dominated by the 

expansion of the fibres whereas perpendicular to the fibres 

the interfibre materials dominated the measured expansions. 

Materials containing about 30% residual glass showed a 

glass transition temperature transverse to the fibre axis, 

and rod-pulled materials containing Ca2ZnSi207  as a 

secondary crystalline phase gave a hysteresis loop in the 

transverse thermal expansion versus temperature plots, 
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possibly due to a previously unreported, reversible phase 

change in this interfibre (secondary) crystallization phase. 

4.6. 	MECHANICAL PROPERTIES: 

The mechanical properties of the selected materials, 

reviewed in table 3.77, show that these unidirectionally 

crystallized specimens can be treated as unidirectional 

fibre reinforced, ceramic matrix composites. 	It was found 

that the strengths of the materials were generally low, 

due to the damaging thermal shock effect of the difference 

in expansion between the fibres and matrix. 	However the 

strengths parallel to the fibre axis were fax greater than 

those perpendicular to the fibres, agreeing with the 

theories for composite materials. 	The strength results 

were similar for materials with a glass or crystalline 

interfibre matrix, and SEM micrographs revealed that in • 

both cases the fracture paths were along the fibre/matrix 

interfaces. 	Comparing the transverse strength of a glass 

matrix material (RW14) to the calculated transverse strength 

of a glass matrix composite indicated that the fibre/matrix 

interfaces had zero tensile strength. 

The dendritic material tested behaved more like a 

homogeneous brittle solid since it contained strong dendrite/ 

matrix interfaces due to the keying effect of the secondary 

dendrite arms. 

The work of fracture results also showed that these 

materials have similar properties to ceramic matrix com-

posites since it was found that when spherulitic fibre 

specimens were fractured parallel to the fibre axis a 
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relatively large work of fracture value was obtained. 

This increased toughness was a result of the fracture 

cracks being deflected down the weak fibre/matrix inter-

faces and to fibre pull-out, as evidenced by the jagged 

"fibrous" type of fracture surfaces. 	In contrast the 

longitudinal dendritic material gave a small work of 

fracture since in this case there were no weak interfaces 

to deflect the cracks and there was no pull-out, giving a 

smooth, "brittle-fracture" type of fracture surface. 

The Young's moduli found followed the same general 

trends as the strength results, and were again very low. 

The mechanical properties confirm the opinion that 

these unidirectionally crystallized materials are very. 

weak as macroscopic specimens. 	However the fine, crystal- 

line fibres they contain should be individually very strong 

and stiff, since even the short length, distorted mineral 

wollastonite fibres, used to reinforce green ceramic ware 

bodies and Portland cement (85), are known to increase 

significantly the strengths of these substances. 	The 

finer the fibres the less are needed to give the same 

increase in strength, since it is thought that the essential 

factor is the chemical reactivity of the fibre (to form 

strong fibre/cement bonds) and this increases with the 

surface to volume ratio of the fibre (85). 	The increasing 

aspect ratio of the fibres may also increase their 

efficiency as reinforcing elements (see section 1.7.2.). 

Manes tested approximately lmm diameter RW17 

composition crystalline rods, produced by the thin 
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rod-pulling technique, and found these to be somewhat 

stronger than glass rods of the same diameter (78) 

(although, since these glass rods were not flame polished,. 

etched, or otherwise treated to eliminate surface flaws, 

they would not have been particularly strong (118)). 

This shows that the strength of the unidirectionally 

crystallized materials parallel to the fibre axis increases 

as the cross-sectional area of the specimen decreases. 

To obtain 1 to 10 micron diameter spherulitic fibres, 

i.e. of similar diameter to the commonly used E-glass 

reinforcement fibres, it will be necessary to crush large 

cross-section rod-pulled specimens, when the individual 

fibres can be easily separated without damage due to the 

fracture occurring along the very weak fibre/matrix inter- 

faces. 	It will not be possible to pull such narrow 

diameter fibres directly from the melt and crystallize .  

them down the temperature gradient using a modified rod-

pulling technique because as the rod diameter decreases 

the rod cooling rate increases and therefore the rods must 

be pulled more slowly to keep the glass in the critical 

crystal growth temperature range for a sufficiently long 

time for the desired devitrification to occur. 	For very 

fine rods this rate would be impractically slow. 

4.7. 	SUGGESTIONS FOR FUTURE WORK: 

In order to find out more about the kinetics of 

spherulitic and dendritic growth from melts over a wide 

range of undercoolings, including the conditions controlling 

the change over from the spherulitic to dendritic mechanisms, 
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it would be necessary to use glass systems which are known 

to give fibrous crystals under suitable circumstances and 

which do not give a crystalline phase transformation in 

the critical temperature range for crystallization. 

This would enable a much wider temperature range to be 

studied than was possible with calcium metasilicate. 	The 

rod-pulling technique would provide an elegant experimental 

tool for this investigation since the crystal growth rate, 

and hence undercooling, is easily controllable and using a 

seed nucleus metastable phases can be crystallized. 	The 

cooling rate, and temperature of onset of crystallization, 

can be found by incorporating a thermocouple junction into 

the nucleation point and this enables a T-T-T diagram to 

be constructed very quickly and simply, as was shown in 

section. 3.1.8. 

?,-CaSiO3  is known to be crystallographically similar 

to one of the polymorphs of sodium metaphosphate (135), 

i.e. the fibrous crystalline material known as Kurrol's 

salt (NaP03  - IV) (150), and therefore this may be a 

suitable phase to use for the study of the kinetics and 

morphology of crystallization from sodium metaphosphate 

glass, Graham's salt. 	The use of a phosphate glass system 

would have two main advantages; one that the glass would 

melt at a relatively low temperature (627°C for NaP03  glass 

(150)) thus simplifying the experimental techniques required, 

and the other that phosphate glasses are water soluble and 

can therefore be analysed by chromatography to determine 

the degree of polymerization of the anionic groups making 



372 

up the glass structure (22). 	Unfortunately a disadvantage 

of this system may be that the fibrous crystalline NaP03  - IV 

is reported as only being obtained by seeding a metaphosphate 

melt at between 550 and 600°C (150). 	However, since it 

was found that a metastable phase could be produced when 

a seed crystal is used with the rod pulling technique then.  

it may prove to be possible to grow Kurrol's salt over a 

wider temperature range using this dynamic crystal growth 

technique. 

The suitability of the synthetic fibrous calcium 

metasilicate materials for incorporation into a metallic 

matrix could be investigated using sectioned, polished 

surfaces of blocks cut from unidirectionally crystallized 

tiles as substrates for sessile drops of the metal or alloy 

under consideration. 	The wetting properties of the molten 

metal on the fibrous material could be found by analysing 

the shape of the drops. 

Individual fibres of fibrous calcium metasilicate 

could be made any desired length and the required diameter 

by crushing rods produced by the rod-pulling technique, the 

pulling rate controlling the crystallization temperature 

and therefore the diameter of the individual spherulitic 

fibres produced. 	These fibres could be used to reinforce 

metallic matrices, possibly in association with fibre 

coatings designed to aid the metal wetting the fibres and 

to help alleviate the fibre/matrix thermal expansion mis- 

match. 	They could also be used to reinforce cement or 

plaster, since natural wollastonite fibres have already 
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been found to strengthen Portland cement and these fibres 

may be more resistant to alkaline environments than the 

glass fibres used at present. 
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APPENDIX I 

CALCULATION OF DILATOMETER RESULTS  

For this example calculation the results obtained from 

the RW14/5T tile material tested perpendicular to the 

pc-CaSiO3  fibre axis, i.e. RW14/5T transverse sample, are 

used. 

Room temperature = 20°C. 

Specimen length = 1.60cm. 

Transducer input = 10mV. 

Transducer output (coefficient) = 21.66mV per thou.in., 

i.e. for an output of x mV LCL, the equivalent change in 

length, is 

x 	2.54  C4. = 	 cm 
21.66 1000 

The temperatures from 100°C to the maximum were marked on 

the chart at the positions found from the thermocouple . 

output trace and the millivolt output found at each 

temperature both for the increasing temperature (Up) and 

decreasing temperature (Down) ranges of the complete heating/ 

cooling cycle. 	The appropriate "blank-run" correction for 

each particular temperature was added to the measured 

output at that temperature to allow for the imperfectly 

matched expansion of the dilatometer thrust rod and 

specimen holder, see section 2.11. 	The mean value of the 

mV output for each temperature was then found from all the 

results obtained for that type of sample, i.e. mean Up mV 

and mean Down mV in table 1.1. 
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From the mV outputs the actual expansions were 

calculated, knowing the transducer coefficient (q.v.). 

However, an addition to these expansions had to be made to 

compensate for the expansion of the excess length of silica 

glass tube which supports the specimen over its length, i.e. 

expansion coefficient of pure silica glass is 0.56 x 10 K 

(146) and therefore at temperature T°C the correction added 

to the expansion for RW14/5T transverse specimens was, 

silica corr. = 0.56 x 10 6 x 1.60 x 10 2 x (T - 20) m 

The true percentage expansion for each temperature, both Up 

and Down, could now be found, 

Expn. + Silica corr. Expn. - 	x 100 
1.60 x 10-a  

This enabled a graph of percentage expansion versus 

temperature to be drawn, see figure 3.89. 

The coefficients of expansion (a) corresponding to 

each percentage expansion were calculated by dividing the 

true expansion by the appropriate temperature interval 

multiplied by the original length of the specimen, 

i.e. 	_ Expn. + Silica corr. 	K-1  

(1.60 x le) x (T - 20) 

See table 1.1. 	This allowed an expansion coefficient 

versus temperature graph to be drawn, see figure 3.89.' 

95% probability errors were estimated at ± 10°C on the 

temperature scale, i.e. dT = 20°C, and ± lmV on the 

expansion scale normalised for the varying specimen lengths, 

i.e. for RW14/5T transverse specimen 

dQ, - 1 x 2.54- x 10 2  / 1.6 x 10 2 
 

21.66 x 1000 
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(JCL = 1.5 x 	m 

Therefore for the expansion coefficient, 

since 04. - 
Expn.%  K-1  

(T - 20) 

then 	dd _ (dT.A(2,)/AT2   +  dC/AT 
0IL 	AZ /AT 	AQ/LT 

i.e. 	dot _ dT 4.  d9.. 

clL 	LT 	Cs Q., 

Table 1.2 gives the calculated values of the above 

quantities and the resulting error in the expansion 

coefficient for each temperature range for RW14/5T 

transverse. 



Temp. 

T°0 

(T-20) 

K 

Mean 
Up 

mV 

Mean 
Down 

mV 

Silica 
Corr. 

x106m 

True 
Expn. 
Up 

xlOcm 

True
Expn. 
Down 
xl05m 

%Expn. 
Up- 

%E  xpin. - Down 
Expn. 
Coeff. 

- 
x106K

1  

Expn. 
Coeff. 

--1 
xleK 

650 630 58.5 58.5 0.56 7.42 7.42 0.464 0.464 7.36 7.36 

7.14 600 580 51.7 52.2 0.52 6.58 6.64 0.411 0.414 7.09 

500 480 42.1 39.4 0.43 5.37 5.05 0.336 0.316 7.00 6.58 

400 380 33.8 29.2 0.34 4.30 3.76 0.269 0.235 7.08 6.18 

300 280 23.2 20.1 0.25 2.97 2.61 0.186 0.164 6.64 5.86 

200 180 14.25 12.75 0.16 1.83 1.66 0.114 0.103 6.33 5.72 

100 80 5.25 4.75 0.07 0.62 0.56 0.044 0.040 5.50 5.00 

Table 1.1 :' Dilatometry data for RW14/5T - transverse. 



AT  dT 
* EL % d9, del, dol, dot 

Up 
x10.4°K-1  

dol 
Down 

x1061C-1  
K AT A% 

Up 
LSI 

 

Down 
&I, 
Up 

,mi.
% 

Down 

630 3.2 3 3 6 6 0.4 0.4 

580 3.4 4 4 7 7 0.5 0.5 

480 4.2 5 5 9 9 0.6 0.6 

380 5.3 6 7 11 12 0.8 0.7 

280 7.1 8 9 15 16 1.0 0.9 

180 11.1 14 15 25 26 1.6 1.5 

80 25.0 34 38 59 63 3.2 3.2 

Table 1.2 : 95% estimated errors for RW14/5T - transverse. 



APPENDIX II 

THREE-POINT BEND TEST SPECIFICATIONS 

20mm Span (L) (73): 

Specimen length = greater than 30 x 103m. 

Specimen breadth (b) = 5 x 103m t 0.25 x 103m. 

Specimen depth (d) = 2.5 x 163m -1'0.25 x 103m. 

Cross-head speed (y) = 0.1 x 103m min 1. 

Strain rate = 6yd/L2  min (114) 

= 3.75 x 

Tungsten carbide rollers, 5 x 10 3m diameter. 

Span to depth ratio = 8 : 1. 

7mm Span (see section 2.8.3.): 

Specimen length = greater than 10 x 163m. 

Specimen breadth = 1.7 x 103m ± 0.2 x 1611. 

Specimen depth = 0.9 x 163m t0.2 x 161m. 

Cross-head speed = 0.1 x 103m min i. 
- Strain rate = 11.0 x 10 3  min 1 . 

Steel knife-edges, covered with PTFE tape. 

Span to depth ratio = 8 : 1. 

4mm Span (13): 

Specimen length = greater than 5 x 163m. 

Specimen breadth = 2.5 x 162M ± 0.2 x 103m. 

Specimen depth = 1.0 x 163m t 0.2 x 162M. 

Cioss-head speed = 0.1 x 10 3 m mina 
- 1 Strain rate = 37.5 x 10-3  min . 

Steel knife-edges, covered with PTFE tape. 

Span to depth ratio = 4 : 1. 

379 



L 	m 2 x 10-2  

P 	g 22.0 x 10 

b 	m 4.71 x 10-3  

d 	m 2.62 x 10-3  

g m 9.81 

R N M-2  2.038 x 108  

7 x 10-2  

3.71 x 10 

1.68 x 10-3  

1.05 x 10-3  

9.81 

2.063 x 108  

ISpecimen Al 	Specimen al 
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APPENDIX III 

CALCULATION OF MODULUS OF RUPTURE AND 

YOUNG'S MODULUS FROM LONG BEAM TEST RESULTS 

The modulus of rupture (R) can be calculated from the 

load at fracture (P) found using a three-point bend test 

by using the formula 

3 R = PL   x g N M-2  
. 	2bd2  

(see section 1.7.3.), where 

L = span of lower rollers. 

b = specimen breadth. 

d = specimen depth. 

g = acceleration due to gravity. 

For these example calculations the dimensions and 

experimental results for two of the recrystallized alumina 

"standards" will be used, one for the 20mm span three-point 

bend apparatus and the other the 7mm span three-point bend 

apparatus (see section 2.9.1. and 2.9.2. respectively). 

Using the above calculation the values of R for a 



complete set of specimens were found and from these the 

mean modulus of rupture (R) calculated for that type of 

specimen. 

The standard deviation for the set of results was 

calculated using the formula (148) 

S (R) = 1 	n 	(R  

n - 1 L- = 1 

In order to 'compare the scatters of results for different 

sets of specimens the coefficient of variance was found, 

i.e. 	S ( R )  x 100 % 
R 

For example, using the results from the RW14F internally 

nucleated material specimens, 

R MN.m —Mean  -2 R MN m S 	(R) S 	(R) 	/ 	I-' 
x 100% 

Fl 11.89 

F2 8.86 

F3 8.47 

F4 8.62 

F5 7.01 8.9 1.7 19% 

F7 10.43 

F8 6.41 

F9 8.74 

F10 9.88 

The Young's modulus (E) may be found from three-point 

bend test results using the formula 

P1,3  E- 	x g N n
L-2 

4vbd3 
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(see section 1.7.3.), where 

v = deflection at bottom of beam. 

The deflections were measured from the load versus 

deflection output of the Instron testing machine by extra-

polating the straight line regions of these curves back to 

the base line and measuring the distance from this inter-

section to the perpendicular from the point of fracture to 

the base line. 	This gives the distance travelled by the 

cross-head but eliminates the extra deflection introduced 

by the rollers settling, into their grooves. 	Knowing the 

cross-head and chart speeds the deflection of the beam can 

be found, e.gi for alumina specimen Al (q.v.) the 

deflection, v, was found to be 5 x 10 5 m and therefore 

E = 100.73 GN M-2  

The mean of all the E results for the large alumina 

"standards" is 101.25 GN mr2, less than half the manu-

facturer's (Morganite Refractories Ltd.) value for this 

"Purox" alumina which is 240.3 GN al2  (245 x 106  Kg M-2). 

This is due to the testing apparatus not being perfectly' 

hard. 	Substituting the higher (true) value for E into 

the formula for each specimen the corresponding "true" 

deflections can be found, i.e. for Al, using E = 240.3 x 

10q N m 2
, 

"true" v = 2.10 x 10
s
m 

The "true" deflection of each alumina specimen was calculated 

and the average found, then the difference between the 

average "measured" deflection and this average "true" 

deflection gave a value for the mean "machine" deflection 
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(the extra deflection due to the "softness" of the testing 

apparatus) of 2.57 x 10 5 m. 	From this a result for the 

"machine" Young's modulus was found using the average 

fracture load of the alumina specimens (19.35kg). 

"machine" E = 	19.35 x 103 - 0.75 x lelkg m-2 

2.57 x 10-' 

Therefore for the 20mm span bend tests on devitrified 

materials the "measured" deflection was found from the 

load versus deflection charts as described above and the 

"machine" deflection for that sample was calculated knowing 

the load at fracture (P kg) 

"machine" v - 	 m 
"machine" E 

Taking this "machine" v from the "measured" v leaves the 

"true" v for that particular specimen from which the 

corresponding value of E can be found using the formula 

given above, e.g. specimen RW9/4T1 

P = 1.27 kg 

b = 4.90 x 10 3 m 

d = 2.82 x 10 3 m 

"measured" v = 2.5 x 10 5 m 
-3 

v = 1.27 x 10 - "machine" 	0.17 x 10
5

la 
0.75 x lOR  

"true" v = (2.5 - 0.17) x 10 5= 2.33 x 10-6m 

E = 9.76 GN M-2  

It was found to be impossible to find the Young's 

modulus from the 7mm span test results as the test apparatus 

was far too soft, i.e. "machine" v was much greater than 

"true" v. 
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APPENDIX IV 

CALCULATION OF INTERLAMINAR SHEAR STRENGTH 

FROM SHORT BEAM TEST RESULTS 

The interlaminar shear strength (B) can be calculated 

from the load at fracture (P) found from a short span 

three-point bend test, in which the specimen failed in the 

shear mode, by using the formula 

B -  3P   x g N m-2 

4bd 

(see section 1.7.3.), where 

b = specimen breadth 

d = specimen depth 

g = acceleration due to gravity. 

For example, using the results obtained from RW14/5T1 

specimen, i.e. 

P = 1.82 kg 

b = 2.40 x 10-3 m 

d = 1.10 x 10-3m 

B = 5.08 MN M-2 
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APPENDIX V 

During the preparation of this thesis Lewis and Smith 

published a paper (149) on spherulitic growth and 

recrystallization in barium silicate glasses, studied by 

optical and electron microscopy and electron diffraction. 

Spherulites grown at 700°C were found to consist of mono- 

clinic fibres approximately lOnm wide. 	An electron 

microscope image of a diametrical section of a typical 

spherulite (figure 2a in the paper) does not reveal a 

sheaf-type structure at the centre, which.in my opinion 

is probably a reflection of this very fine stable width 

causing prolific small angle branching at an early stage of 

growth and therefore establishing spherical symmetry within 

a very small distance of the nucleus. 	Selected area 

diffraction patterns were found from the fibres both 

parallel to and transverse to the fibre axis. 	From these 

Lewis and Smith found that there is a preferred growth axis 

along the fibre axis and also that neighbouring fibres are 

not randomly orientated with respect to rotation about the 

preferred growth axis. 	They concluded that this is due 

to a large group of neighbouring fibres evolving by a 

branching process from a common origin in order to maintain 

uniformity of interfibre spacing during radial growth. ' 

This result is in agreement with the observed micro-

structure of the directionally crystallized, spherulitic 

type calcium metasilicate materials described in this 

thesis. 	The scanning electron micrographs of fracture 
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surfaces revealed evidence of related fibre orientation 

perpendicular to the growth axis (e.g. see figure 3.102), 

and in the optical micrographs of fine fibre transcrystal-

lized materials the common birefringence of all the fibres 

constituting a cone (segment of spherulite) also indicates 

that these are in,closely matched orientations transverse 

to the fibre axis. 
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FIG. I . Photomicrograph of the wollastonite sample 
showing the alignment and dimensions of the fibres. 

x 6o. 
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Anisotropic thermal expansion characteristics of 
wollastonite 

VALUES quoted in the literature for the linear thermal expansion coefficient of 
wollastonite (CaSiO3) vary between 9.4x to-6  °C-1  (too to 200 °C) Stutzman, 
Salvaggi, and Kirchner (1959), 6.5x 10-6 °C-1  (25 to 800 °C) Whitmer (1969), and 
approximately 6x 10-6  °C-1  (too to woo °C) Rigby, Lovell, and Green (1945). These 
sources do not give the form of the temperature dependence of the expansion coeffi-
cient. Wollastonite has a triclinic crystal 
structure and forms orientated aggre-
gates and therefore is likely to exhibit 
anisotropic thermal expansion (Bayer, 
1973). 

In the crystal structure of wollastonite 
the silicon-oxygen tetrahedra form 
chains that run parallel to the crystal-
lographic b-axis and have a repeat 
distance of three tetrahedra. The 
calcium ions are linked by irregular 
octahedral coordination to six of the 
oxygen ions in the chain tetrahedra. 
Parawollastonite, the other low-
temperature polymorph, has a mono-
clinic structure closely related to the 
triclinic wollastonite structure by a 
simple packing disorder (Tolliday, 1958). Some wollastonite deposits have been shown 
to be composites of these two structures (Jeffery, 1953). 

A sample of wollastonite from Meldon, Devon (BM 1913, 253) in the form of an 
aggregate of parallel fibres was obtained from the British Museum (Natural History). 
Fig. t is an optical micrograph of this sample in thin section showing the fibres to be 
mutually parallel, approximately 20 pm thick and apparently continuous. The b-axis 
runs along the length of the aligned fibres, with the a and c-axes randomly orientated 
in the plane perpendicular to this fibre direction. Two rectangular prism test specimens 
were cut from the sample, one approximately 5 x 5 x 13 mm, having its long side 
parallel to [oto], and the other approximately 5 x 5 x to mm, having the long side in 
the (o o) plane. 

The thermal expansion of each specimen was measured using a dilatometer in which 
one end of a horizontal silica glass thrust-rod was connected to a linear variable 
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differential transformer whilst the other bore on to the square end of the specimen, the 
whole assembly being supported in a silica-glass tube. The dilatometer furnace was 
fitted with a temperature controller allowing the expansion to be measured over 
complete heating and cooling cycles between 25 and 65o °C at the linear rate of 2 °C 
per minute. Runs without a specimen enabled corrections to be applied for the dimen-
sional changes of the silica-glass system with changing temperature, and the coefficient 
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FIGS. za and 2b. FIC. 2a (left). Expansion characteristics in the direction of the fibres, i.e. knot 
FIG. 2b (right). Expansion characteristics perpendicular to the fibre direction, i.e. (010). 

of expansion of silica glass was added to the calculated coefficients to allow for the 
expansion of the outer tube. The coefficient of expansion of pure silver was measured 
in this manner and found to be 20•I x to-6  °C-1  (25 to 65o °C), which is within 
2.5 % of the tabulated value of 2o•6 x io-G °C-1  (o to 500 °C), Rogers, Schooner, and 
Jordan (1936). 

The percentage expansion over the temperature range 25 to 65o °C was calculated 
for each of the wollastonite specimens, using the data obtained from both the heating 
and cooling measurements, see fig. 2. The expansion along the fibre axis, i.e. [oio], 
showed a linear increase in dimension with temperature, but perpendicular to the 
fibres, i.e. (oio) the rate of expansion increased with increasing temperature. The 
expansion coefficients (25 to 65o °C) calculated for each orientation are: 

[oto] : 6.23x Io-0  °C-1, standard deviation = o• 1o8 
(oio) : 7.77X 10-6  °C-1, standard deviation = o•361 

The larger scatter given in the results for the (of()) specimen was due to the shorter 
specimen length (governed by the dimensions of the sample of natural mineral), to the 
less rigid crystallographic orientation in this specimen, and to the effect of inter-fibre 
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grain boundaries. Since fig. 2b shows a non-linear relationship between expansion and 
temperature a series of coefficients for various temperature ranges were derived. 

Expansion coefficient x 106  °C-' : 5.7 6.3 6.7 7.0 7.5 
T °C (range 25 to T °C): 200 300 400 500 600 

It can be seen that these rise from a value below the constant [on)] coefficient at room 
temperature to one above it at 650 °C, the expansion anisotropy of wollastonite 
reversing at approximately 300 °C. 

The reasons for the anisotropy must lie in the different forms of crystal structure 
and bonding predominating in each direction. In the [ono] specimen the SiO, tetra-
hedra chain may control the rate of expansion, as in a network structure in which the 
coordination polyhedra are tilted with respect to each other the simple bond-length 
expansions are modified by the manner in which the angle of tilt changes with tempera-
ture (Megaw, 1971). In the (ono) orientation the presence of the calcium ions between 
the SiO, tetrahedra may determine the magnitude of the thermal expansion and the 
amount of the expansion anisotropy (Bayer, 1973). However, any conclusions must 
be tentative as there is no generally applicable theory for the interpretation of the 
expansion coefficients of complex crystal structures (Austin, 1952). 
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