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ABSTRACT

Surface nucleated, unidirectional fibrous crystalliza-
tion of calcium metasilicéte was investigated in approxi-
mately metasilicate composition glasses of the Ca0-Al,03-
Siog.system, containing'either zinc oxide or sodium oxide
- as a crystal growth accelerator, by an isothermal heat
treatment technique. Two compositions were selected as
giving densely nucleated, well aligned spherulitic type
fiﬁres 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
perpendiculaﬁ fibre specimens were preparedvfrom isothermally-
crystallized tiles, manufactured from glasses with crystal
growth rates up to 5 microns per second. Longitudinal
\fibre specimens were prepared from intra-crﬁcible devitrified
glasses for crystal growth rates up -to 2 microns per second,
and from unidirectionally crystallized rods pulled difectly
from the melt, using a Ca0-Zn0-5i0, glass with a growth rate
greater than 10 microns per second. This was a novel
modification of a newly developed technique, and enabied
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.




The thermal expansion chafacteristics, 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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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 recént 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 Zr0,-Mg0O 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 Liy0-By0z system
(7). They have found that 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 typé 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
NuUmMerous exbepfions to the above conditions (1). However
it would generally seem thét 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 éivé
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 crystalliia-
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 dependAon the properties of the

constituent phases and the volume fraction, the morphology

and alignment of these phases (1).

l.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
crystalliﬂe phases together with a sméll proportion of
residual glass. The macroscopic ﬁhysical properties of
a material of this type are isotropic (10). Several
attempts have been made to produce anisbt:opic 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 stabilify, a higher elastic modulus,

or a thermal expansion coefficient exactly matched to that
of the matrix material (up to a certéin limit) since glass-
ceramic compositions can be modified to give materials with
desired expansion coefficients (even zero) by adjustihg 
the crystalline phases, and volume fraétion 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 CaMgSi 0, (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 resuited in very
fragile fibres due to weak boundaries running écross the
fibre diameter. Nucleation at external surfaces occurs
on dust particles, scratchés, etcetera (see section 1.3.1.)
which are almost impossible to eliminate completely. It
would therefore seem to be very difficult to produce glass-
ceraﬁic'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
(reinforcing fibreé have to be very fine, about 10 microns,
in order to give the required aspect ratio'(ll)).

Heinze et al (13) have patented a process for the
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production of a reinforecing glass-ceramic fibre. In this
a previouély 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 eiastic modulus considerably higher
than the original glass fibre and also higher than similar
glass-ceramic fibres produced without stretching, thch
indicates that the crystals are at least partieally
orientated by the applied stress along the fibre axis
during crystallization. These fibres are. internally
nucleated by a prolonged low temperature treatment pridr
to heating to the crystallization temperature, using
titania or zirconia as the nucleating agent'ip iithia—
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 gtrict'alignment of these crystals by subjecting
the glass to pure extensional flow dﬁring preliminafy
crystallization. This alignment is maintained during the
drawing down of a 2mm extruded rod into an approximateiy'
100 micron diameter fibre and the subse@uent completion pf

crystallization, during which some new, randomly orientated



33

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
microétructures in Lip0-85i0, glass-ceramics. Although
the extruded, crystallized material consists of two
crystalline phases in a matrix of residual glass, only one
of these phases 1s aligned to'the extrusion axis. - This
material does not require any additional crystallization
treatment after extrusion. The modulué of rupture and
Young's modulus of this material tes£ed in three-point
loading were a maximum when the load was applied perpen-
dicular to thé extrusion axis and were both about twice
the equivalent results for this material logded parallel
to the extrusion axis.

During the investigation of the effects‘of various
transition metal oxides on the crystallization of Ca0-MgO- '
Al507-510, glasses of approximately metasilicate compositiOn
Rogers et al fbund 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 R-CaSiOz (syn-
thetic analogue of the mineral wollastonite) and CaAlySi,Og
(synthetic analogue of the mineral anorthite). Although
the microstructure was very fine (due to the relatively

Low crystallization temperatures employed, see section




34

1.4.2.), generally the needles were less than 1 micron wide
and sb could not be resolved optically, it was concluded

by comparison with previously published micrographs that
the needle-like, i.e. fibrous, phase was RB-CaSiOz. Since
the fibrous crystalé grew inwards from relatively plane
surfaces they formed a roughly aligned microstructure in
which the cones of growing fibres impinged and mutual
interference only alléwed those fibres oriéntafed 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 fpom 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 thch has been -
cooled to a rigid condition without .crystallization".
The difficulties with the above definitions are that somé

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 sp? hybrid.orbitals (21), 1ike
_carbon, and therefore there is a fetrahedral arrangement
of bonds around a central silicon atom. Unlike carbon -
the Si-H and Si-S5i bonds are weak and silicon only rarely
forms multiple bonds, however the single Si-O bond is strong
and this leads to a large number of silicate compounds.
The reiatively 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 SiOtﬁ units linked by single Si-O 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-0-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 aecrease 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-0-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 bdnd, since the
stronger this bond the more difficult the bond breaking .
and rearrangement necesséry when a melt crystallizes and
hence the more easy it is to quench the melt into a glaés.
Glass former 6xides have bond strengths above about
335 kJ mof‘, network modifier oxides (e.g. alkali metal
oxides) have bond strengths in the region 120 to 170 kJ moiq,
whilst intermediate oxides, which can act as.a network
former in the presence of a network modifier, have bond
strengths of around 250 kJ mofq. Using this classificétion
5i0p is a glass former, Al>Oz an intermediate oxide and
Ca0, Zn0 and Nay,O 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) SiOp 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 unioq of silica tetrahedra
at their corners (25) (the fandom;network ﬁodel), 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 0:Si ratio to greater than
2 aad 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 cafion is singly
coordinated when considering ionic transport in glasges
(20). Both Zachariasen and Warren considered that these
modifying cations are randomly distributed throughout the
network, thever 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 ca#ions in
glasses. |

A more general apprcach 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 fogether in the melt by principally ionic forces (qg.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 bbservation 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 growﬁh..v
As the temperature decreased these clusters would become
firmlj.bonded across parts éf their surfaées, 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 S5i-0-31i bond rupture for every oxygen
atom added, then the degreelof bréakdﬁwn of the network
is diréctly proportional to the amount of metal oxide
present. However the Siot-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 1limit 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 SiOf-anions and cannot form a stable glass.
In a élass of metasilicate composition (i.e. at 50mol %
silica) Mackenzie considers that the following structures
may be present:
1. Si3of- ring anions (see figure 1.1).
2. SiOtﬁtetrahedra forming "infinite" chains.
3. A random network of continuous Si-d-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 Siot—tetrahedra, or
small silicon-oxygen ions, depending on the‘Si:O ratio.
A number of other theories have been proposed.(see 29) bﬁt
are in agreémenf that around thevmetasilicate composition
‘the gléss structure is made up primafily of chain and ring
structures.

Hess (30a) has analysed the distribution of silicate

species in silicate melts using the techniques. of

conventional organic polymer chémistry, i.e. the calculation
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of degrees of random polymerization of Siok4structural
units according to the statistical methods of Flory.
Based on Bockris' measurements of the electrical conduc-
tivity of binary silicate melté, 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 Siot‘units. At low silica Eompositions
the melt structure is dominated by the Siotjmonomer, 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 ,

510, + 510, —> 51,087 + 0%~
in which an oxygen ion and a doubly bonded oxygen (i.e.
Si-0-S1i) are created, two sinély bonded oxygens being
eliminated. Hess found that when the results of the
Flory analyses were cémbined 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 db not form gt
a detectable rate (see figure 1.2). If the melt is
"seeded", i.e. é 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, thch could act as
heterogenous nucleation sites, can be considéred ih 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 nucleil, except that in this case the maximum occurs
at a 1owér temperature, and the metastable zone of'super-
cooling exists since the extremely small nﬁclei have a
lower melting temperature than macroscopid crystals due to
their large surface-to-volume ratios.

From a cpnsideration of the contribﬁtion of the sufface
energy of embryonic nuclei to their total free energy it
is coneluded 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 crystél structure forméd to give enough freg
energy (from the difference in free energy between the
glass and crysfal structure) to compensate for the surface

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




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

per unit volume is (32):

where

AGq

NGy

k
T

I =K exp - (AG./XT + DGy/kT)

a quantity which is'roughly'constant from one
substance to another (the "collision factor").

free energy barrier for the formation of a nucleus
of critical size.

free energy of activation for transport of material
across the phase boundary.

Boltzmann's constant.

absolute temperature.

Turnbull and Fisher (33) applied this eipression to glasses

by replacing AG4 by an expression involving D, a diffusion

coefficient, i.e.

where:

N =

a =

‘I = (ND/a*) . exp (-AGn/kT)

number of molecules per unit volume.

molecular spacing.
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There is empirical evidence that D varies with viscosity )

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

i.e.

D = kT/3%an

Therefore at higher temperatures the rate of nucleation-

increases, as OGp 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



nucleation does not occur as the viscosity is‘so great
that the nucleation rate is very slow; and although Vz

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

is to reduce the free energy for nucleation (AGp) by
decreasing the amount of surface energy required for
nucleation by a factor £ () (10). © is.the angle
determined by ‘the balance of surface tensions:

Ty = Ogy t Ogcos ©
where:
SuL= interfacial free energy héterogeneity/melt.
O¢w = interfacial free energy heterogeneity/crystal.
TeL = interfacial frée energy crystal/melt.
Turnbull and Vonnegut (35) modified the expression for
I (q.v.) to that for Iy for heterogeneous nucleation, and
if the activation energy term is included (as suggested by

Stookey (36)) then:
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I, = K exp - (MG £(©)/KT + MGg/KT)
For any value of contact angle (8) less than 130 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) ié 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 én 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 crysta}lization by reducing the pre-exponential factor",
i.e. they took as a measure of the sfability of a glass
the "duration of the induction pefiod (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 alfrosted 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 crystallizafion tenperature (withbut 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 foughened 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 increa#ed
nucleation rate for a soda-barié—silica glass (42).
During X-ray diffraction studies of glass fibres
Banerjee (43) found that devitrification in Bz0y glass
was surface nucleated, but he attributed this to the
difference in the chemicél and physical properties of the

glass surface compared to the body of the glass.

1.3.2. INTERNAL NUCLEATION IN METASILICATE GLASSES
- OONTAINING FLUORINE:
Mukherjee and Rogérs (44) studied the crystal-

lization characteristics of a soda-lime-alumina-silica
glass in which some o#ygen 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'thrbugh.this type of glags (45). From electron
microécope studies it was fﬁund fhat glasé 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, CapSi, O4Fz, whilst at higher nucleation

rates phases with the pyfoxenoid single chain structure,
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synthetic analogues of fluor-pectolite and wollastonite,-
were given. They related this to the structure of the
glass3prior to nucleation, i.e. the more advanced the

glassy phase separation the higher the concéntration of
fluorine in the droplets and this would favour the formafiqn
of single réthef than double chain structures in the glass
due to fluorine ions (singlé, negative charge) breaking the
bonds between silica tetrahedra.

Roginskaya et al (46) have also investigated the
influence of fluorine on the crystallization of glésses in
the alkali-calcium-aluminosilicéte system. They again
found evidence of glass in glass separation, and established
that crystallization of the fluorosilicate phasés occurs
from the droplets enriched in calcium and fluorine. They
only found a synthetic fiuor—substituted xonotlite phase
crystallized from glasses with high fluorine content.

They concluded that the sequénce of crystalline phases
produced in relation with the fluorine content is determined
by the amount of fluorine-induced debolymerizationAof the
silica-oxygen structures, i.e. bréaking.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 2Zero again at
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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—cqntrolled
growth. Kirkpatrick (48) considers that interface~
control is the rate determining<step in crystél growth
from silicate melts. Turnbull and Cohen stated that a
molecule moving from the melt to join the crystal lattice
must have sufficient activation eﬁergy,llGd, 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 OGg. Therefore, below the melting temperature, for
a molecule transferring from‘the_melt (or glass) state into
the crystal state the energy barrier is AGy, but for a
molecule moving from‘the crystal into the melt the energy
barrier is (AGgy + OG.). 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= aVexp (- 8Ga/RT) [1 - exp (- AGc/RT)]

where:

molecular spacing.
molecular vibration frequency.

absolute temperature.

w B <L op
]

gas constant.
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For crystal growth from melts or glasses the AGy term
may be replaced by an expression involving the diffusion
coefficient (D), i.e.

v - £D [1 - exp (- AGC)}
a ‘ RT

where f is the fraction of sites on the crystal surface.
available for aftachment and D (g diffusion coefficient
for tﬁe transport across thé melt/crystai interface) is
defined as

, = ae\) exp (- DNGg/RT)
The Stokes-Einstein relationship relates diffusioﬁ
coefficients to the viscosity (Q) of the melt, i.e.

D = kT/3T1a"q

where k is Boltzmann's coﬂstant.

Therefore,

U = XTI | _ exp (- AG,
3N&N, 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 Z2n0O content in an apprdximately meta-
silicate glass (17)); see section 1.2.  Also, this means
that melfs with high viscosities should have low rates of
crystallization and it is found that these melts can be
easily quenched into a "stable"vglass, e.g. the viscosity
of silica at its melting temperature is lObst m—aand this,

of course, can be quenched into a glass whereas iron, withl
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a viscosity of 1643Ns ufiACannot 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 AG. term dominates the growth rate equation.
At high undercéolings 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 wﬁich molecules, or molecular groups;
are attached onto the growing crystal can fall into one. of
two mechanisms, 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) aﬁd'sﬁrface nucleation (52).
For céntinuous 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 undercopling),.see
review by Uhlmann (53). |

Jackson (54, 55) has evolved a theory relating the
nature of the melt/crystal interface and the kinetics of
crystai growth, ‘By plotting relative energy of interfaces
against the occupied fraction of surface sites for

different values of the factord , where o = (ASg/R)Z
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(0S¢ is the entropy of fusion and 2 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 anisdtropy between
different crystallographié planes should be sﬁall. 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 roﬁgh 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 respeét to their crystallization
and melting behaviour by using the entfopies of fusion,
and Kirkpatrick (48) reports that the crystal morphology
of all materials so far investigated corresbonds 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 faceteﬁ crystals should grow by
one of the lateral mechanisms. Although there is no
theoretical juétification for th;s conclusion (57), it
has béen 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 g:owth 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 aﬁount of rearrangementvrequired.
Compafison with data for simple network melts shows that
differing amounts of rearrangement are necessary.

The entropies of fusion for calcium metésilicate can

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

since:. T,

DS, = EQTE aT
and: , Ta

DNSe =DSg - DS

where:
ASq = entropy of cfystal af crystallization temperature,
AS_ = entropy of melt at crystallization temperature, and
Cp = specific heat at constant pressure.

‘For the high—temperature polymorph,qi-0a8103, for
crystallization at 1500K the entropy of fusion is equivalent

to 3.4 x R, and for the low-temperature polymorph,fs-CaSioa,
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 (whiqh is equivalent to the
Johnson-Mehl-Avrami equation), i.e.

degree of crystallinity = 1 - exp (-7\IU3tn/3)
'(wheré 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,
the activation énergy for diffusion to be 138kJ mofl, and
the potential barriers for cr&stal growth and nucleation

.—\ - .
to be 34.7kJ mol and 34.3kJ mol respectively.

1l.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 crygfals were formed. At progressively larger
undercoolings skeletalicrystals, then dendrites appeared
until finally spherulitic crystallization took place at
high undercoolings. These résults are in agreement with
the theories of interféce stability, i.e. the sfable wi@th
of flat interface surface decreases with increésing 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 wiﬁh 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 wheré the
crystal and melt have different compositions (e.g. in metal
alloys and inorganic élasses). These are.known as thermal
and constitutional supercboling<respectively..

Therﬁal supercooling is due to the latent heat of
fusion liberated when molecules leave the melt and join
the crystalliné phase. If crystailization 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
crystallizatioﬁ temperature. As a result of the liberated
latent heat the temperature 6f the interface is greater
than that of either the melt or the crystal phase. The
resulting temperaturé contour in the mglt, kno&n 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 rateswéf crystal gfowths increase
with increasing supercooling. However this is an unlikely
mechanism in inbrganic glasseé for the following reasons.
Firstiy at typical supercooiings'in theselmaterials

(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.) aﬁd therefore a protruéion from the
growth front would grow more slowly than main interfacé.
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'thrqugh the crystalline region.
Figure 1.3 represents a schematic binary phase diagram for'
this system. The first material to crystallize has o
composition A, and, if this is formed felatively 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 wquid be easily accomplished
in a glass or melt having a low coefficient  of bulk ‘ A
diffusion.) Since the solid is rich in one component (X)
and dépleted in the other (Y), éssuming é binary system,
then the liquid in contact with it ié 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 stéady-state situation is

attained. Concurrent with this change in liquid



composition is a change in composition of the soiid forminé
from it, i.e. the compositions travel down the liquidus and
solidus lines on the binary phése 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 péint the steady state has been attained.
The solid crystallizing now has the same coﬁposition as
the bulk of the melt, and fhe equilibrium crysfallization
temperature has reached Tz on figure 1.3. The compositioh

as a function of distance in the interface region is shown
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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 ah 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 erystal
growth rate and the diffusion rates in the melt, assuminé
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 gubercooling 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 fhe syéteﬁ, i.é; 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 fhe bulk of the glass is_well‘below fhe 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 interfaceiie approached (i.e.
decreases from T, to T; on figure 1.3). Figure 1.5 also
shows a plot of the superéooling 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
impuritj 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.),
increaseé as one moves away fronm the'crystal growth face.
Since the ambient temperature remains Qonsfant (isothermal
conditions) it is unlikely that the viscoéity of the melt
would increase sufficiently as the melt goes from
composgition E to B to_outweigh this incréaae in free
energy (and the viscosity may even decrease across this
regidn, depending whether the percentage of modifying
cations decreases or increaseé, 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 protrueione
could grow fapidly 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

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

AW = = 21 Ve oy 9%
dt dt
where:
L = latent heat of fusion per unit mass,

2z density of medium,

Vi = 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:

2La 9% - akg | 8L
dt dx | s

where:
Kg =-therma1 conductivity of solid, and
(dT/dx)y = temperature gradient in solid.
Therefore: ' _
: [91] _ 2L ax
dx |4 Kg dt'_

For calcium metasilicate crystallization from the
melt, using the data given in (59) to find the latent'heét
pf fusion, |

L = AHg - OH,
where;
AH\
DHg

enthalpy of melt (glass), and

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 =1343 g, z = 3Mg m > (135), and
]

Kq23J s o' K~' (10), therefore

- b _
for dx/dt = 10 m s, dT/dx =.0.13Knm ',
for dx/dt = 10 m §', dT/dx = 1.3Kmm", and

for dx/dt = 16%m &', d7/dx = 13Kmm '.

For crystallization of p-CaSiO3 at 1400K:
L = 1070 &', z = 3Mg w 5 (135), and
K== 3J 8" m™ K (10), therefore

B -b - -
for dx/dt = 10 m s', dT/dx = 0.11Kmm ,

_-5 _ -
for dx/dt = 10 m s ', dT/dx = 1.1Kwg', and

for dx/dt = 10'm s ', aT/dx = 11K .

From these results it is seen that, except at
extremely high growth rates (for cfystallization 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 undercooling 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 protrusion is greater than the surrounding
surface, a crystalline "spike" can shoot out from the
interface into the melt. As each spike is formed the
agsociated "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 egqually spaced



60

and mutually parallel, all growing in the same crystal- _
lographic direction, known as the dendritic growth direction.
The angle which these primary (or"firstforder), arms make
with the original interface depends on the>crystal
structure of the material. Secondary, and in some casés,
tertiary, arms may subsequently fdrm on these spikes, by
a process similar to fhe formation of the primary arms.
The secondary branches form along a direction equivalent
crystallographically to that of the primary.spikes, and
as the arms devglop they grow in thickness ahd 80 become
acute trianéles in longitudinal cross-section. The
resulting crystalline morphology, é 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 crystallizatioﬁ,
or devitrification, of glass. Taylor and Hill (64)
describe the appearance of dendrites found as devitrifi-
cation "stones", i.e. unwanted crystallization formed
during commercial glass manufacture due to holding a glass
for too long over the critical temperature rénge, or to
'insoluble inclusions such as pieces of refractory brick
acting as heterogeneous nuclei in the glass. Two types
of dendriyes are formed by silica devitrification in soda-
lime-silica glass. Dendrites with the tridymite crystal
structure form with branches at 66 degrees to the main stem,
or a8 dendritic hexagdéns, while the cristobalite crystéI'
structure is‘usually found in the dendfitic form with

branches at 90 degrees to the main stem. d\—CaSiO3, the
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high temperature modification of calciﬁm‘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 he#agonal prisms with concéve,
or "dished" ends, these prisms being up to one centimetre |
across. However, when devitrification pfoceeds 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 frontg
impinge, stopping any more development in that direction.
This is known as transcryétallization (43), see'figure 1.6.
By this process surface nucleated.&—CaSiOB dendrites produce
an almost fibrous microstructure, since only the primary
branéhes 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 directiop 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 tﬁe unusuai 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 polycryétalline 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 thaf they exhibit
small coefficients of self-diffusion and the spheruliteé
crystallize slo‘wly (65). If U is the velocity of the
advanéing growth front, and AT is the'amount of supercboliné,

then for simple liquids:

\ L, -

_‘a -
U/AT =1 to 10 m 8 K

but for spherulite-forming melts:

U/AT = 10 %0 10 ‘m s K~
However this slow crystal growth still uses the lateral
mechanism of two-dimensionﬁl 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

constantiiadial rate, in accordance with a linear growth

law:
U = dr/dt = £(T)
where: v
r = radius of spherulite at time t, aﬁd

f(T) = functlion of temperature and system under study only.
The gfowth of a spherulite at a constant radial growth rate
represents a steady-state, not an equilibrium, process.
Since a spherulite has é large surface to voiume 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 groﬁth fronts were rate determining this would
again give a growth réte which would be probqrtional to tv%

Bernauer (67) in 1929 suggested that impurities ma&
be vital in order to produce spherulitic fibrous growth.
Using Bernauer's work, Keith and Padden (65) proposed a
universal mechanism for spherulitié 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"c§, where;

d = 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 anj 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 uﬁstaﬁle aﬁd 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 glaés 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 larée molecules. Theré-
fore, there will be a decrease in undercooling thrbughout |
the gfooves (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 uncrygtallized
melt or glass. As tﬁe ambient temperature.is lowered, or
over long times at the higher temperature, secéndary
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-crystallographié branching
occurs when the growth tip of a fibre thickens, due to'a B
local fluctﬁatibn in conditions,'and‘becomes wider than
the sﬁeady state width of tﬁe 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) buf
slightly misaligned with respecf 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 widthf This means that a large
 defect would have to grow on the growth tip of a dendrite
before low angle branching wbuld occur.

This explanation of low angle branching stands up
when the morphologies of spheruliteé grown at différent
temperatures are considered. Af high -temperatures d 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 16w
temperatures d is small resulting in fine fibres and profﬁse
branéhing, which gives fine, compact spherulites. This
type of branching also explaiﬁs 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 perﬁendicular to the
preferred groﬁth axis (the fibre axis) exceeds the value
of d in the system small-angle branching will étart, 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 naturallyvin silicate minerals
found in igneous rocks. Hatch, Wells and Wells (70) -
describe the morphology of spherulites'found in obsidiap,
a pure natural glass of rhylolitic compositioﬁ. ‘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 changé
of conditions so that the glass is. no longer held in the
crystéllization zone, before the spherulites could fully
develop, see figure 1.7. Taylor and Hill (é4) 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 (B-CaSiOz) can be a devitrification
product from commercial glasses and can form true spheru-
lites or bunches of fibrous growths.. Degen and Toropov
(72) used the electron microscopento study spherulite
formation in silicété glasses. They found that spheruiitic
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 system, Burnett
and Douglas (42) found that the first detectable crystal
phase was the high temperature polymorph of barium
disilicate which grows firét as épherulités 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 feduction of the surface
energy content of the matgrial. 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 structﬁre 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‘crystai growtp in a éutectic
composition lithia—alﬁminosilicafe glass,_containing

titanium dioxide as & nucleation catalyst, were modified
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by Tit"

ions becoming preferentially sited on certain
crystalloéraphic faces of the crystals (which had the
5—eucryptite structure). This shows that crystal morpho-
logies resulting from controlled heat-treatments of glasses
which contaip internal nucleation agents, i.e. glass-ceramic
microstructurgs, may be more complex than those formed b&
devitrification of simple glasses and igneous rocks. |
Burneft and Douglas (42), however, found that the Keith and
Padden theory (65) accounted eitremely well for spherulitic
crystallization from soda-baria-silica glasses which 'did |
not contain any addéd nucleation'catélysts.

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
spherulitgs occur by the nucleation and growth of individual
rods and that the nucleation rate of rods is constant
-throughoﬁt the spherulitid growth process.

(See also appendix V.)

1.4.3. ROD PULLING TECHNIQUES: | |
Maries and Rogersi(76) found that it was not
possible to induce fibrous calcium metasilicate crystals
to grow along the axis of lmm diameter calcium oxide—ziné
- oxlde-gilica- glass rods when these weré subjected tb a

conventional zone heating technique. As the rods.passed.



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 éupports the molten material
which is held by surface tension forces.) However they
found that if the rod was passed through an electricailj
heated platinum coil which is in contaét‘with the rod
surface and therefore supports the molten material, and
the glass each side, then no sufface nucleation occurred.

Instead, if crystallization is nucleated just below the
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hot zone (by a platinum wire), then.ﬁ-CaSiOz'can crystéllize

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)
8o 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, aé above. |

Thé gituation 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



corresponding growth rate curve waé found by Maries

using hot stage microscopy on the glass composition

Zn0 20 wt %, Ca0 30 wt % and SiOy 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—stabilisiné. Since this is crystal growth from the
melt, the crystal growth rate.increases with decreasing
temperature, increasing undercooling, and therefore if_tpe
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 temperafure decreases,

the grpwth fate therefore increases and tne crystal growth
front moves up again to the stable‘position where the
growth rate eqﬁals the pulling rate.

Calcium metasilicate has a phase transition, from
the high temperature d-CaSiOy phase to the low‘temperatﬁre
[>-CaSiOx, 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 microne per second will result in the crystallization
of oL;CaSiO5 and at greater speeds 3-CaSiOz is the crystal-
.1izing phase, but at pulling rates above 50 microns per

10

second the rod quenches through the critical devitrification

region and pullé out as a giass, see figure 1.8,

Livingston (79) has described a process somewhat




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 érédient. 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 thé melt, see -
section 1.4.2.). If the material is transformed by
cooling through the transformation regioﬁ it will convert
at a higher témperatufe than if it is first éuenched 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 =
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suitable quenched material is moved up through a temperature

gradient then_aligned composites with finer spacings could
be produced. Carpay and Cense (6) have appligd this
technique to the in situ growth of composites from the
vitreous state. They stéte that the position of the
growth front is stable, "which means that variations in
the pulling rate are folldwed automatically by the growth
rate". This is not the case in the dow-transformation

of quenched materials, i.e. in the case of this research
'(crystai growtﬁ 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 tranéformétion front drops
down fhe 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, etcete:a.
A similar "“vicious ciréle" 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 metasiliqate, known by the mineral-

ogical names wollastonite, parawollastonite and pseudo-

wollastonite.

Wollastonite and parawollastonite are both referréd
to as the low temperature modification, designated 5-0&5103.
Wollastonite (and parawollastonite) are pyroxenoids (80),
and therefore have a structure which consists of chains of
8ilicon-oxygen tetrahedra running parallel fO‘the crystal-
lographic b axis, the chain structure repeating after efery
three tetréhedfa, i.e. Dreirketten. These single chains
are 1inked by calcium atoms in irrégular.octahedral
coordination with six oxygen atoms. Monoclinic para-
wollastonite is related to the triclinic wollastonite by
a simple packing modification (81), and this expléins why
intergrowths of these two forms.occur on a sub-microscopic

scale (82). In natural wollastonite the calcium can be




replaced by iron, manganese and, to a lesser extent,
magnesium, aﬁd synthefic wollastonites have ﬁeen shown

to férm a solid solution series in the Ca.SiQ3--F7eSiO3 with
compositions up to 76% FeSiOz.

Pseudowollastonite is generally regardéd as being
triclinic, 5ut 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 some'evidepce of
polytypism in pseudowollastonite which can bé'expiained
in terms of a double sandwich layer of 5130:— rings (see
figure 1.1) between hexagonally packed Ca®" ions (84).

There is some disagreement about the temperature of

inversion of wollastonite to pseudowollastonite. Although

1120°C ¥ 10°C is usually taken to be the true value (85),
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' temperatures as high as 1190°C and 1200°C have been quoted.

A small amount of diopside (CaMgSiEOb) in so0lid solution
is known to raise the inversion temperature. Rostoker
found th;t it is posseible 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 80lid state phase t:ansformation, althbugh more recenfly
Buckger and Roy found that this is not always necéssarily‘
the case (87).

In nature wollastonite occurs in coarse bladed
aggregates, and is usually acicular or fibrous even in

small particles, the crystallographic b axie (chain axis,
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q.v.) coinciding with the fibre axis. The aspect ratios
of these fibres (i.e. fibre length over fibfe diameter)
may be as much as 13 or 15, but are more usually 7 or 8.
Synthetic calcium metasilicate (B-CaSiOz) has been
produced commércially for some years. Many hydrbthermal
techniques have been used, e.g. (88), but the hydrgted
product does have the §amehpropgrties as tﬁeﬂanhydrous' -
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).

1;5.2. SECONDARY DEVITRIFICATION PRODUCTS:

CaAlySis0g has several known polymorphs.
The mineral phase which is stable in contact with CaO-
Al,05-516, liquids is anorthite (90). This is a triclinic
feldspar which melts congruently .at 1553°C. It enters
extensively into sol;d solutions, e.g..the plagioclase
series between anorthite and albite (NayAl,S1,0,.). .

CannSiaO7 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 strucfure of hardystonite can be
described as consisting of [ZnSiEOiTr-sheets within whiéh._
the nature of bonding is dominantly covalent, the adjacent
sheeté being held together'by Ca2+ions wifh the interlayer
bonding predominantly ionic in charaéter (91). The
melilites are capable of extensive so0lid solution, e.g. the

gkermanite-gehlenite continuous range of solid soiufion (92).
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1.6. THERMAL EXPANSION CHARACTERISTICS OF SILICATE
MATERIALS:

1.6.1. GLASSES :
Figure 1.9 shows a typical expahéion curve
for a glass; ihe temperatures T1, Tu and Mg are at points
of taﬁgency; Tg and Ts are points of intersection. This
curve is analysed as follows (93).

Tl is the lower annealing limit, the lowest temperature
at which the residual stresses, produced wheh~a gléss is
cooled after casting, can be reiieved by small adjustments
of the internal structure (see section 1.2.), a process
requiring a prolonged isothermal treatment at T1 (19).
There is insufficient thermal energy available for this
process below T1. |

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 metaétable internal equilibrium Qithin’the timé scale
of an experiment. Below Tg the‘équilibration time is so
long that it is not normally measurable. The eiact value
of Tg depends on the réte 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 fime scale measurements. The annealing state
of a glass can also affect the value of Tg, i.e. a fast.
quenched glass with a high ficfive temperature (a glass
which would be in internal -equilibrium at a relatively high.

temperature (19)) would have an open molecular stiructure
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and therefore would.begin to reach dimensional equilibrium
at a rélatively 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 riéid solid. Ts is the dilatometric
softening point, see section 3.4. |

The linear expansion below T1 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 tw6 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 crystﬁl 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-lehgth'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-0-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 expénsion is usually larger.
She has found that thermal expansion always involves a
straightening out of the angles between the structural
»polyﬁedfa, resulting in an increase in the mean linear
expansions over what would be expected from bond-length
expanéion alone. This change of tilt angle within a phase
can lead ‘to a phase transitiqn.

From his study of thermal expansion aﬁisotropy of
oxide compounds Bayer (96) found that differences between
thermal expansion coefficients in different crystallogrﬁphic
directions dccur in single crystais and orientated poly-
ecrystalline deramics 6f compounds with lower than cubic
symmétry. The amount of anisotropy depends mainly on the
atomic arrangement in the compound and on the microstruqture
of the ceramic. He found that the magnitude of the thermal
expansion cbefficient and degree of expanaion 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~cfystéls
with highly distorted coordination polyhedra. However

generally the lower the valency of the larger cations the




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 stfésses by plastic deformation.
A sinusoidal tensile force versus displacement curve is the
closest approximation tb the theoretical fracture of a
material by the bréaking of atomic bonds across unit éreé
of fracture interface (11, 97). The érea under this
curve equals the energy expended in pulling atomic planes
apart, i.e. twice the surface enérgy of each new surface.

oo == (B¥/a)"
where: |

o, = theoretical strength of material,

E = Young's modulus,
a = atomic spacing, and
Y = surface energy per unit area of each new surface.

Using experimental values for E, & and a, then empirically
for most solids: |
O = E/10

This value is only approaghed by crystal whiskers or
carefully produced fibres. Typically for the fracture
of brittle materials (or for yield of ductile materials):

' 0% == E/1000
This discrepancy is due to the inevitable presence of

small flaws in.real materigls.

-
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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 ény
structural imperfection. For a sharp crack in the
surface of the material, of leﬁgth ¢, a radius of curvature
at the crack tip/o gnd subjected to an applied stress o, |
the stress at the crack tip is increased to:

o = 205(e/)"’"
wWhen this goncentrated stress is equal to the theoretical.
strength of the material fracture occurs, i.e. when:
(E¥/2)?= 204(c/p)? |
;. C% = ($Ep/4ac)/? (1).

This equality gives the applied stress for fracture
approaching zero as the radius of fhe 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 ;n 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 craék length- (Ug) is,
for plane stress: | ‘

Ug = (Re?o?)/EB
The surface energy required (Ug) is:
Ug = 2¥c
Therefore, for an unsfable crack:
(McPo®)/E = 2¥c
S o = (28E/me) (2).



This is the "Griffith" stress. |
Since the applied stress for fracture équals the '
Griffith stress for fracture in the presencé of flaws,
then from cbmpafison of equations (1) and (2):
'. 2/T< = 2/ 4a |
and therefore the limiting value of crack tip radius is:
P = 8a/T = 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 deramic materials. In these
crack blunting occurs (i.e. an increase in the radius of
the crack tip) due to limited plastic flaow at the crack
-tip indﬁced 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.X] » which includes
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the results of fhe plastic flow, rough surface steps, crack:

blunting, etcetera. _Therefore generally:
. /2
O = l/Y(2E2§1/C)/ .

where:
Y = geometfical factor depending on crack énd specimen
. geometries, and

Gk 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).




1.7.2. CERAMIC MATRIX COMPOSITES:

Unidirectionally crystallized fibrous materials
could be regarded as coﬁposites, i.e. in sifu composites,
see section 1.1.1. _

Donald and McMillan (102) and‘Davidge (103) have
recently published reviews of ceramic matrix compbsites.

In unidirectional fibre reinforced ceramic matrix
composites significant strengthening occurs if the Youﬁg's
modulus of the fibres (Ef) is greater than that of the
matrix material (E,). For conditions of equal elastic
strain in matrix and fibres the strength of the composite
is expressed by a simple mixtures law (104):

Tec = dpvg + OtV

where:

6ﬁ¢ = ultimate strength of fibres,
-Cﬂ% = ultimate strength of matrix,
cra = stéength of composite, -

Ve = volume fraction of fibres, and
Ve = Vvolume fraction of matrix.

The strain is equal in fibre and métrix, i.e.:
€ =CE/Bf = 6in/Bem
therefore,
G =0m[Ll + Ve ((Bp/E) - 1)]
If the aligned fibres are discontinuous the stress
in the fibres builds uﬁ to a maximum over a-certain

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

1.= rog/B
r = radius of fibres, and
B = interlamellar shear strength.
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- The ﬁean stress in fibres of length Q1 is:
oz =of[1-(1-2) 2./1]
where:
4oy = thé average stress in fibres within a distance of
9./2 from their ends.
If the fibres are not in parallel élignment then .
o?Vf is reduced by a geometrical factor. |
Uniaxial aligned fibre composites under the action of
a tensile stress applied at an angle © to the fibre direc-
tion generally fracture by one qf three mechanisms (97).
1. Failure in the plane perpendicular to fhe fibres due
to tensile failure of the fibres, in this case: |
fracture stress = G‘c/gosa .
2. Failure by shear in thé direction of'the fibres on a
plane parallel to the fibres,

fracture stress = 2B/sin 2© ,
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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 = oy, /sin® ©,

where o, 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 Qith varying angle © 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 ig vital in determining
the properties of the composite. When both the fibres
and matrix are brittle and are strongly bonded the coﬁpoéite
behaves essentially as a homogeneous bfittle 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 fhe fibres efficiently the
stress must be transferred from the matrix to the fivbres.
In ceramics'the.fibre/matrix bond is often mechanical,
achieved by frictional forces befweeﬁ the fibre surface
and mﬁtrix 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 (mno crack blunting). ‘The ratio of
" stored élastic energy at'fracture to the work of fracture
(104) is 0.2 for copper, and 25 for alumina, i.e. failure
is expecfed to occur by cracking in alumina but not in
copper. ) This provides a rough criterion of toughness for
materials with widely differing éapabilitiés for absorbing
strain energy. | |

In a fibre reinforced ceramic the energy required to

pPropagate ﬁhe crack wili be greater than that required for
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initiation, since such a composite contains.weak fivre/
matrix interfaces which can blunt the crack tip. - For‘fhia
type of maferiél the work of fragtu:e technique yields a
more fealistic engineering parameter than conventional
fracture mechanics analysis of fracture initiation energy
(102).

The total work of fracture is increased by iﬁcfeasing
the effective crack propagatioﬁ 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>effective1y
‘ bluntiné the crack tip, ﬁut 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 prop;gate 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 willi
always be some debonding of the fibres in the.immediate
viciﬁity of the crack. A composite containing continuous
fibres usually fractures across a flat plane. A composite
containing discontinuous fibrés of less than critical
length does not giﬁe any fracture through the fibres.
Instead the fibres debond and pull-out of the matrix giving
a large work of fracture. Strongly bonded, d;scontinuous

fibres longer than cfitical length give a combination of
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pull-dut and fibre fracture. The composite strength of
materials containing aligned fibres of critical length is
half the law of mixtures strength. .

In brittle fibre—briftle 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—ductilify (apparent
ductility in the load versus deflection curve). Thesé

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 (dr fibre length much gfeater than‘
1) composite? the difference between théAfailure stfess
and sﬁrain'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 optimﬁm toughness (fibre |
pull-out) papallel aligned discontinuous fiﬁres 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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_alighed, discontinuous fibres of lengths somewhat greater
than the critical length, or.continuous fibres with varying -
fibre tensile fracture strgngths, to give fractures at
different distances from the primary. fracture plane}and
therefore some fibre pull-out.

The thermal shock resistance of cohpdsites 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 éfter'cooling-
from the fabrication temperature or after heat cycling.

On cooling from the fabrication temperéture the effect
of thermal shock depends on whether the matfix or fibreé
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. Howéver axialiy
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 %o 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 interféce is in tensiqn radially,
and if th}s 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 étress (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 qhemica1~or a frictional bond,

even if weak) is given by:

€ = EgVG0LDE/E. (102).
E. = BV + E ¥, (law of mixtures), '
then:
ol = Ec(ém-Er:\)
where: |
€ .= matrix fracture strain in.fhe absence of fibres, and

8&1 residual strain in the matrix.
Goan and Prosen (107) have tested both untreated
(weak.fibre/matrix interfade) ana whiskered (strong fibre/
matrii interface) carbon fibre reinforced resin in shear
using short beam tests (as in ASTM D2344-65T, but using
flat specimens), scissors and University of Virgiﬁié method.
They found that for both types 6f 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 inferface specimené fractured under
" shear, giving a true B vélue, 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 strongiy bonded

material.
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1.7.3. BEND TESTS:

Br;ttle 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 cdmponent subjected to avload'of
" known magnitude and direction (108). Subsequent stress
or strain analysis of this gives the strength value of the
specimen material. This means Athe'limits of stress
analysis apply to strength testing, i.e. the assumptions
of material characteristics, loading conditions and |
specimen gebmetfy, and these ére sources of error (109, 110).

Uniaxial tensile tests.are difficult.to achieve with
ceramiés, 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 stréngth results (111).

Bend tests, in which non-uniform stress distributions
are developed, avoid the ﬁroblems of setting-up uniform
stress distributions in ceramic materials. A more complex
analysis of the results is required, but this is compensated
by the éimplicity of the test apparatus and technique,
although parasitic stresses which affect the final result
can s8till be developed. Ideally the test should be
perfectly "hard", i.e. the force developed is a function
only of the compliance of the specimen #o 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 capaciﬁy
is reasonably hard.‘ If the force required to produce
wnit deflection in the direction of the force, i.e. the
stiffnéss, of the testing machine is K and of the load

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

energy is:

2l :
U =P 1 +~3L 1+ elastic energy stored in specimen.
2 Kn K¢ J

At the same surface stress the energy stored in the specimen
in uniaxial tension is three timesvthe 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 sppcimeﬁ 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 étress'on the opposite face (109). 
The simplest type of bend test is'threé—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 ét the outermost element of
a three-point bend test specimen is:

| Ohax = MB/I- (110, 109).
where:

M = externally applied moment,
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I = second moment of area of the cross-section éboﬁt
the neutral axis, and
h = initial distance between the neutral axis and the
extreme element wheré 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):

Myape = PL/4
and: _ ‘
: 3
therefore, since h = 4d/2:
3 PL
O'-/ - =
LT AT o p@?

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

be found using (109):

v={£—!xdx
EI|

where:

v = deflection at the bottom_of the beam, and

x = the distance along the beam.
Therefore:
' L/2
v = 3P J(a dx
od Ebd®

v = PL°/4Eba°

E = PL°/4vba’®
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 characterisfics of the material under test,
i.e. if the stress/strain plot is linear then the stress
.distribution 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 equillbrlum is not sufflcient 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
fivre reinforced glass composites. . This technique is widely
used to measure the shear strength of composites due to its.
experimental simplicity. Shorf beam tests have a span to
depth ratio of less than five,.énd fér 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 surfaées siﬁce the ébmplementary-shear'
stresé in the longitudinal direction must be zero at a free
surface. - The maximum shear stress (By,y) -Occurs on the

specimen neutral plane:
2 ]
By = = (i} - hal (109)

therefore:

Bmax = 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,



2. Prictional 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_stresées 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 eaéiiy 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 proﬁuced by the strains due to
the test specimen surfaces curving gives longitudinal
fictional forces at.the outer loédiné 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 reduqed 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 iaterial for the rollers.

The torsion due to non-uniform load distributions
across thé 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)r
S =1 -~ exp [r-‘V (UVOB)W)]
where:

CT/O

"classical”" strength of a "flawless" specimen,

c” = stress at fracture,
v = volume of the body subjected to tehsile stresses, and
= constant related to the flaw density in the material.

There is a finite stress below which fracture will never

occur,Jyu, and so empirically:

S =1 - exp l>; \ GZ%;éZQQH1_J

Therefore the probability of fracture depends on the
volume of material under tehsion (tensile stresses usuélly_
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 haximﬁm tensile stress.
For three-point bend tests theoretically only the secfibn_.
of the specimeh directly béloﬁ the top loading point is
subjeéted to the maximum sfress; and thefefore the "volume"
of maferial 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
specimgn 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 addifive, whilst fbr an
increase in beam depth these effébts counterbalance one
another. |

When highly anisotropic materials'a;e tested it has
been found'(llS) that_the end effecfs>(effects of the |
local stress concentrations set-up at the 1oadihg points).
may éxert 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
(énd 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'hélow‘the "true"
value for the material, eépecially from beams.with small

length to width ratios.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1. PREPARATION OF GLASSES:

All the glass compositions used throuéhOut 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 feach 1450°C. After three hours
at temperature the melts Qere 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 Torrihgton percussibn
mortar, replaced in the crucible and remelted. This
process was repeated and the final melt was eithér quenclied
or cast depepding on the use to be made of the particular
glass batch. Prévioug workers have.fduna that this |
method gives a homogeneous glass (116).- |

The stérting materials for the glasses are shown in
table 2.1. These powdgrs 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 giass bottle and were violently agitated

before melting to ensure thorough mixing. Any excess
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materials were stored in a desiccator ovér magnesium
'perchlofate. For every éomposition made at least one
of the constituents was added in the form of a carbonate.

Swarts (118, page 280) has reviewed the main factors
affectiné the melting of glasses. The first stage in
the conversion of a batch into a glass melf is the
appearance of the lowest liguidus phase e.é. in éompoA o
gitions containing silica and sodium carbonate at about
800°C a liquiq is produéed correspoﬁding.to the sodium
disilicate/silica eutectic. The carbon_dioxiae'iiberated
by the reaction,

$i0, + Na,C03 = Na,Si0y + COpT

refines the batch since'its evdlutibn mixes the reactants
so that concentration gradients are reduced and reactions
accelerated. The decomposition of calcium carbonate-
above 825°C aiso liberates carbon dioxide. The éctive
evolution 6f this gas.continues as the readtanté_reach
higher temperatures as continuous dissolution of silicé
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 nuéleated at
the glass/residue interface as the silica content is
increased. .

The-partiéle 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 éf the batch. They are removed by
- floatation in melts of sufficiently ldQ viscosity and by.

dissolution in melts of suitable chemical composition.
| The glass compositions inveétigated 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 compositibn a batch bf powdefs
was weighed out which would yield 100g of the fused glassﬂ
This batch was prepared as described above (secﬁipq 2.1.),
using a 70ml platinum crucible. After the final 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 annealiﬁg furnace. This furnace was

set at 650°C, a temperature tﬁat was estimated to be higher




than the glass transition temperature of the glasses used
for this.project. At this temperature any internal
stresseés 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 température, i.e. at less than

1°C min..

Once cold the glass block was sectioned using a
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slitting machine fitted with a diamond impregnated cutting

wheel. Small pieces of the glass were cut to be
approximately-lomm x 10mm x 10mﬁ, each having four faces
abraded by the action of the ¢ﬁtting wheel and the
remaining two the smooth top and bottom surface of thé‘

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 suitaﬁle composition was found from
heating the prepared specimens of the glass for different
times over a range of teﬁperatures. The specimens wére
contained in firebrick trays, i.e. slices cut off a
firebrick~so as to be approximately 5Scm deep and having
a sériés 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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4 the glass blocks softened and formed a bead, as occurred

when~the heat-treatment temperatﬁre exceeded 900°C, it
could be easily removed from the traj with only a thin
layer ofvthe powder adhering to the glass.

In order to find the optimum range of crystallization‘
temperatures for a particular gléss éompoéition a
preliminary investigation was carried out using the
temperature gradient in a horizontal tube furnace. A
long firebrick tray was preheated in the furnape; 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 p&tentiometer when the furnace temperature had
.retufned 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 furnare, over the heating tray, and its position couid
be seen by sighting through a filter over a slit in the
end brick of the furnace. Iﬂe thermocouple junction
was rested over each glass specimen in.turn and left unfil
' a steady temperature reading was 6btained} 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 crysfallizatiqﬁ rate exﬁecfed for a
particular glass, and the temperature gradiehf 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 acceptebly
fast rates of crystallization had been determined, as
described in section 2.3.2., anhd the crystalline phase .
or phases pﬁoduced at those temperatures checked using
X-ray powder diffraction, see section 2.4.1., then a
series of neat-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 1t 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 lerger'mv output at a particglar temperature than
a platinum/platinum alloy thermocouple and therefore is
more sensitive to small temperature variations.) Once
the thermocouple regietered'the set temperature the |
furnace and .its contents was left to "eoak" at temperature
for about thirty minutes. The furﬁace door-was then
opened, the glass specimens placed into the holee in the
tray and the door shut as quickiy as possible. Care was
taken to locate the thermocoupie sheath in the small slit
cut in the bottom of the door‘es this allowed the door to

be a close fit therefore eliminating any convection currents.
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The thermoéouple regained the set temperature after about
two minutes, and therefore it was éssumed that the gléss
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 temperafure. This process was repeated
" until all the specimens had been removed from the furnace.
Depending on the crystailization characteristics of
a particular glass composition, the heat-treatment
temperathre 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 normél to a flat surféce (i.e. the bottom
surface in the case of those spécimehs which had slumped
into beads) using a diamond slitting wheel.  One parf'
was retained for powder X—rayianalysis, whilst the other
was made into a thin section, suitable for examination
by'trénsmitted light microscopy, by fhe standard technique
described below.
The specimen was placed, sectioned face downwards,

on a glass microscope slide and the whoie heated on a
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hot-piate 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'smali _
amount of the cement melted and flowed out ih‘a ﬁﬂiform,
colourless thin film both arouna 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 Abrasivés Ltd.) using a
'Métaser§ rotary pregrindér (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
1lmm thick was obtained. The slide and spécimen_were now
reheated and when the cement became fluid the spécimen.-
was inverted. When cold again the specimen was again
ground on the 600 grit paper until a translucent, thin
section abouf 30 to 56 microns thick wasvproducedi If
the fop surface of fhis 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-Poi" binocular polariiing
microscope. On this the analyser could be rotated through
90° with respect to the polarizer, enablingvthé sections
to be observed under plane polarized or cross;polarized
light. Since all the crystalline phasés produced as a

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

- non-birefringent then the crystalline‘énd_glaséy regions_
of the sections were easily distinguished by .observation
under cross-polarized light. All the glasses'studied

by this technique, i.e. RWL to RW14 inclusive, nucleated
and grew crystals only from the surface of the glass,
except, of course, RW14F interﬁally nucleated material.

If the primary crysfalline phase was P-CaSiOz this
crystallization was in the form of transcrystallized,
"spherulitic" fibres, but if A-CaSi0z was the primary
phase then dendritic érystals grew from the.surface of
the glass towards the centre of .the specimen (éee 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 thé 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 étage micromefer.

In addition to measuring'the depth of crystallizatibn
in the thin sections thé.microstructure'of.the crystalline
region was examined. " The morphology and alignment of.the
. crystals was.observed and'the diameter 6f,fibres, or
dendrites, measured using the eye piece graticule.
Photomicrographs were taken of typical regions of micro-

structure (see section 3.1.).



13

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—fay
diffraction pattern produced from a powdered sample of a
devitrified glass specimen. Azaroff (120) gives a full
description of the geometfy 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 wheﬁ
a series of heat-treatment specimens were being studied.
In order to separate the individual spéctfa the specimen
grid is divided into four rectangular "windows" by thrée
norizontal metal bars. The powdéred samples are held on
the grid by éticking a piece of cellulose adheéive tape
over -one side of the grid and coating the adhesive areas
exposed. The grid ié then positioned in the camera 8O
that the incident X-ray beam impinges upon the cellulose
backing before reaching the sémples and therefore the
fainf:spectrum obtained fr&m the tape wiiiAnot 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 saﬁples are indexed.



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 K 5 lines.- At the

?

diffraction angles in the front reflection régioh thé oy

and <, lines are unresolved, and therefore the intensity-

weighted mean of the two wavelength components, that is
3(2Kd, + Kd,), was used in the interpretation of the |
diffraction spectra. For cobalt this wvalue is 1.79021.

The‘diffraction spectrum for a sample can be read
.direétly 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 X-ray beam used. It is constructed using the
Bragg equation (120)

~nA = 2dsin®

from which it is found that longer wavelength X-rays gife
a larger distance between the d-sﬁacings recorded on the
- film. For this reason a cobalt source was breferred to
a copper target tube, which produces shorter wavelength
X-rays, in order to improve the resolution 6btained in_
the recorded spectra. Since the calibrated'fule is
transparent'it éould be placed over the f;lm on a light-
box aﬂd the d-spacing, that is the'spaciné 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 comprisingithe.sﬁeétrum
can only be estimated.

In order to obtain accuraté values for the relative

(AL
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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 méasurement of the optical
density of & film in the form of & chart 'in which the

- ordinate gives the intensity and the abcissa.thé,distance-
along the film. The intensity peak_héights (I) were
measured and the intensities reiative to the maximum (I,)
calculated. The d-spacings were measured from the a
calibrated rule.and.diagrams of 1/I, versus dA drawn for
repreéentative spectra. (éee séction 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 sambles 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 crystallogréphic direqtion corresponding
to the fibre axis.. This technique is similar to the
front-reflection Laue method (120), sut a bundle of fibres
is analysed in place of a singie érystal. - As it is
necessary for the épebimen to be a rod of well aligned .
fibres approximately lmm diameter.and'15mm long it was
only possibie,to use this fechnique on'the materigl

 produced using ‘the rod-pulling technique {section 2.7.)



and on a sample of wollastonite obtained from the
Department of Mineralogy, British Museum (N.H.).

A c&balt source X-ray tube was ﬁsed, operating at
40kV and 20mA, and a lmm diametef'collimatér. 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 "Piastiéine". ~ The motor éssemﬁly 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 resultént X-ray diffractioﬁ pattern was
that of a‘bﬁnch of fibres aligned along their axis but
randomly orientated about the.fibré axis. The film to

record the diffraction pattern was positioned as hearly
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as possible at 50mm away from the specimenj 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 14 hour exposure. The
developed films were anaiysed as described in section
'3.,1.8.1., the intensity-ﬁeighted mean of the cobalt Ky,
and Kda being used as the X-fay 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 foﬁnd‘that crystals
nucleated on both the glass/air and glass/aiﬁmina powdef
surfaces of'the‘blocks. Howéver, the nucleation sites
are mére numerous and evenl& spaced on thé surface in
contaét 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 cryétallized layer
may be produced in the surface df a CaO-ZnO—A1205-8102
glass by roughening the sufface such that it has a frosted
appearance and subjecting the glass to a heat-treatment at
above its énnealing and below its softening temperature.
.Theréfofe, some of the spécimen»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 gréater than the
softening temperatures of thé glasses and therefore viscous
flow tended to smooth out the surfaces .before nucleatioﬁ
~ could occur. When sections of theSe specimens were
- examined it wés found.that the roughened surfacésAappeared
smooth after crystallization and that the effect of the
abrasion was to promote the nucleation of:L-CaSiO3 at the
expense of B-CaSiOz. _ |

Swift (38). investigated the effect of dust in the
alr on surface devitrification.‘ When the furnace
atmosphere was filtered he found that a freshly exposed

surface showed only a few nucleation sites,;whéreas when
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an exactly siﬁilar surface was exposed to a non-filtered
furnace atmosphere dehse, uniform surface deyifrification
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 émall 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:
h In ordér to produce material in a form from
which rectangular prism test specimens having the fibre
axis orientated either trans%érse or pe?péndicular (see .
section 2.8.1.) could be machined, rectangular tiles wefe
prepared. A tile-press was made in which a mould of

foﬁr steel béra was afranged on a flat steellpiéte, which-
was heated on its underside byva bunsen burner, and an
upper steel plate couid be 8wung round sb aé to be above
the mould and then pressed down onto the top‘of the mould .
bars so as o be parallel to fhe heated plate. The
mould:bars were square section, of side icﬁ, 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 énd bf'
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 coafing of "Aquadag", an équeous.
suspension of colloidal gfaphite. |

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 O0.5cm longer on each side than the éasting mould
lmade in one side. A layer qf alumina powder was placed
in the bottom and up the sides of the mould. A Kanthal
wire—wounﬁ, electric muffle'furnace was set at the required
heat-treatment temperature and the firebrick mould was
placed in this furnace to prehéat: .

A 100 gram gléss'batch,'prepared as described in
. section 2.1., was given a final melt of 3.hours at l450°C.
When the glass was ready the firebrick mould was removed
‘from the heat-treatment furnace and placed so és.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 plétinum crucible into the
heéted casting mould until this was filled.. This mould
was sufficiently hot to reduce the cooling rate of the
glass so that it remalned 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
_reachéd 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 fuonace doof was thep shut and the
'tile-alloﬁed'to cool to room temperatﬁre at about 2°C
~per minute, a 'slow cooling rate being used to minimise
the damage produced by thermal sﬁock and thermal expansion
anisotropy in the unidirectiongliy orienfatéd 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 fhe.same way as the

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

2.5.3.  HEAT-TREATMENT SCHEDULES: ‘

The investigative hoat-treatments of small |
specimens of the different glass compositions revealed
two compositions which gave well-aligned, fine, fibrous
crystals of -CaSiOz 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




P-Ca5i0z in a crystalline matrix of CaAIESiEOé (i.e. a
synthetic analogue of the mineral anorthite) together
with a small amount of residual glass. Some &-CaSi0 3 .
crystals wefe also produced in this material even at
témperatures 100°C below the nominal A= P transition
temperature of approximately 1120°C. The optimum
crystallizatibn temperature to achieve a relatively rapid
growth rafe, the primary phase asfS—CaSiO3'and'an,

undistorted final microstructure was found to be 1180°C,

although this is higher than the nominal d==p 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, fhe time at temperature was
90 minutes for a lcm deep tile. The furnace was cooled
rapidly until the thermocouple regiétered 900°C aﬁd then
left to cool slowly to room température, as discussed in
the last section. A diagrammatic representatién of this
heat-treatment schedule is shown in figu;e 2.2.

On devitrification RW14 composition, see table 2.2;
gives transcrystallized, "spherulitic" type fibfés of

~CaSi0z in a matrix of residual glass, or .with less
3

than the detectable 1limit 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 files of this material,
used to produce short beam test specimens, the time at
'temperature 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.é.B. ' '
RW14F, see table 2.2, a modification of the RW14
material designed to pfoduce internally nucleated,
spherulitic}S-CaSid3 on devitrification was also made in
. tile form. .However this composition‘réquired‘a nucleation
period at a temperature somewhat below the crystallization
Vtemperature 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 raté 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 apprbximate ﬁucleation
density, but it was neceséary to ensure that tﬁe 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 teﬁperaturé.v 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

-




- ' : . 123

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.

Howeuer, iu order to produce test specimens auout 30m.
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. Thereforerit was decided td 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 corrosgsive 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 inte the silicon carbide
element furnace at 1456°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 thenﬁput into'tﬁe 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 ef the treatment.
However, in this case the furnace door was not opened to
give a rapid cooling fete siﬁee %he crystallized material
had grown directl& onto, and was therefore joined to,.the
~walls of the crucible and the thermel.shpck due to
differentiel,thermal,contraction between the crucible and
material may have caused cracks to develop in tﬁe material.
The erucibie was therefore cooled from theeheat-treatment
temperature at about 2°C per minute.

When completely cold thefcrucible was sectioned
through a diameter. This ‘section revealed that very
little corrosion of the crucible by the glass had occurred,
and therefore the glass was not badly contaminated bj
impuritiee. It alse showed that any majof‘cracks,'due
to thermal shock, occurred either across the fhickness
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
_ prodﬁce‘crystalline material from which test specimens
could be machined. Some disordered crystalline regions
were formed both at the bottpm of the crucible and at
the glass/air interface at the top, due to the nucleatiph
and subsequent growth ef fibrous crystals at right angles
to the radial growth,. -Samples of the'crucible grown

material were examined as described abpve (Sectione 2.5.2.
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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 technlque was applied to glasses in
which the rate of crystal growth is of the'prder of
5 microns per second or greeter, e.g. RW1l4, it was found
that a disordered mass>of crystallihe material resulted.
This was apparently due to crystal nuclei forming in the
interior of the meit and subsequenf spherulitic crystel
growth from these nucleation sites. The nuclei .could
have occurred heterogeneously on small parﬁ;cles_qf 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}structﬁre due to the relatively
long heat-treatment times necessary to grow fibres of
sufficient length, see sectien l1.4.2. Therefore a
modified zone-heating techhique was developed to produce
longitudinally orlentated 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 temperaﬁure.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 qluminaz

crucible containing the RWS glass wés placed into a

furnace at 1180°C and left for 9“hours-after the equi-
librium temperature had been regained. This ailowed'.'
fibres to grow up to 3cm in length, at the rate of 1 micron
per second.  The furpaée was then éodled slowly to rooﬁ

tempgrature, as explained in the previous secfidn.

. Figufe 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 devitrificétion from a zdﬁe 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 producihg a zoné of molten glass
within the coil, i.e. the viscosity of the glass is reduced
to about 10 N s m‘a, the ﬁot coil .also supports the molten
zone. This is necessary as‘glasseé display a continuous

increase or decrease in #iscosity as they are cooled or

- heated fespectively and therefore an unsupported hot zone .

in a conventional type of zone-heating appafétus
would flow and.distort and.produce a misorientated final
product. |

Maries' apparatus.can fqrm Tmm digmetér rods containing

a parallel array of &-035103 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 érystallized'rods from RW1l4 glass rods
failed for several reasons. ._It_was found-to be necessary
to use ceramic tube heat shields in order that the coil
could heat the largef mass 6f'glass sufficiently for it
to become fully molten,,ﬁut this Cauéed the glass éhove.
the coil to overheat and slump onto and over thg coil as
the rod passed-dowhwards_througﬁ it and the cooling gradient
below the coil to change, thepefore éhanging the crystal-
lization characteristics. Since RW14 has a relatively
high "melting"'temperature, i.e. above 1400°C, the
platihum furnace-wire coil'had tb bé opeféted near its
meltiﬁg temperature, i.e. at ébout 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 adjécent turns of wire drew
these wires together untii electrical contact was made
and the coil shorted out. -

‘It was therefore decided to design and build an
‘ apparatﬁs in which a rod.bf 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 crystéllize in the temperature gradient 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 amb output; similar to the type
of transformers used for‘welding applicaﬁions. The
" terminals of this transformer were modified by bolting
on O.4cm thick, 3.5cm wide copper strips. These were
fixed onto the front of the transformer and fabricated
such that the terminals are now 3.5cm apart and are about
10cm in front of the transformer'Windiqgs,'see figure 2.6. -
A platinum cylinder 1.5cm long and 0.5cm diameter was
constructed from O.3mm sheet, using a simple overlap séam
and‘spot—weiding'by having a O.5cﬁ diameter copper rod as
the lower an%il. Thé diameter of the_collér thué produced
- was iimited by the electrical power available from the
transformer, i.e. a maximum of 400 amps, and this was the
reason why.fhe.diameter of the rods'producea by this
apparatus was smaller than that whioh was ideally required.
In faet in order tb give a 1l.5cm lbng hot zone the collar
was s8lit by five equally spaced cuts on each sidé of the
seam, leaving enough material at the seam énd aqwn the
strip opposite it to maintain the integrity of the coliar.
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 eleétrical résistance of the simple
cylinder and therefore will reach a higher temperature at
the 'same input amperage. The mass of glasé within the
collar was large enough to eliminate any thermal gradients
caused by the slits in the collar by convection, and at

the Openating'temperatureé used the glass was too viscous
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and had too high a surface tensiod to flow out of the
slits. This collar was connected to the centre of the
long sides of two platinum strips 4cm long by 1l.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 spol—welded to soth the collar and the.large'
strips, and the centre line sf each of the strips was elso
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 1mportant 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 as 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 thickpess and large areas of the
platinum strip connectors enabled them to carry large
currents to the collar whilst hbt themselves overheating
and thus dissipating powef. Even so, it was found that
the copper terminals were oiidizing'at the clamps holding
the platiﬁum 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 hgat from the collaf, and to ensure
that the maximum amount of energy is used to heat the
glass, an alumina tube-(Morgan's‘Reffactories 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 1id 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.acceés whilst
loading with glass, yet efficiently conserving heéf.

The amount of power through the collar was controlled
by a variac, a variable Ypltage transformer, on the ipput
circuit of the large transformer.. Since to ﬁaintain the
collar full of glass at 1450°C reqﬁired a transformer
input of about 39 amps ét 18 volts, i.e; a collar current
of nearly 400 amps with'é 2 volt voltage drop, it was
necessary to "double—gang",.i.e. connect in parallel, two
20 amp variacs. The input current wés measured on a
0 to 50-amp moving iron ammeter. This circuit is shown
in fiéure 2.8. It was found that the variac control
was.sufficiently‘sensifive-to set the collar témperature
to within }O°C.

| The tepperéture_of the glass melt Qas.measured using
a Lgeds and Northrup optical pyrometer which'sighted ontb

the bottom of the collar via a. 45° mirror placed below



the collar. With the heat shield and 1id in position
this approxima#es to black-body conditions and therefore
a precision of about Z 10°C may be obtained when sighting
into the mass of the melt.

" A motorised drije unit Wés constrﬁcted so that glass
couid be pulled out of theAboftom of the collar at a
constant, known rate. This was buiit by modifying a
~ pair of screw driven vernier calipers (Mitutbyo'Mfg. Co.);
as shown in figure 2.7, (77). The shorf length of
studding and knurled drive nut were remo#ed'from the
calipers and replaced by a 20cm length of 6BA studding;.
and the thréad-guide was now élamped_at the far end of

the vernier scale. The shims in the mobile jaw were
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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;.enéufihg‘
that they were exactly vertical and positioned slightly
to one side of the vertical cenfre—line of the platinum
collar. A ceramic type électrical connection block was
joined onto the side of the mobile jaw gso that one of the
clamping ﬁoles of the block was directly in line with the
~platinum collar. Therefore thé 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,.2.50m 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 dethe thread
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guide. A "Meccano" 3 to 12 volt D.C. motor and six-ratio
gearbox was bolted onto the appafatus frame and adjusted
until a 2mm pitch worm gear gngaged 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‘rdtat;on direction. ‘ The
capacitor included'iﬂ this circuit enabled the motor fo 
be started, when extra power is needed.tq overcome the
initial inertia, even.when the variable resistance is
adjusted to give only 3 volts across the motor términals
(77).. Thé double pole switch reversed thé'polarity of
the motor tgrminals and_therefbre reversed the drive
direction.

By using the géarbox, 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. 0f course, a
corresponding iange of speeds éould be obtained for the
upwards motion of the jaw. (When driving downwards the
motor and gear assembly are acting as a check égainst 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 studdingﬂ 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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call felatively 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 spee@s; Tpis allowed.thé pulling rate.
to be preset to the desired Vaiue, but since an additioﬁal
" load was introduced by the resisténce‘of the glass to
~leave the collar, in each case the exact puliiﬁg_rate had -
to be checked 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 movéd. |

The vibratidn due to the ﬁotorised drive was minimised
since the apparatus frame wés_attachéd to.thellarge 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'shouid‘havé
affected them equally. |

A small; horizonfal s}it air blast outlet was fitted
slightly below the level of the bottom of the platinum
collar, i.e. level with the ﬁottom 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 diaphraém reducing valve and a 9 to 2000cm per minute=
rotameter to control and monitor the flqw rate. The air

blast’increases the thermal gradient below the cdllar 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 undef the
pulliﬁg stress. Howéver, this.change in the thermal
gradignt also affects the devitrification of the rods.

The full theory of the cryétallization of the réds produced

by this pulling technique is discusséd 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 variag setting .at zero vdlts. The véltage was then
increased in stages so as to maintain the input current,
measured on the ammetef,‘at about"35 amps, since as the
platinum collar heats its resistance increases and thefefore,
_at constant voltage, the current would decrease and the
collar cease %o increase in temperature. Once the collar
Vreached about 1400°C the 1lid of the heat shield Qas removed
and cﬁips of glass, prepafed<as-described‘iﬁ'section 2.1.,
about 2 to 3mm in diameter were'pbured slowly into the top
of the collar from a nickel hopper. The glass chips
imﬁediately softened.and flowed so as to £ill the collar
with a bath of molten glass, but since the removal of the
heat shield 1id 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 1lid 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 i450°C and.any crystals melted
to give clear, bubble free molten glass. .Surface tension
forces held the glass inside fhe collar. . |
- A length of.Pf/lB% Rh thermocouple wire, which ié 3
less susceptible to embrittlement-at high temperatﬁres
than pure piatinum, was clamped into the connector block
| so as to be directly below the collar and either a small
splral 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 prepafed by sectioningia piece of a RWl4
crystallized t;le using a "Capco" diamond slitting wheel
(see section 2.8.2.) so that square section, rectangular
prisms weré produced in which the B-CaSiOgz fibre axis ran
along the long axis. Thérefore, when a block.was positioned
beneath the collar the fibre axis was vertical and in liné
with the long axis of the collar,

In order to measure the tempefature gradieht
experienced during rod pulling at different rates the
pulling 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 1n1t1ation of crystallization
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and as a means of secﬁring.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 stoppéd when the top 6f the wire or
‘M"seed crystal" was about émm 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 bottdﬁ of the melt was observed through the optical -
pyrometer and as soon as the wire or block 5roke through
the surface tension on the melt the drive Qas switched‘_-
from the upwards to the downwards mode. The temperature
was checked and any necessary adjustment made to the
" "variac”". Thevposition of the scale vernief as it passed
a con@enient divisioh_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 décreased., The drystallizafion fronf
in fhe rod was'observed, via a suitable filter, to ensure
that the rod was being pulled out as é glasé, éﬁpepcooling4
and then crystallizing about 3 to 5mm below the collar.
This is the correct mode of crystallization to énsure
alignment do@n the long axis of the rogd. 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 péssed down the temperature

gradient. The drive was turned off, the timing stopped
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and the exact .pulling rate foﬁnd 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 fhe 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 50°C above the
1iquidus. | o

Using the above.techniéué it was attempted to grow
rods of éligned,13fCaSiO3 fibres usihg RW1l4 composition.
glass, see table 2.2. However after using various melt
temperatures, the full range of.pulling rates possible
with, and without, air blast deling; and both wire and
seed crystal nucleation this was not achieved. The
collar was'remdved_from the abparatus, cleaned by
immersion in 40% hydrofluofio acid-for 24 hours, washed
and dfied using acetone and réplaced.' This investigative
process was repeated using both RW15 and RW16, .other
soda-type glass compoéitions, see table 2.2{.put with no
greater success. This problem 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 very wéll aligned,.small diameterﬁS—CaSiOs,fibres
in a matrix of CapZnS8iz0; ( a synthetic analogue of tﬁe
mineral hardystonite) éﬁd some residual glass, by pulling
Arods'at rates above 25 micrdns'per second up to about |
60 microns per second, above which raté 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 ratefequais the'pulling rate,
as is explained in section 1.4;3. To grow these)5-CaSi03
rods it was.found to be unnecessary to use the air blast, |
but the B-CaSiOz bléck "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~thg 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



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 30m w1de were cut from the middle
section of the selected tlles u51ng a diamond 1mpregnated
- tube-slitting wheel. The ends of each strip were cut off
~at the point at which the surface crystallizétidn'became
distorted due t§ growth from the'sidgs of'the tile.

-(The orientation of the ﬁ—CaSiQ3.fibré axis can be easily
seen with the naked eye on sections through both RW3 aﬁd
RW14 compositlon tiles.) | '

A mild steel block, approximately 60m 5y 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 1lOcm,was fixed to one of the ground féces using'
"Lakeside" thermoplastic cement‘(see section 2.3.2.).

The slices df 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 magnetiq chuck of,a.ﬁUniversal Rock
Cutting and Griﬁding Machiné" (model GF3, Impregnated

Diamond Products, Ltd.) (122) so that the traverse axis
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of the m%chine;(the cutting brientatioﬁ) was parallel to
the growth front join of the tile seétions! i.e. pérpendi—
cular to the fibre axis. Slices were cut along the
rgrowth front join ﬁsfng a diamond slitting disc fype
DIAIR (Triefus Ltd.) having 180 grit -(about 80 micron)
diamond chip_embedded,iﬁ a bronze bbnd. This wheel gi%es
a cut approximately lmm wide. | |
The sfrips of tile were now about 30msﬂwide and 0.5cm
deep, down the fibre axis direbtionf For the 2cm span.
three-point bend.tésts (see seétion 2.9.1.) the specimen
size.used was the 1éngth greater than 3Omm, the breadth
5.0mm ‘and the depth 2.5mm (73). The tolerance on thé
breadth énd depth was plus, or minus, 0.25mm. Theréfore
the sectidns of the tile could be maéhined; being,remounted
on the cutting block in the required orientations, to
produce two types of specimen, i.e. a transverse type in
which the]3-CaSiO3 fibre axis runs across the width of
the specimen, or a perpenaicular fype 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 V
bottom and top faces respectively, were ground to size
using first a ;oarse 200 grit (about 65 microns diameter
chips) and then a fine 600 gfit (15 to 30 micronms chips)
diamond impregnatgd brénze,péripheral grinding wheels
type DIAI. This ga&e a standard abrasion treatment fo'
the-specimens which,_in_fheory,Ashouid have limited the

flaw size to 30 microns assuming that the specimens were



141

otherwise undamaged. N

The finished specimens were removed from the platé
glass cutting block and any excess cement removed by
immersing them for a few hours in methylated spirits.
When clean they were carefully driéd, wrapped in cotton
wool and placed in a desiccator over magnesium perchlofate
until they were required for tesfing. Storége in a dry
atmosphere ensured that the corrosive effect of water
vapour, particularly on any residual glass areas on the
surface of the:specimens, wéé minimised. Extreme'care
was taken when handling thé prepared specimens not to
damage the ground surfé@es, aﬁd, &ndeed3 not to iracture
these specimens which'were comparatively weak. |

‘To enable the bend test apparatus'tq be Calibrated_
using a matérial thé mechanical prOperfies of which are
known and are reproducible, specimens were prebaied in an
identical ﬁanner from the wall of a large diameter "Purox"
recrystallized alumina tube (Mbrganite Refractories Ltd.).

All the short-beam test (4mm span) specimens were
of the longitudinalitype, i e. 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.Omm, io.zmm,-(ls)-. © Due
to the small size of thesé specimens they could be cut
using the "Capéo" annular slitfing wheel, a very thin
blade confaining a fine diémond grit which gives an acéurate
cut only O.3mm wide. The specimens were mounﬁed on the

glass cutfing 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.thg tension, i.e. the bottom, surfaée of the beams
" was given the standard aﬁrasion 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-CRUCIELE MATERIAL:

Specimens for the 2cm span three-point bend
test were prepared 85 that the P-CasilOz fibre axis runs.
along the length of the specimen, i.e. longitudinai
specimens, see figure 2.10. The finished dimensions
were again length greater than 30mm, breadth 5.0mm,
+0.25mm, and depth 2.5mm, * Q.ésmm.'

On the section which had already been cut across -
the crucible and its contents to examine the crystallization
obtained after heat-treatment, the érienfation of the.
fibreé could be seen. The érucible'and-any redundant
interior material was cut away using the tube cutting
wheel. The selected fibrous material was mounted bn~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 sbecimens_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 épeciméns were carefully handled,
of course, but it was noted that these longitudinal

specimens were far less fragile than either the transverse

-



or perpendicular ones.

2.8.3. FROM RODS:

' ~ As the diameter of the rods grown was only
5mm and fhe length 15mm or less, the three-point bend .
test specimén dimensioné wereASCalea down from a 20mm
to a 7mm span in the ratio of 20:7. - Therefore the
specimen dimensions were 10Omm or gfeater in length,
breadth 1.7mm, * 0.2 mm, and depth O.9mm, * 0.2 mm.

It was also only possible to preparekthe 1éngifudinal
type of specimen, see figure 2.10. Short beam test
specimens, as described in section 2.8.1l. were also
prepared from the rods.

Both of these types of specimen 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 éleaned, wrapped and stored
in a desiccator as described above, and it was again
observed that longitudinal orientation specimens afe less
frégile than the othefitypes;; "

In addition fo the specimens in which the ﬁ-CaSiOg'
fibre axis ran along the length, specimeps for both types
of test in which<i—CaSib3 dendrites héd the primary arms
parallel to the long axis were prepared. o |

.In order to calibrate the 7mm span bend tests "Purox"
recrystallized alumina speciméns 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-joiﬁts, which
should have eliminated any non-linearity in the apparafus,
and was connected to the Instron cross-head and load cell -
in the reversing mode. This means that é 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 fhe two lower rollers. A.
diagram of this apparatus ié'shown in figure 2.11.

The rollers used to test the cefamic materialé were
made of tungsten carbide, a material that has a high
Young's modulus and does not yield under the loéds used ’
for these bend tests. These rollers were completely free
to roll along the specimen surface and since the ceramié
specimens had a high surface hardness and hard rollers
" were used fhen low rolling friction coefficients should
have been obtained, (112). Friction dufing~testing
produces longitudinal surface strains in the specimen
surface and the nef effect 'is to reduce the total surface
stress and therefore increase the apparent strength of
the test material, The rollers were fitted ipto circular

section slots in steel blocks and Were Smm in diameter.
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They were carefully aligned so as fo be exactly parallél
and the upper‘roller positioned exactly over the ﬁid;point
between the lower rollers. The ram containiﬁg the upper
roller was self-adjusting to ensure a uniform contact éf
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-O.lmm;per-minute,'a.slow spged fo ensure that the
correct mode of fracture took place (see section 1.7.3.),
and the chart speed waé_selected at 50mm per minute to
enable the slope aﬁdﬂshape of the load versus deflectioﬁ
curve to be measured accurately. '

Before testing each specimen was marked with a coloured
stripg on both'extreme ends of the compression face.

After fracture this enabled the £racfure fACes to be
identified and correctly interbreted and the colour
indicated the type of material tested. The specimens
were also numbéred so that they éoula be matched with .the
correét load versus deflectioh curve. Cafe 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

0.0lmm each side of the ffacture surface, and each specimen
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was wrapped in cotton wool and stored in a desiccatof in
order to keep the fracture surfaces as fresh as possible
until they could be examined under the scanning electron

microscope.

2.9.2. - Tmm SPAN THREE-POINT BEND TESTS:

These tests were performed in a similar manner
to the 20mm span tests, bﬁt a smaller, table-top type of
Instron was used and the smali three-point test rig was
not fitted with rollers. Instead the'arfangement shown -
in figure 2.12 was used. In this hérdened.steel Enifé'
edges transmit the load to the»spécimen; the top knife
edge being located abodve the mid-point between the two .
~ lower edges by means of two lbcating pins, This rig was
connected to the Instrpn'by a reversing apparatus, as
described in section 2.9.1., the load being tranéferred
from the upfer ram to the top knife edge via a steel ball
bearing which ensured that no fwisting or wedging moments
were transmitted to this knifeﬁedge. In order to minimisé‘
thé frictional forcés on the specimeﬂ both the top and
bottom knife edges were covered with "Teflon", polytetra-
fluoroethylene, tape,_a material with an ex?remely low
frictional coefficient. This tape also served to retain
the pieces of the spécimené after fracture, és small,
brittle speciméns tend to "fly 6ff" the lower knife edges
at the moment of fracture énd are gasily lost.

The Tmm span.specimens were marked, measuréd and

stored affér 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'AOTVESTS: |

The thfeeroint'bend test apparatus used fof
the 7mm span tests was Set up exaetly'es.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
recommencations in ASTM D2344-72. "Teflon" tape. was
again used to cover the knife edges and the tested spe01mens
were wrapped and stored as described in sectlcn 2.9.1.,
prior to examination in the scanning electron microscope.
The tests wereAcarried out at an Instron cross-head speed.

of O0.1mm per minute (13).

2.10. SCANNING ELECTRON MICROSCOPY:

The fracture surfaces of selected specimens, i.e.
‘an example of the strongeet and weakest specimen of each
material for each type of mechanical test, were mounted
on aluminium stubs using "Durofix" adhesi#e and stored
in a vacnhm desiccator for one day. ' The ‘stubs wene then
coated with a IOOA layer of vacuum deposlted gold This
produced a conducting layer over the non—conducting ceramic

spe01mens which prov1ded electrical contact with the

aluminium stub without obscuring the detalls of the fracture
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surface. ~

The prepared stubs were examined u§ing a Cambridge
Stereoscan 600 scanning'eleqtrpn micrOSCOpé using the:
reflécted electrdn mode. Photographs  of répresentative
regions and ény special features Qere taken at suitable

magnifications up to a maximum of two thousand times.

2.i0.1. | ELECTRON ‘PROBE MICROANALYSIS:

This technique could only be applied to the
RW9 composition specimens as the other compositions gave
too fine a microstrﬁcture oh 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 Na,O0 iﬁ the residual glass is the high
mobility of the Na© ion which results in the X-ray intensity
for this species changing_és a function of time when an
electron beam remains sfationary on a glass specimen, with
an accompénying change in the intensities observed for
_other atomic species in the glaés (123).

The RW9 composition specimens included both tile and
crucible grown material. Small chips of material were
embedded in cold sétting plastic so that the fibre‘axis‘;
ran in‘the plane of the exposed surface. The specimens
were ground on coarse (180 gréde) and fine (600 grade)- )
silicon carbide wheels and then polished on an antomatic
' polisher using successively 6, 3 and 1 micron diamond

pastes. Opticai micfographs were taken of these specimens,
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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 takgn 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 expansiop characteristics of the
materiéls studied. Specimens were breparéd in the forﬁ
of rectangular prismg approximately 5mﬁ by Smm iﬁ section
and'up to 15mm in length, b& 6utting using thg accurate
"Capco" diamond slitting wheel (see section 2.8.1.).
Examples from all the synthetic calcium metasilicate
materials which had been mechénically tested were prepared,
together with specimens of thg‘ériginal; uncrystallized
glasses and; in the case of the RW1l4 material, a glass'bf_.
approximately fhe same composition as the inter-fibre
resia#al glass (see table é.2). Speciméﬁé were also made
up from a piec¢e of unidireétiohally aligned, fibrous
wollastonite, sample number BM 1913, 253 obtained from
the British Museum (Natural History). In all daéeé of
specimens fabricated from the ﬁaterials containing parallel
fibres, or parallel prima;y dendritic arms, examples ip
which the fibre axis is aligned both along and exactly at
right angles to the specimeﬁ long aiis were prepared.

~One end of each spécimen was carefuilyAground into an

" approximate hemisphere 6n a fine silicon carbide wheel,



150

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 épecimen and the measuriog.mechanism, thus avoiding'the
‘necessity of accurate alignment. 'A-ft./Pt.Rh. thermo- -
couple junction was positioned over the specimen and the
specimen, support tube, thrust-rod and thermocouple assembly
was placed inside a draught—free.Kanthal'woﬁnd furnace.

The dilatometer furnace was fitted with a cam—type.
temperature'controller which ailowed.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 differentiai |
transducer. This transducer wes supplied with a constant
voltage of exactly 10 volt so that a 22mV output from the
transducer was equivalent't0'2.54 p'q 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 dretorted due to any drift in the "constant" voltage.
This circuit is shown in figure 2.13.

.Control, "blank-run" experiments wereAmade periodically,



in which the end of the thrust-rod bore direétly»oﬁto the
end of the outer support tube, énd 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 fhe smali additional expansion
due to the expaﬁsion of the silica-glass 6uter tube, which
‘extends fhe length of thegspecimen beyond the thrust-rod,
to the result obtained for that particular specimen.

When all these corrections are applied.it is possible to
find the ;xpansion of a 10mm long specimen to within

-6
1.2 x 10 m.

2.12. MODAL ANALYSIS BY POINT COUNTING:

Modal analysis by point counting is widely ﬁsed.
in quantitative petrographic studies, but it'iS'usually
applied to rock.structures which do not-display any marked
preferred orientation. Howevgr;_Cha&es (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 cértain conditions are
fulfilied, then the areal prOportions'found on measurement
of a section will lead to consistent estimates of the
volumetric proportions;.

Chayes states that tﬁe measurement area should be at

a high angle, and preferably normal, to the plane of the
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banding, in order to include as many bands as possible in

the area. He then deménstréted how the inclination of
the bands to the modal analysis grid affected the relative

.proportions of the bands included inside the grid, and




152

found‘that if one corner of the,measuremenf.grid area
coincides with a band bqundary'and the bands are inclined
at any angle between 30° and 50° to the shorter side of
grid then the bandiﬁg introduces no bias into the sample..
The banhding does however make a small contribution to the
random variation (or analytical error) of the method; but.
even this ﬁay be greafly reduced by the sizé‘of the _
measurement area being large compared to the bénd 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_testé had been performed,
thin sections were prepared (see.sectioﬁ 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 5anded structﬁre.) The sections were
examined on the polarizing miorosgope to which an autoﬁétic‘
stége, Swift point counter had been attached. The fibre
orientation was measufed 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 tiﬁe a counter buttph was depressed. A set
of counters allowed a differenp'bne fo be used for each
phase whilst one kept the overall total of counts as a
check. An'eyepiece containiﬁg cross-hairs was used and
the grid points»were taken as thé inferseétion of these.
As the'slide was moved under fhe crosé-hairé the button

corresponding to a particular phase was presséd.if that
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phase came to rest undér 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 sectioﬁ and the slide moved 0.33mm parallel to the
short side of the glass slide before beginning énother
travérse. In this way a grid 6f points was built up and
the average measurement area wés about lcm by Z2cm. Since
the average fibre diameter in the calcium metasilicate
materials is about 10 microns, ahd.the inter-fibre distance
even less, (see section 3.1.)vthen Chayes' conditions are
fulfilled.

The counts for the individual phases were calculated
and placed over the total.number of counts to find the
volume percentages for each phése.

The reliabilities ofithe percentages calculated were
found using the chart devised by Van de Plas and Tobi (125).
This charflis based on the standard deviation, and the

,operétor 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 giyen by:

o = -p(lOO - P)
L n '
where:

' OC” = 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:
9] ’*___'20"
and this and the corresponding relative 2o values are

plotted on a chart of n versvus P. Thus knowningAn 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 glasseé

' - Drying ‘Mean
Material Manufacturer Grade Temperature Particle Size
‘ °C x 10°m
Al,0; Hopkin and Analar 1000 4
Williams Ltd. -
CaCOz British Drug Analar 150 "5
Houses |
CaFa“ British Drug Extra Pure 150 5
Houses 99,9% Pure
Na,CO5 Hopkin and Analar . 150 1120
Williams Ltd. ' :
$10, 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.
Zn0 Hopkin and Analar 600 300

Williams Ltd.

§S1



Table 2.2 Glaas-compositions

Glaaa. Weight % Composition Mol. % Composition
510, | CaO | A1,05| 2n0 | Na,O0 | CaF, | Si0, | Ca0 | Al,0;| 2n0 | Na,0 | caP,

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 S 60.0 | 32.0 | 8.0 60.6 | 34.6 4.8
RW 6 60.0 | 31.0 3.0 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
RW1l - 50.0 | 45.0 5.0 48.5 | 6.8 4.7
RW12 55.0 |.40.0 5.0 53.6 | 41.7 4.7
RW13 . 49.2 | 42.0 | 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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CHAPTER 3

RESULTS AND DISCUSSION

3.1.. CRYSTALLIZATION CHARACTERISTICS OF THE GLASS

COMPOSITIONS:

The compositions of the glasses discussed in this
section, expreésed.both as 'weight per cent and moles per
cent, are listed in table 2.2. .

in order to facilitate the intefpretation of the
powder X-ray diffraction patterns obtained from devitrified
samples of these glasses, the patterns given by the minerél
species which may appear.were found. Those of wollastonite,
pseudowollastonite, and anorthite were prepared by takiné
an X-ray powder photograph of a sample of the mineral, as
described in section 2.4.1l., and this ensured that any
aberratibn in the camera influenced a sample X-ray
phofograph and that of the "standard" mineral equally.
However pure samples of devitrite, Na,CapzS5iz0q, and
hardystonite were not available and therefore the patterns
for these minerals where fognd in the Powder Diffraction
File (121). For each mineral the normalised peak
intensity expressed as a pgréentage, either found from
meésurement of microdensitomefer 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 RW1l to
RW14F inclusive was investigated by the heat4treatmeht-

techniques described in section 2.3.

3.1.1. COMPOSITION RW1:

From the investigation'of crystal growth rates
in the Ca0-A1,03-5i0, ternary system made by Kumm and
Scholze (126) composition RW1 was chosen as having a
.relatively low liquidus temperature, about 1340°C, and
giving CaSiOz as the primary devitrification product.

From the Ca0-Al,03-5i0, phase diagram (127), see figure
3.7, this composition is found to be on the silica rich
side of the CaSiOz phase field. Glasses with high silica
contents tend to have high viscosities (19, 118) and -
. therefore slow rates of crystallizatibﬂ (see sectidn 1.4.1.),
and this is in agreement with Kumm and Scholze's data.

RW1l was found to require 18 hours at 1080°C.to

produce a 3.5mm depth of crystailizafion; i.e. approximately

0.025 microng 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 thé developed surface nuclei , i.e.
about 100 microns apart, whichAallows the fibres to fan

out into a "cone", i.e. a_fhree—dimensional segment of a
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spherulite, before mutual impingement allows.oﬁiy'those
fibres orientated within 5° each side of the perpendicular
to the sample surfaceAto contiﬂue to grow, i.e. the
transcrystallization mechanism (see section 1.4.2.).

The X-ray aata.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 B-CaSiOz is the primary devitrificatioh
product but that approximately one third of the total
crystallization is made up of CaAl,Si,0g, a synthetic
analogue of the mineral anorthife. The relative propor- .
tions of the crystallization products were estimated from
the relative sizes of the maximum I/I, values of each phase,
an inaccurate method which neglects fhe effects due to the
background scatter from ény residual amofphous phase and
"the efféct of any solid~s§1ution 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 methodg Qhen an X-ray -
diffractometer is used and a number of ‘assumptions, which
| must be verified‘for each material, festea (128, 129).).

This glass showed no evidence of the,formétioﬁ 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.femperature fange 1000°C to 1075°C for




various times between 1 and 71 hours.r

All the thin sections made from these samples show
surface nucleated,. f;brous prystallizafion, but the fibres
are-not in parallel alignment; Instead the fibres aré
branched and distorted so that they have a "feathery"
appearance. On analysis of thg X-ray data'obfained from
a typical sample it was found that CaAl,Si,0y was the
dominant phase whilst‘p—CaSiO3'only conétifuted about 40%
of the total crystallization. - RW2 is in thé primary |
4-CaSi0z régioﬁ in the liquidus projection of the CaO-
A1203;Si02 phase diagram (i27), but it is close to thé
boundary with the CaAl,Si,Oy region (see figure 3.7), and,
of course, the limits of these regions may be 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 equilibfium state at ali temperatures,
can nevér give an exact fbrecast of the products of
devitrification.)

From the above information it appéars that although
p—CaSiO3-is the primary phase, i.e. on crystallization it

was the first phase to nucleate and grow into the glass,
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sincé the "spherulitic" type of crystallization only occurs

in growth from the melt (see section 1.4.2.), the CaAlpSipOy

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 prdduce a totally
crystalline material, i.e. a material containing no
residuai giass after crystallization; This composition
lies on the compatability joiﬁ (pseudo-binary) between -
k-CaSi0z and CaAl,Si;05, on the pro-d-CaSiOz side of the
1307°C eutectic, asnshown 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

. fibrés 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 3711 shows that the crystallization produced
approximately equal amounts of P-CaSiOz and CaAl,;5iz04.

However, when tiles of_RWB compositidn were fabricated,
as described in section 2.5.2., and heatétreated for 1é
hours at 1040°C, the crystal growfh'rate'being 0.1 microns
per second at this tehperature,'the material ﬁrbduced 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 craéks run at 45° and
135° to the tile surface‘and therefore férm a mutually
perpendicular lattice paftern. The cracks are 50 microns
wide and run through both thé 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 weré made up into tiles this typé of cracking was
- not found, whether the inter-fibre matrix was éryétalline.
or glass, and all these compositions must have contained
a proportion of residual glass from a consideration of their
composition§ and those of the érystéls formed. A tile
cooled from a high temperature may contain permanent stresses
between adjacent "layers", even if cooled‘moderately siowly,
due to the thérmal gradient built up across the relatively
large cross section aé the exterior cools ﬁore fapidly 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 visqoelasfic 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 ;n.a~lérgelbddy during
cooliﬁg. If the body is suddenly cobled 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 stressés are set up in
the cooler, surface material, and, if the tensile strength
of a brittle material is iess than the shear sfrength,.the
body will fail in tension by cracks running at 90° to the
sides. However, if the cooling is not sufficiently rapid
- to prodﬁce tensile failure the éhear stresses built up in
the body may still cause sudden faiiure.

Figure 3.13 represents an isothermal plane ab in a
portion of a heatihg 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 + 4T, i.e. the
temperature gradient is daT/dx. The normal plane cd cuts
the isothermal surfaces at a neutfal point of shear. The
distance betﬁeen plahés cd and ef along ab is's; but under
the éxisting conditions ef cuts isothermal T + dT at a
distance 8 + sddT from cd, where d is the coefficient pf
linear expansiqn.  The shear'straih may be.measured as
the dgflecfion of one plane relative to another divided
by the distance between them, i.e.'shgar strain =
(s8ddT)/dx = sddT/dx and therefore,

shear stress = Es&dT/dx

where E is the elastic modulus of the material. The
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shear fracture should occur at 45° tq the iéothermal.

This shows fhat the magnitude of thé shear stress built

" up on cooling a tile relatively slowly is proportional to-

the &imensions of the tile, the_coefficignt 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 sﬁall sambles 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 fdund‘td 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™ K '(10), a fypical 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 paiallel with the exterior
surfaces of the tile), suggests that fhe cracking of the
RW3 tiles is due to the shear stresées prdduced dﬁring‘
cooling which cannot be relieved"in this nearly perfectly

eiastic material.~

3.1.4. ~COMPOSITIONS RW4, RW5 and RW6:
In order to eliminate the cracking formed
during the.cooiing of RW3 tileg; compositions containing
a higher percentage of silica.WEre ﬁade'upi It was
expected that these would contain about 20%, a relatively '

large amount, of residual glaés after crystallization and
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would therefore be sufficiently viscoelastic at high
temperatures to avoid the build.up of fhermal stresses.
Composition RW4, shown on the phase diagram (figure
3.7), is reborted in Kﬁmm andecholée's data (126) to have’
a liquidus temperature of 1371°C. and to give CaSiOz as the
primary phase on devitrification. | However it was foﬁnd'
to be impossible to completely fuse this composifion to
give a clear, homogeneous glass. Similariy, eqmposition
RW5 (shown on figure 3.7) could not be melted and casf
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 tempe;ature of this composition is about
1360°C, but the problem yith 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 CaSiOgz composition, which should. give a"smaller
proportion of b-CeSib3 on crystallization, than either:
RW4 or RW5 but it has a lower 1iQuidue tempereture and
could be cast into a ‘homogeneous, bubble-free:g}ass from
a hearth temperature of about 1435°C. Heat-treatment of
RW6 samples between 950°C and 1077°d for. times up to
66 hours gave surface nucleated crystallization composed
of misaligned fibres. A tile was prepared as described
in seéction 2.5.2. and heat-treated 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 forh from the melt, a reéult of the long’
heating time required to complete the crystaliization at
the centre of the tile.

The RW6 tile contains about 20% of residual glass,
assuming the maximum amouﬁt of the.crystalline‘phases of
exactly stoichiometric composition, and no cracking was
visible .in this tile. ‘prever due to the rélatively high
viscosity of RW6 glass the cpystal growth rate was very
slow (see section 1.2.), and although the individual fibres
are fine-(abouf 10 microns.diameter).the.surface nuclei are
very widely spaced (about 100 to 300 microns apart) and
this allows divergent éones of fibres to develop. The
fibres are therefo%e'orientéted up to 20° away from tﬁe 
normal to the tile surface and the maférial cannot be
- regarded as unidirectionally crystallized. 'The.X-ray
data, figure 3.14 and table 3.10, show that the devitrifi-
cation is composed of'approximately 60% ﬁ-CéSiO3 and

40% C&AlaSie 08 .

3.1.5. COMPOSITIONS RW7, RW8 and RW9:
Composition RW7, sece téble 2.2, was choseﬁ
as a compromiée between RW3 which gives uﬁidirectionallyA
crystallized fibres but contains trans-fibfillér_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




liquidus temperature of 131050, and so this composition
could be fused and cast into a clear, bubble-free glass.

On devitrification at 1020°C tﬁo types of cryétal-’
lization were observed. On surfaces which had been
abraded, as described in seetion 2.5.1.,d\—CaSiO3 nucleated
and grew in the form of primary dendrites (i.e. needle-like
morphology) at the rate'of 0.02 micfohs berlsecond. The
results of the X-ray analysis of this material are shown

in figure 3.15 and table 3.11, and these indicate that
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approximately 10% of the total crystallization is CaAlpSi,Og, -

precipitating as the secondarj phase. On smooth surfaces
transcrystallized ﬁ-CaSiO3-spherulitic fibres, nucleated
at sites spaced about 50 microns apart on the su:face,
grew at the rate of 0.006 microns per second. The X-ray
analysis from this méterial, see figure 3.i6 and table
3.12, reveals that it consists .of nearly equai proportions
of p-CaSi0z, h-CaSi0s and CaAl,Si,0p. The high
proportion of Jd-CaSiOz was due to the inclusion of some
of the crystallization which had ﬁucleated 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 teﬁperature (see section 1.5;1.)1
However, aséuming_that B-CaSi0z is the'equilibriﬁm phase
at 1020°C, then the Ariving-fdrce for nucleation (i.e. the

difference in free energy between the glassy state and the
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crystalline phase) of p-CaSiOj will be greater than that
for the nucleation of J-CaSiOz. This may result in

_ B-Ca35103 nucleating on a smoother surface than od-CaSi0gz,
but since ﬁ—CaSiO3 has a much slower growth rate than

ol -Ca5i0z then on a rough surface on which both can nucleate
the faster groﬁing phase déminates the crystallization.

The relatively rapid growth 6f<iTCaSiO3 may be due to
having Si30;— groups in the crystal structure, ions which
could be already preéent in'the RW7 glass (see sections.
1.2. and 1.5.1.). The crystal struéfure may.also‘explain.
why ol -CaSiO5 precipitates dendritically whereas p-CaSiOg
forms spherulific fibres. In éection'1;4.2. the effect

of viscosity on the morphology'bf cr&stéls'was discussed.
At 1020°C the glass viscosity .should be uniform, and Both.'
the calcium mefasilicate polyﬁorphs are therefore growing
from identical melts. Herver; the amoﬁnt of structural
rearrangement in the glass necessary‘to orientate the
molecular~spécies such that they may join into the crystél
lattice is different for the two structures. . As‘aiready
stated Siz0q ions may join the d-CaSiOz 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 ﬁ-CaSiO3 structure

(see section 1.5.1.) reduires that the "backbone" silica
tetrahédra are arranged ét the correct angles and that
each tetrahedron is linked to only two others, since this
is a chain type of silicate, and theréfore the silica

-

tetrahedra network in the RW7 glass'structure musf be
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broken down‘for.crystaliizatiqn to proceea.. This means
that bonds ﬁust be broken and tetrahedra rotated in
addition to simple reorientation, énd.therefore the
effective visdosity of the glass is greater for the growth
of b-CaSiO3 as more ehergy is required to édapt 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 1020°C. This consists
of about 40% B-CaSiOz, 50% CaAlpySiy0g and 10% J.-CaSiOgz,
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 surface recryétallizing. This is
shown in figure 3.18 in which-théiparaliel 10 microns
diameter fibres are seen alongside a dark region of lath-
type, recrystallized material, see sécfion 1.4.2. It

was decided that as the p-CaSiOgz crystallization obtained
in RW7 was‘the'best aligned and least cracked or deformed
obtained in the Ca0-Al1p0z-5i0, éysteﬁ then this composition
should form the basis for the broduction of ‘mechanical,
and other test,'spegimens. However the crystal growth
rate in RW7 glass is too slow to.groﬁ fibres of sufficient
length, i.e. about Smm.

Rogers and Williamson (17) studied the effect of the
addition of a small aﬁount of zinc oxide on the crystal

growth rate in an aluminosilicate glass of very similar
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composition to RWT7. They found that the presence of a
few weight per cent of zinc oxide in the base glass gave
a large iﬁcrease in the crystal growth rate, a linear
'relatioﬁship 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 - for the base glass plus
8 wt % Zn0 (i.e. 8g Zn0 added per 100g of base glass). .
At low zinc oxide concentrations this activation energ&
corresponds'to that for wviscous fiow in the base glass at
the crystallization témperature,and confirmé thét'a
substantial rearrangement of the structure of this type
of glass is required for the gfowth of P-CéSiO3. As zinc
oxide is added the divalent Zn" ions take up modifying
positions,.and hence break up the network.of silica
tetrahedra in the glass structure. Ittherefore requires
progressivelyiless rearrangement for the growth of the
p-CaSi03 éhain-type silicate from the glass and'thev
activation Energy is correspondingly reduced.

RW8 composition was made up by the addition of zinec
oxide to RW7 base glass, in the ratio 4g per 100g glass,
and giving this mixture fwo_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.Vv. Small sampleé 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°Qlénd at this temperature about
55% of the total crystallization is ﬁfCaSiO3 and the |
remainder consists of CaAl,Si,04 6n1y. 'Figure73.20 and
table 3.15 give-the results from an equivalénﬁ éample-heated
for 20 hours at 975°C and show that CaAléSiaoa now comprises
55% of the total crystallization, B-Casio3 40% and d-CasSilOz
15%.  After 20 hours at 1025°C another rough surfaced
sample forﬁech-CaSiO3‘as 50% of the total crystallizationm,
CaAl,;Si,0g 35% and.ﬁ—CaSiO3 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 roughéned sqrfacé.
will allow d-CaSiOz to nucleate and grow afithe expensé
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 incrgasingly unstable when the
temperature is lowered away from the transition temperaturef
The B-CaSi0z growth rafe increased by ten times in
RW8 as qomparéd with RW7 at the same ﬁemperature, whilst
the J -CaSi0z growth rate is only fi%e times greatér.
This confirms Rogers éhd Wiliiaméon's findings and the
fact that as the éilica tetrahedra network is broken down
in the glass structure chains of.tetréhedra may be formed
which can be relatively easily accomﬁodated.intoAa chaim

silicate crystal structure. This process WOuid not aid



the growth of the ring stfucture df_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 RWS,
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-treatments of samples over the
range 900°C to 1200°C allowed~thé crystal . growth rate
versus temperaturé curves to be plotted, see figure 3;22.
There are two curves on this graph, tﬁe upper one
corresponding to nucleation on a rough surface glving
& CaSlO3 as the primary phase, and the lower to smooth

surface nucleation giving p-CaSiO3 as the primary phase.

The growth rates for both primary phases are approximately
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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
B-CaSiOz curve is in fact two curves, since it appears
that when only the low temperature polymorph nucleates it
can grow'ét a faster rate than that possible when a small
propbrtion of d.-CaSi0z 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 abpréximatély 55% d.-CaSiOz
as the.primary-phase, with b—CéSiO3 making up the remainder
of the crystallization in a sample which is. translucent,
i.e. it has a low percentage crystallinity. 1In the
20 minute sample p-CaSiO3 constitutes 60% of the total
crystallization, with 20% each of d -CaSiOz and CaAl;5i,0q,
and in the 30 minute sample CaAlpSi,Opy predominates at 40%
of the total whilst d and B-CaSiOgz each contribute 30%,
both these'samples being densely crystalline, i.e. opaque.
.These.reéults were confirmed by observation of the thin
sections prepared from these samples, in which the initial
crystallization was seen to be highly birefringentcL-Ca5103
dendrites - which are sufficiently widely spaced for the
secondary arms to develop at right angles to the primary
spines, see figure .3.26. Thié is folléwed by a dense.
infiiling of sphefulitic ﬁ-CaSios fibres of about 10 miérons
diameter and finally the material BeCOmes'almost totally’
crystallized &ue to the growth of the inter-fibré matrix
of CaAl,Si,O4. |

It was found durihg examination of thelthin sections
used to determine the growth rate in RW9 combésition (as
described in section 2.3.) that the crystallization
morphology of d.-CaSiOs phase altered over the range of
temperatures s?udied. Above 1150°C it crystallized in
the form of dendrites which develop sécondary 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-sectign) and from 1050°C to 1000°C,
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the lowest temperature at which J-CaS5iOz formed, it grew
as branched spherulitic fibfés making up wide angled cones,
segments of spherulites, with the open, "feathery" type'of
microstructure typical bf growth at "low" temperatures.
These crystal/tempérafure characteristics are |
explained in section 1.4{2. r
A photomicrograpﬁ of the smooth surface of ‘a sample
| heated at 980°C for 10 hours, see figure 3.27, sﬁows the
dense surface nucleation obtainedAin.this QOmposition, the
nucleation sites being spaced ét about 25 to 30 micron
intervals. At'this temperature the crystallization
consists of CaAl,SiyOg and §—0a8i03 fibreé'but these are
too fihe 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 rﬁnning parallel with the surface
probably formed during cooliﬁg and is at the disordered
region where the cones of fibres impinged and only those
-orienfatéd 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 compositiog is‘suitable for
the preparation of -test speCimgns as the gfowth rate of -
p—CaSiO3 in this glass is. over onehmicron per second at

1180°C,'and'élthoﬁgh 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 theseltest |
specinens were fabricated. Samples were also taken for
X-ray analysis and optical microscopy.

Figure.3.28 and table 3.26 give the X-ray data for a
sample. from the RW9/3T tile which show that this consists
of 3-CaSilg together with a large proportion of CaAlESiEOB
and a small amount och -CaSi0z. A thin section revealed
that the beta phase is present in the form of transcrystal4
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 B-CaSiOgz

is the masjor cr&stal phase, with between 33% and 45% of
the total crystallization as baAlaSiaOB inter-fibre matrix
and if any o -CaSiOg is present in these tiles it must '
constitute less than 5% of the total crystallization (i.e.
" the 1limit of resolution of the powder X-ray technique).
~Pigure 3.32 is a photomicrograph of a cone of fibres grown.
from a surface nucleus and in which the inter-fibre matrix,

nucleated on the fibres, can be seen.



189

The RW9 composition wés also used to produce intré—
crucible growth material. Figure 3.33 and table 3.23
give the X—ray data for RW9/7C, and this shows that this
.matefial'consists of approximately equal amounts of
B-CaSi0z and CaAl,;Sip0g with less than 5% of the total
’crystallization_made up of d-CaSi0z. The photomicrograph
of RW9/7C, figure 3.74, reveals that the P-CaS5iO3 fibres
are orientated within 10° of parallel_alignment and the
material was thereforo acceptable for tﬁe production of
mechénical, and ofher, test spocimens._ Figure 3.34 is.

- a diagram which shows the part of'the>crubible from which
well aligned, undistorted material was obtained.. -

Table 3.24 gives the results of the ﬁet-chemical
analyses of a sample of RW9 glaso and a éamﬁle taken from
an RW9 composition tile after heat-treatment. Both .
analyses are in'Quite good agroement'with the nominal,
weighed—out composition, buf 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 fhan 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 sémples being non;representative

‘of the bulk.
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3.1.6. COMPOSITIONS RW1lO, RW1l, RW1l2, RW13 and RW1l4:
Strnad'and Douglas found evidence of rapid, .
surface nucleated crystal growth in the.NaéO—CaO-SiOa
system (131). In- the compositions they used the |
devitrification products Na,Ca,5i;0q and Na,CaSiz0p fofmed,
however it Qas aimed to adapt the cOmposition in this
" system such fhat rapid crystallization of p-CaSi03 could
resuit, producing a material consisting pf-parallel fibres
in a glass matrix which may have contrasting properties to
the RW9 crystalline matrix material. | |
Qomposition RW10, see ﬁable_2{2, was chosen with
reference to the NaZO-CaO—SiOg.phaée diagram (127), see
figure 3.35, from which it was found that this composition |
should have a ligquidus temperature of about 1400°C, be iﬁ
the primary d. or P-CaSiOz phase field, and g'ive Na'QCazs'isoq
as secondary crystallization. (0f 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 reiatively high'liquidus temperature, it
could be easily poured as the addition of sodium oiide to
a’silica glass greatly reduces tﬁe viscosity at a particulér
temperature (see section 1.2.). On quenching ébout 15¢
of this glass on a cold brass plate the glass devitrified.

Large, surface nucieated‘crystals grew up to lcm in
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'diameter.in the red-hot glass and subsequent X-ray analysis
revealed that these consisted of both d-CaSiOz and a small
amount of Na;CazSi, 0. Therefore this glass 1is not
sufficiently stable to form a. homogeneous glass block.

On reheating and devitrifying small glass samples Na,Ca,51z0q
and some Na,CazSi, 0Oy, -a synthetic phase with theAmineralb
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?0 for 30 minutes, produced
a complex mixture of phases. on devitrification, i.e.
d.~-CaSil0z, NayCapSiz0q and a small amount of NaaCa3Sibotb

as shown in fiéure 3.37 and table 3%.26, sinceA A
NaZCaBSieoibdecomposeé above 1047°C to calcium ﬁetasilicate
and a liquid phase (127). .

Composition RW1ll is nearer the calcium metasilicate
composition, see figure 3.735. The lower sodium oxide
content, see table 2.2, rasulted ih a glass with a high
liquidus temperature, nearly 1450°C, but it could be fully

‘melted and poured from about 1450°C as sodiuﬁ oxide is an
extremely efficient fluxing agent (19). When a melt of
RW11l 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 coarée, lem diameter crystals
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were shown by X-ray analysis to consist of Na,Cap5i;0q.
This glass composition is not sufficiently stable to form
a homogeneods block from which controlled'cryetallization
during heat—treatment would produce a required micro-
structure.

The RW1l2 composition, see table 2.2 and figure 3.35,
was chosen as a glaes which may have been more stable than
RW10 and RW1l due to the higher silica centent increasing
the viscosity and decneasing-tﬁe crystal gfowth rate (see
sections 1.2. and'l.4.1.). But when cast from 1450°C a
'500 block of RW12 glass devitrified during cooling to give
‘about 2cm diameter, hemi -spherulitic, surface nucleated
crystals which were identified aaci—CaSiO3."

In order to improve the staeility of these types of
glasses it was decided te make up a quaternafy glass
containing aiuminium‘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'reduee~the
amount of residual glass or secondary crystalline phase.
present after controlled crystallization to a minimum RW1l3
composition was designed to have the same ratio of SiO;-
to (Ca0 + Na,0) as SiO; to Ca0 in calcium metasilicate
i.e. 51.8 8i0yto 48.2 Ca0 wt %. The sodium oxide is
combined with the calcium oxide as both these oxides act
es glass modifiers (19), and it was considered necessary
to have at least 50 wt % siliea 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 thét a stable glass block
could be quehchéd frdm a 50g melt, but aftef 3d-minutes

at 990°C the devitrification product was found to be |
Na,Ca,Si;0q, see tabie 3.26 and figure 3.85, whilst after
30 minutes at 1030°C pQCaSiosfwas also prodﬁced, see table-
3 28 and flgure 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 plateland |
annealed for 1 hour at about 550°C. On heét-tfeétmeﬁt of
small specimens at a range of femperatures up to 1200°C
p-CaSiOzwas the major phage 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 95050 for 30 minutes and
show that the crystallization conmsists of about 60% B-CaSiOz
and 40% Na;Cas5130q, whereas for another sample heated to
1000°C for 30 minutes only 30% of Na,Ca,SizOq together
with the p-CaSiO3.primary phase was fdund, see figure'3,41
" and table 3.30. After 30 minutes at 1045°C X-ray analysis
of the resultant crystalline material revéaled p-CaSilz
only, i.e. at most 5% of a secondary crysfalliné phase -
could be present, see figure 3. 42 and table 3.31. A
sample maintalned at 1250°C for 50 hours gave an X-ray
pattern corresponding to that of J-CaSiOz, 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 spherulltlc 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 sew-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 grcwn at relatively low temperatures (see section
1.4.2.), they exhibit frequent non-crystallographic

- branching giving a "feathefy" appearance, whereas at

about 1100°C the fibres are 5 microns diameter, showing
little branching and are within 10 degrees of parallel
alignment. Figure 3.43 is an optical micrograph of RW1l4
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, poseibly completely, glass
matrix, the tiles from which the specimens were to be.'
sectioned being heat-treated at about 1100°C.  This
temperature wae chosen as that whicn gaveveligned, unbranched
fibree whilst. still being low-enough for the glass tile not
to sag too much during heat- treatment as this would have
distorted the fibrous materlal. 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 2zones of fibres which
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were growing approximately normal to the surface to
develop. At the cen%re of fhé tiles the two growth

- fronts, nucleated from the top and boftom-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,.figﬁre'3.45 and table
3.33, and figure 3.46 and table 3.34 respectively. Theée .
results show that at least 95% of the total crystallization
in these tiles consists of E-Casiosu' :

Table 3.24 gives the resﬁlts of the wet-chemical
analyses made on samples of RW1l4 glass and RW1l4 crystallized
tile. These show that only a small amount, if any, of -
sodium oxide was lost by Qolatilization during melt of
the batch into glass, but a larger amount of sodium bxide
is missing after heat—treafment. This would not be expected
as the temperature and duration of the crystallization
procedure'Were both less than those used during glass
.formafioh, but the explanation méy 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 lérge ratio of
exposed surface to -internal Vbiume in the flat tiles, may
alloQ a significaht amount of volatilization even at |
" relatively low temperatures. The’high alumina content of
_the tile material is probably due to a layer of the
refraétory alumina pbwder used to line the heat-treatment

mould adhering to the surface of the tile.
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The growth rate of_@-CaSiC3 in RW1l4 over a range of
isothermal temperatures was determined by the method
déscribed 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 magnitﬁde faster
than R-CaSi0Oz growth in RW9 composition at this temperatufe.‘
This reflects the relative ease with which the necessary
structural rearrangements prior to.incorporatidn of units
into the crystal lattice.may occur in the RW14 glass, the

network -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 to producé an internally
nucleated material of similar.compositipn fo one of the
'selected unidirectional materials in order'to compare
approximately homogeneous physical properties with the
highly anisotropic properties of an aligned f ibrous

"~ structure. ﬁukherjéé and Rogers (44) investigatéd the
nucléation'and crystal growth in silicate glasses containing
fluorides. In the soda-lime-alumina-silica system, using
glass compoéitipns éimiiar to RWl4,hthey found that the
nublegtion rate showed a sharp maximum at .662°C (see
section 1.3%.2.) and.spherulites conéisting of]3-0a8103'
developed on these nuclei when the heat-freatmenf furnace
temperature was increased to 900°C. |

RW14F composition was made up by the addition of
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calcium fluoride to crushed RWl4 glass, together with

a sufficient amount of silica to ﬁaintain a constant Si

to Ca ratio. . The nominal, weighed-out RW14F composition
contains 3.3 wt % of fluoride ions. This combosition 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 RW1l4 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 RW1l4F tile, which confirms that the
internally nucleated spherulites consist of[b—CaSiO3.
Figure 3.49 is an optical micrograph of a thin section
prepared from the RW1l4F tile. A séction_through-a
spherulite 1is shown in which a ";heaf—type" of region has
developed from thé nucleus and which displays the "Méltése—
cross" effect under the cross—polariséd_light} both typical
features of spherulitic crystallization. The bqundary
between two spherulites can be seen to be aboﬁt'S microns
wide. This region is probably sti1l in fhe vitreous state
since ahead of the growth fronts of each of the developing
spherulites was a layer of glass into which the excess a
constituents not ihcluded in thé growing crystals had
been'rejected. Therefore when these growth fronts impinge
there is actually a layer of glass between thgm and since
this residual glass éomposition, 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 heét—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 occurfed 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 ﬁ-CaSiO3, again about 2 microns.diameter, proving that
the mechahism 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, RWIB,
© RW16 AND RW1T: ' '

The rod pulling appafétus and fhe technique
for the production of unidirectionally crystallized rods
direct from a melt are described in section 2.7.2.

Composi;ionARW14} from which tiles composed of
unidirectional P-Ca8103 fibres were produced (sée-section.
3.1.6.), wés found to. be unsuitable for the production of
rods of aligned ﬁ—CaSiQS fibres from which longitudinal,
type mechanical test specimené 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 ﬁuffle_
furnace, it was found to be necessary to maintain the melt
in the plétinum collér on the rod pulling éppafatus-at
over 1470°C in order to keep the bottom surfaée of the
melt from cryétallizing. When rods were pulled from

this melt either using platinum wire or'@-CaSios seed
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_ nucleation, and with or without the air blast increasing

the temperaturé gradient down the rod, only rods consisting
of(i-CaSiO3 crystalliéation were produced orer the range

of pulling speeds up to 100 mierons per secdud when, evén »
using a strbng'air blast to quench the glass as it emerged
from uhe co}lar, the glass uecked 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.
d-CaSiOz may nucleate and only allow nucleation to occur

at temperatures where B-CaSiOz is the stable phase. Figure
3.50 and table 3.36 give the X-ray déta for a rod pulled
from RW14 melt at 52 microns per second énd show that any
'crystaliization producedAuonsists entirely of d-CaSiOz.
Figure 3.51 is an optical miérograph taken of a thin section.
from an RW1l4 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 d-CaSiOz has crystallized
as spherulitic fibres, indiéating that crystal growth;,if
not nucleation, took place at a relatively low temperature
(see section_1.4,2.),. (It was found throughout thls
investigation of the crystallization of calcium metasilicate
that once one of the polymorphs had nucleated that
particular crystal strugture cbntinued to grow, even if.

it was not fhe."stéble" phase-under the prevailing
cunditions, rather than the structure transform into the

"stable" polymorph.) The fibres are about 5 microns in
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diameter, afe 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 diameter'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 Qould be not
"directly comparable to tHe RW14p—CaSiO3 fibre material,
these RW1l4 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 tovthe need to
maintain the melt at above 1470°C, a temperature that
could only bg atfained in the platinumvhéating‘coil wheﬁ
' this.was only partially filled with glass, and'thé<i-CaSiO3
fibres did not grow parallel to -the long, pulling axis of
the rods.

RW15 cémposition has a lower pfoportion of silica
than BW14 and is a ternary glass containing no alumina,
see table 2.2 and figure 3.35. It was hoped that siﬁce'
this composition has a relatively low liquidus, aﬁout 1340°C,
rods could be pulled “out as glass since fhe ﬁeltvcould
be maintained far above the liquidus to avoid any preméture

crystallization occuring inside the platinum collar.
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However, on puiling rods of RWlS.composition over a range
of speeds it was found that at slow speeds‘thé major phaSes.
produced are Na Ca,5i30q and NayCay5i 0, with a small |
proportion of J-CaSiOz, although the amount of'&rCaSiO3
4produced increases with the pulling rate. Figﬁré 3.52
and table 3.37 show the resulté of the X-ray analysis of
an RW15 rod pulled at 280.microns per second in which
&-CaSiO3.is the primary phase. This suggests that
.-CaSi0z is the first phase to nucleate and grow and is
followed by the "soda—phéses" which grow'more slowly and
" infill fhe 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 butvgiﬁe "soda—phases" on
devitrification, and-BS% silica compositiéns which, in_the
ternary Na,0-Ca0-5i0p system, have too high-a-melting point
to be used ip the rod pﬁlling apparatus.v This glass
behayes very similarly to composition RW1l4 in thé rod
pulling apparatus, i,e.éL-CaSiQ3 waS'pfoduqed as the major
crystalline phase at all possible pulling speeds, but .in
the case ofiRWlG véry small amounts of NapCaySiz0q and
NapCa,Si 0|, were also produced, see figure 3.53 and table
3.38. |
The failﬁre of RW1l4, RW15 and RW16 compositions to
crystalliée as ﬁ—CaSiO3 even when pulled af_vefy 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 témperafures of their maximum rates of crystal growth.
Figure 3.54 illustrates two types of U versus T curves. -
Curve A mayifepresent the crysfal growth rate character-
istics in soda-lime-silica glasses,‘as a curve of thisv _
shape was found by Swift (132) for the crystallization of
ﬁ—CaSiO3 from é soda-lime-silica glass in which.some of the
silica had been replaéed by alumina. In this curve the
temperature of the maximum growth rate is above the d/B
transition temperature, and the slope of the crystal growth
rate curve is steep as it approaches the liquidus, Tm.

Due to the fast(i—CaSios gfowth 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 cpolest area of the collar
anyway) below Tm and therefére for -CaSi0z to crystallize
inside the collar. . On examiﬁatiqn of these rods pulled
using a P-CaSiOz block seed crystal it is found that the
end of the block is cavered Ey a thin layer of glass,
-quenched as the cold block was plaéedAinto the melt, and-
‘this negated the nucleation properties of the seed: As
the wire or.seed comes into contaét with the surface of
the melt in the bottom of the cpilar 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. Onée &-éaSiO3 haé nucleated, as
a hemi-épherulite across the boftom 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
groﬁth rate, as the experimentally determined U versus T
curve for RW1l4 composition shows, see figure 3.47. When
the pulling rate exceeds the maximum growth rate the button-
' shaped crystalline region, i.e. the d.-CaSi0z crystallized
inside the collar, stops groQing“and the rod pulls out as

a glass. The above hypotheéis is sﬁpborted by the Qbsgrv-
atibn that there is no glagsy region visible betwgen the
bottom of the collar and the cryétal-growth front in the
rod, i.e. the rod was not quenched to a glaés:and subse- -
quently crystallized as would be expected from the theory
behind the rod pullihg techniqﬁe (see section 1.4.3.).

The problem of the extra.high'liquidus'temperatufé of
the RW14 cbmpoéition when this was melted in the platinum
collé; was solved when somé Rw14 rods wefe ground, mixed
and analysed by wet-chemistry, see table 3.24. From this.
it was found that ohly half the nominal, weighed-out amoﬁnt
of sodium oxide was present after the RW1l4 éompésition had
passed through the rod-pulling'apparatus. This was
probably due to loss by yolatization while the melt was
in the collar when the high temperature and the large
surface area to volume ratio would aid this process.

_ quve B in figure 5.54 shows the t&pe of behaviour
required to pull rods cohtaining p-CaSiOS fibres. On this
curve thecL/p transition temperature is higher than the
temperature cdrfesponding'tb the maxihum growth rate so
that rods pulled faster than a certéin critical réte will

crystallize in the ﬁ-CaSiO3 fegibn. Curve B has a




204

relatively gentle slobe near the liquidus,-i,e; the
d-CaSiOz 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 foi 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 for J.-CaSiOz to nucleate and grow.
‘This would be helped by using a glasg with a relatively low
liquidus temperature so that-the_melt could be substantially
supefheated. _ | |
" Maries and Rogefs used a composition in the CaO—an—
5i0p system for the production of'lmm‘aiameter rods
containing a parallel array of fibrous p-CaSiQ3 aligned
along the rod axis and in which.there is n§ evidence of
gside surface nucleation (76). .They.fouhd that a glass
composition corresponding to RW17 in table 2.2 possesséé
the required growth rate/temperature characteristics, i.e.
curve B in figure 3.53, by a hot‘staée microscopy
invesfigation.of the crystallization kinetics of various
compositions in the calcium metasilicate phase region of
this ternary systen. The location of RW17 on a liquidus |
projection of the CéO—ZnO—SiOa'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 foﬁnd that three types of. crystallization could be



205

obtained depending on the pulling rate used, whether a
platinum wire or ﬁ-CaSiO3 seed crystal was used as the
nucleating agent and on the temperature gradiént 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 beiow the top of the ﬁ-CaSiO3 block,
“or the fhermocouple on ifé 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 RWi7 quenched to a glass below the collar prior to
crystallization, the moment of the appearaﬁce of the
initial crystal growth could be marked on.the chart so -
that an approximate value of the crystallization temperature
for a partiéular-set of conditions éould.be obtained.

- The accuracy of this technique depends on the raté of
pullihg, since at high pulling speeds the temperature
recorded via the thermocouple falls very quickly while as
the speed décreasesrthe crystai growth front approaches

the battom of the qdllar, the glare from which makes it
more difficult to identify the onset of crystallization.
From the chart.recorder output thermocouple temperature
versus timé plots weré drawn. Figure 3.56Ashows a se:ies‘
of typical results obtained from pulling at vafious 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, énd a gentler slope, less
dependent on pulling speed, cbrresponding-to the crystallized
rod.slowly cooling to room feiperaturef 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, wlthout an air blast,qL-CaSios
was the primary phase together with CayZnSiz07 (a synthétiq
analogue of thé'mineral hardystonite), the proportion of
the sécondary phase increaéing aé tﬁe puiiing rate
decreéses. Figure 3.57 and fable 3.40 show the X-ray
analysis of the RW1l7/a rod, see table 3.33, pulled on a
thermocouple at 19 microns per second, in which 60%'of.thé
total crystallization is d-CaSiOz and the remaining 40%
Cap2nSis0pq. Between 40 and 50 microns per second ﬁ-CaSiC3 |
is the major phase but there is still a large amount of
d:CaSiOs and a small amount of CapZnSi, 0, present, as
shown in figure 3.58 and table 3.41 for rod RW17/i, see
tablé 3,39, in which 60% of the total crystallization
consists of B-CaSiOz, 30% d-CaSiOy and 10% CayZnSis0q.
Above 50 microns per second (at 50 with an air blast of
- 2000cc per minute, rod RW17/1) the cooling rate was
suffidiently 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 (tlme 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 seéond were not
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investigated. '
Nucleation on a ﬁ-CaSiO3.seéd in addition to a
Pt/Pf 1%% Rh thermocouple was more successful in producing
rods which are mainly composed of. ﬁ-CéSiOs. "At pulling
rates greater than aboﬁt 70 microns.pér second the rodé
quench to a stable glass, but at speeds betweén'Tb and
25 microns'per secondAcrystalline rods weré‘produced in
which the primary phase is p-CaSiOa together with a lesser
amount of CéaZnSiZO7 which must exist as very small crystais
since the lines in the X-ray analysés of these rods corres-
ponding to this minor phase are very -diffuse, i.e. thé 1ine
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 ﬁ-CaSiO3 together with 10% of Ca,ZnSij;0q. The
proportion of CaEZnSi207'in the cfystallized rods is
inversely proportional to the pulling rate. Between 25
and about 15 microns per_second the primary‘phase produced
is J~-CaSiOz, but now a substantial amount of CazZnSij0q
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 crystallizatibn is d.-CaSi0z. To investigate
the crystallizatlon of the Ca22n81207 phase, rods were |
| pulled at rates as low as 10 microns per second. The 
results of the X-ray analysis of~RW17/m, see table 3.39,
are given in.figuré.3.62 and table 3.43b and correspond to
the pattern for hardystonite, figure 3.6 and iable 3.6,
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except that all thé dA spaéings are shifted to larger
values. This approximately 10% increase in dz spacing
was not found in the.CaEZnSiEO7.crystallizgd in association
with calcium metasilicate, therefdre the larger unit cell'
found when only the "ziné phase” crystallized may have been
due to the soiid solution of excess calcium ions, by
Vegard's rule (120a, p. 174), since the RW17 composition
is calcium rich compared to Ca,ZnSis0,. Hardystonite has
the meliiite type of structure, see section 1.5.2., the
cryétal structure of the akermanite-gehlenite solid solution '
series and therefore known to be capable of substantial
replacement in the latticefA Figure 3.63 is an optical
- micrograph of rod RW1l7/m which shows that -the CaEZnSiEO§
crystallized in the form of.layers of elongated laths, the
- long axis aligned parallel to the pulling'axis.  There
appears to be a‘high-perceﬁtage 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 B-CaSiOs
seed, see figure 3.64. Compafison.of this diagram with
figure %.59, the T-T-T diagram for nucleation on platihum .
wire, reveals fhatAnucleatioﬂ and growth of RB-CaSiOz can
occur over a wider range of puliing speeés when a seed is
used.. This may be another example of the unstable phase
developing if already nucleated, i.e. the B-CaSiOz phase
will grow at low pulling rates and at corréSpondihgiy‘
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 fd 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 RW1l7 and therefore
the blocks did not melt in the brief time that they were
'in contact with the molten glass.

One problem that occmmea with both types of nucleating
agent was the formation of cracks acroés the rods just
»above the nucleation region.’ These‘were probably.the '
result of thermal shock as the r&ds were subjected to a
'sharp temperature érédient below the collar and at hiéh'
pulling speeds the cooling rates of_thé interior of the
rods were very rapid (see figure 3.56). Around the
nucleus a misaligned region of crystallized méterial was
formed until transcrystailizatibn (see secfion 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,fhis diSOrderéd,fegion'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 ﬁ-CéSiO3‘phase always forms
spherulitic type fibres whilst J-CaSiOz always grows as
dendrites with well developed secondary arms. ~ This is
in contrast to the RW1l4 rods in which.drCaSiO3.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 crystaliizeé in its usual femperature range i.e. between
the tfansition temperature‘and the'liquidué, (see section
1.4.2.).

In order to minimise the thermal shock to which the
rods are subjected after_crystallization it was aécided to
use the slowest pulling speed at which p-CaSiOz can be
reliably obtained fof the production of rods from which
longitudinal mechanical tést specimens could bé cut (see
section 2.8.3.). No air blast was used as this introduces
additional thermal gradients in the cooling rods, and
' increasés 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'uncraqked'rods containing -
a parallel array of B-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. éince RW17 has a relatively low liquidus
températuré, 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 crécking and disordered
growth occurred in the bottom 4mm.of the rods the maximum
length of aligned érowth was about.llmm. | .

Using the same conditions as in the growth of RWl7/3Qﬁ,
rods but substituting a wire nucleus for the_séed rods
containing aligned dendrites of d-CaSiOsz were'obtained.and

so RW17/30d rods were grown and longitudinal test specimens
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cut out frbm themn. in this way the physidal pfoperties
of two materials of the same chemical composition and |
prepared under the same conditions, except that the
&-CaSiOs phase crystallizes at a higher temperature i.e.
the growth front is nearef 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 RW17/30e rod. The primary
dendritic spines are about 15 microns diameter, spaced at
~about 75-microﬁs and are aiigned parallei to the pulling
axis. = The secondary arms eﬁergg_at right .angles to the
primary spine, are app?oximately 5 microns in diameter and-
are regularly spaced.at 10 microns intervals. |
All.the rods contain some CazZnSiéO7 as a secbndary
phase, but this ‘is in- too fine a dispersion to be;visible'
in the microgréphs since its X-ray diffraction ﬁattern
shows the effects of line broadéﬂihg.dué t& a very small
crystal size (120). This seﬁpndary 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 CaEZnSiao7 is formed the faster the pulling rate-
it may be assumed thaf the maximum growth rate for this |
phase occurs close to thé liquidus temperature (q.v. RW17/m
in table 3.39) and therefore its growth rate decreases with
decreasing crystallizatiqh temperatures, or that a ceftain
induction time is'required for the nucleation ﬁf 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 mo;e slowly than the exterior the effect of increasing
the pulling rate is a slow decline in the amount. of
'CaEZhSiEO7 formed, not a sharp cut-off atvone pérticuigr
rate. |

A chemical énalysié was performed on a mixture of '
RW17/306. and RW17/30B rod material and the result is given
in téble 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 iiquidus’in the heated platinum collar.

Figure 3.67 ié a crystal growfh,rate against temperéture

plot for the growth of seed nucleated.p-CéSiO3 in rods

pulled from RW17 melts.

3.1.8.1. PinholevTransmission X-Ray Analysis of
RW17 Rods: |
The fibres produced in B-CaSiOz RW17 rods
were sufficiently long to be investigated using the pinhole
transmiséion X-ray diffraction technique (see section
2.4.é.)} 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 WOllastonitg from Meldon, Devon (BM 1913,
253) obtained from the British Museum (Nétural History).
| -The meén radius of the étrongest feflection‘was:
measured for each set of péttérns corresponding to each

material, i.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 dlffraction spot may be
determlned by (120, page 535)

. 2©= tan %
- where:
© =:diffraction angle (Bragg angle)-
R = radius of the diffraction ring
D = spe01men to-film distance

Since the exact specimen-to-film distance. is unknown it
was found using the radius of. the ﬁost intensé diffractioh4
spot of wollastonite (310) and the corresponding
diffraction angle obtained from the ASTM index'(l2l).
Having established the mean value of D for the patteras
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 materiol that they
corresponded to the {h 0 l} axis, i.e. the crystallographic
b~axis. From the theory of - fibre texture X—ray patterns
(120) it is known that the équatorial reflectlons correspond

to the vertical (rotation) axis of the specimen, therefore




- ' . : : 214

‘the b-axis of both the wollastonite and synthetic RW17 :
. rod specimens corresponds'to the fibrefaxis. ‘Thié is in

agreement with the known crystallography of thg-walastonite
.structure, see section 1.5.1. '

éomparison of the pétterns‘showﬁ in figures 3.68,

3.69 and 3.70 reveals that thelparallel alignment of the
fibres, i.e. the sharpness of the equatorial diffraction
spots, is better in.the synthetié,.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 (-Eq/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 éhergy, reiated to the

‘activation energy requirgd for the tran8portat;on-bf
‘structural units froﬁ.the melt ihto the crystal
lattice (i.e. related to AG' in the Turnbull-Cohen
equation, see section 1.4;1;).
Therefore the value of Eq coul@'ﬁe found from the slope of

a 1n U versus 1/7T plot. -
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'Figure 3.71 shows log U versus 1/T plots for
crystallization in RWS, RW1l4 and RW17 glasses. These
were constructed from the crystal growth rate data given
" in tables 3.45, 3;46 and 3.47 respectively, and the U vérsus
T curves for these glasses are shown in figures 3.22, 3.47 .
- and 3.67 respectively. Thg'éccuracy of the measured.
groch rates depends on the heat-treatmeht method used;
For the RW17 glass the growth raté of seed nucleated
p-CaS5i0x producéd byAfhe rod pulling teghniéué.equalled
the pulling speed used (see section ;.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. withiﬁ
T 0.5%. For ﬁw9 and RW14 glass the growth rates were
found'by the method described in séction 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 righf.
angles to the nucleating surfaces the 95% éétimétéd error
is * 3% for the sampies with tﬁe 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 sufficiéntly loﬁg to make the error in
timing almost negligiblé and therefore the overall error

- was reduced to approximaéely T 1%. The temperature
measurement for the RW9 and RW1l4 static furnace samples
was accurate to within T 0.25%, but for the rod pulling

4 techniqﬁé used with the RW17 composition glass the
temperature of the crystal growth front coﬁld only be

" estimated and therefore the error is approximately & 2%
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The growth rates quoted in tabies 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 RWl4 compositions,
the corresponding values of Eq found using _

Eq = 2.303 x slope x R

The log U versus 1/T, see‘figure 3.71L, plot for RW1l7 rods
has a positive slope and would give a "negative activation
energy”" (a meaningless conbept) 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 tempe;ature iﬁ the RW17.rods decreases as
the érystal growth rate increaées, see figure 3.67. The
" energy value found for RW17, -147 kJ moiﬂ, is related to
- the thermodynémic free enefgy term in the Tufnbﬁll-Cohen
equation (see section 1.4.1.) but it contains a contribu-
tion from the kinetic.term (activation eneréy) as the
growth rates at very low undercoolings, wheré the kinetic
term is negiigiﬁle, could not.be measured since d-CaSiOg
is thé phase produced at cr&staliiZation £emperatures
close to the liquidus.

The log U versus-1/T plots for RW9 and RW14 compositiqns,

see figure 3.71, have negative slopes from whichAthe
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positive eqvalues'were calculated.. From these results
it can be seen that the "activation energy" required for
the growth of d~CaSi0y from RW9 composition glass is enly
half that necessary for p-CaSiOgy growth, which substantiates
the reasoﬁ proposed ih section 3.1.5. to eiplain the more -
rapid growth rate of the high temperature modification.
The comparative ease with which Si304r-groups, pre-existing
in glasses of this type of composition (29, see section
1.2.), can join the &-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 Sl30q and Caa*
~ions in approx1nate1y 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 dlffuse through the glass to
the crystal growth front. The dctivation energy for the
diffusion of  calcium ‘ions through calcium alumiposilicate
glasses varies between about 117 and 294 kJ mol ' (45) and
the E o value for the growth of J\-CaS.iO:,,'frdm RW9 glass is
160 kJ mol " which suggests that the diffusion of calcium
is the major barrier to the advancement of the crystal
growth front. | |

For p—CaSiO3 growth from both RW9 and RW14 comp051tions

the apparent activation energies, 319 kJ mol and 383 kJ mol
respectlvely, are hlgh 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_ef appreximately metasilicate composition
strong 5i-0 bonds heve 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 moflfound bj Willjamson-

(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 érowth of a spherulite fibre (U) to the stable
: diameter of the fibre (§) and the "diffusion coefficient
for impurity in the melt" (D),

= D/U

" By "impurity" is meant any constituent which appears in_
the crystal and melt at different concentrstions and
'therefore must be -transported towards, or away from, the
crystal growth front through the melt In the case of
calcium metasilicate crystallization from RW9, RW14 or
RW17 composition glasses all the constituents appear in
different concentrations in the two states and therefore
the rate determining‘step (the slowest proeess) of the
transportationvprocess‘is thefdiffusion of silicon throngh-
the melt. (The diffusion coefficients of calcium,
aluminium and silicon through a celeium 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-O bonds, this could be
regarded as analogous to viscous flow.

Diffusion is an activated process and can be
. represented by an Arrhenius type of equatioﬁ

D = B exp (-Ep/RT)

where:
B = a constant for a particular maﬁerial,
Ey = apparent activation enefgy for diffusion.

~Therefore the value of Ep can be calculated from the slope-
of a log D versus 1/T plot, and D can be calculated kﬁo&ing
the rate of. spherulitic growth and ,th;-;' width of the fib_rés '
produced at that growth rate. Tables 3.49, -3.50 and 3.51
give the spherulitic growth data for the crystailization
of ﬁ—CaSiO3 from RW9, RW1l4 and:RW17‘glaSSes respectively,
and figure 3.72 shows the logiD versus 1/T plots drawn -
from this data. The slopes of these plots and the
calculated "diffusion" energies are given in table 3.48..
An apparent activation energy could be found fqr
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 decréases as U increases for rod
pulling)‘so that the calculated diffusion coefficients
decrease Qith decreasing crystallization temperatures
which,.of course, corresponds fo the known diffusion

behaviour in glasses (20).
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The calculated "diffision" energy values for all
three compositions, see table 3.48, fall in the activation
energy range corresponding to viscous flow (116), or thé»
diffusion of silicon through a silica network (q.v.).
The results for RW9 and RW1l4 are somewhet Higher than the
corresponding apparent activation energies'for crystal -
growth but, since these calculated energies ere very
dependent on the slopes ‘chosen for the’ Arrhenlus plots,
- they are close enough to enable the two energles to be
approximately equatedﬂ ‘Both the crystal gnowth and
diffusion energies are therefore due to the necessity for
the silica tetrahedfa sfructure in fhe g€lass to be broken
up prior to the incorporation of.the-tetrahed:a into the
growing crystal. AThis equality could be taken as a
verification of the validity of the Keith and.?adden'
theory (65) for spherdlitic growth from sildcate,glasses.j

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 plafinum collar.
.This means that the melt ahead of the growth front in a
rod is less viscous and can allow correspondingly more
rapid structurel rearrangements at 1ower activation energies
than the glass ahead of the crystals in isothermal growth
which, of course, 18 maintained at the crystallizatlon

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 compoeitions from which
test epecimens were prepared. ,The.deneities.were.meaeured
by the standard displacement of water technique, using a
balance accurate to 0.001g.

All the crystallized materiale ehow a small decrease
in density compared to -the parent glasses. ' The density .
of a glass-ceramic is an additive function of the densitiee
of the various crystal and glaes phaees present (10), .and
therefore if the volume increaees during cryetallization
this does not necessarily indicate'that voide:are develop-
ing since this volume increaee could be due'to the -
production of crystals of lower deneity-than the original
glass. Porosity does not usually develop during the
formation of internally nncleated_glaee-ceramice since
the overall volume changes are very small and the final
grain eize 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-
 1lization) interface in the unidirectionally cryetallized
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‘eignificant ‘contributions to the

total volume of material. The internally nuclested RW14F
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' tile material has the same density as the unidiréétiohal
RW14 tiles, which would indicate that these cracks also
form inside the spherulites which make up this material.
The créck thedry ié suppofted By the fact that the
RW17/300 rods have approximately.theisame.density as RW17
glass and their mode of fracture dées.not indicate thé |
preéence of déndrite/matrix interfacial cfacking.‘ Since
the measured density of wollastonite is 2.88Mg hf3(ca1-
culated density 2.96Mg ﬁa) and the measured density of~
pseudowollastonite is 2.912Mg mfs(calculated density
2.90Mg m>) (135), then as one of the calcium metasilicate
modifications is the preddminant 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 %,

3.3.2. ELECTRON PROBE MICROANALYSIS OF RW9 MATERIALS:
Only the RW9 crystalline materials had a

‘sufficiently coarse microstructure for the EPMA techniqgé
to give meaningful results. Spécimeng were prepared as
described in section.2.10.1g‘khFigure 3.73 is a reflected
light phqtomic:ograph of a p:epared intrécrﬁcible matefial .
(RW9/7C) specimen, in which the 5;CaSiO3'fibres appear as
- the light gréy,phase;' o . B

‘Pable 3.53 gilves the resulpsAof the'ana1yses,
together with the caléulated pércentage éomﬁosition of‘
the parent glass, and ﬁollastqnite and mxmthite (127),.
the minerai analogues of t@g aynthétic phgses identified
by X-ray analysis as being_pregent'ih_RWQ devitrified
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materials. The EPMA analyses of the fibres are in good
agreement with the compogition of wollastonite and show
that there may be some small amount of solid solution with
zinc ions. The interfibre énalyses, however, do not '
correspopd to %helcompositidn of anorfhite, but this can
-be explained by two reasons.: Firsfly the.volume.available
for analysis was much smaller for the interfibre material
AthanAfor the fibres which are -about 60 micfpns in diameter
but are spaced so as to leave an interfibre region only
about 20 micpons aérdas; i.e. near fhé limit of resolution
of this analytical technique.  -Secondly. the inteifibre
 region not only contains CaAdl,Si,0g crystals but also
residual glass which, from a consideration of the compo-
sitions and.proportions (see section 3.3.3.) of the
cfystalline phases formed from RW9 glass, should consist

mainly of silica and zinc oxide.

3.3.3.. VOLUME FRACTIONS OF PHASES PRESEKT~IN
SELECTED MATERIALS: ' |
Table 3.54 gives the resulté obtained from
the modal analyses made on sections taken from bend test
specimens, see section 2r12.

Pigures 3.74, 3.75, 3.76, 3.77, 3.78 and 3.79 are
high magnification optical micrographs of RW9 tile, RW9
intracrﬁcible, RW14 tile, RW14.interna11y nucleated,
RW17/30B rod and RW17/30d. 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:

Tie thermal expansion'coefficients were fouhd using
an automatic recordingAdilatometef 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.theAasso¢iated errors,'were.ca1¢u1ated as
' desc;ibed in appendix I. Graphs of percentagé éipansion'v
versus temperature and expansion coefficient versus
temperature were plotted for each type of specimen tested.

. Unidirectio#ally cfystailized.ﬁaterials were tested both
parallel to the fibre (or dendrite) axis (longitudinal
specimens) and perpendicular to the fibre axis (transfersé
specimens) if'the dimensions of the bulk material allowed
suitable sbecimene to'be machined. | ' |

To calibrate the dilatometer the thermal'expansioﬁ 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 °K™' (20 to 650°C) which is within 1.5% of the
tabulated value of 20.6 x 10 K ™' (0 to 500°C) (136).

3.4.1. WOLLASTONITE MINERAL:

Wollastonite has a triciinic crystal structure
and forms orientated aggregates and therefore is likely to
"exhibit énisotropié thermal expansion (96), but values .
quoted in the literature for the linear thermal expansion
‘coefficient of wollaqtonite.dé not specify the orientation
measured or the form of the temperature depéndence, 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 Rogerc, 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 sampie of mineral from Meldon, Devon (BM 1913, 253) in
the form of an aggregate of parallel fibreé was obtained
from the British Museum (Natural History); It can be -
seen that the longitudinal specimen, 1.e. along the fivre
axis, shows a linear increase in dimension with temperature,
" but for the transverse specimen the rate of expansion
incréases with increasing temperature. Therefore the
longitudinal specimen has an approximately constant expansion
coefficient over the rarge 20 to 650°C but fhe 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 coeffic;ent at
room temperature to one above it at 650°C, the expanaicn
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 "downﬁ measurements were so close

that they were amalgamated.
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The faétors influencing the thermal expansion
behaviour of silicéte structures afe discussed in section
1.6. From this it would appear that the expansidn 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 tetfahedra chains
may determine the magnitgde of the expangion coefficient

and therefore the expansion anisotropy (96).

3.4.2. RW9 COMPOSITION MATERIALS:

Table 3.58 and figure 3.83 show the thermal
.expansion characteristics of RW9 glass after annealing at
about 650°C. From the point of .intersection of the slopes
of the two linear regions on fhe perceﬁtage expansion
versﬁs temperature graph it was found that the glass
transition temperature (Tg) of thie‘glaee is about 475°C
- and the dilaﬁometric softening temperature (Te);.i.e. the
temperature at which the glass becomes eﬁfficiently soft
fo yield under fhe préseure of the thruef—rbd, is 760°C.
The thermal expansion behaviour of glasses ié discussed.
in section 1.6;1. . ‘

énly the "up" (see appendix I) mV vélﬁes 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 temperatufe decreaséd.

The thermal expansion coefficient of a glass is an
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appfoximately additive propert& and, over the range of
temperatures in which the expansibn increases linearly
. with temperature, the coefficient of linear expansion.for.
a multicomponent glass may be célculgtéd by the means of
' the equation (138) . | |

= (a,p, + a,Pp + eseeo + anPn)/3
where: ' ' |
Pi» pé, ... Do are the peréentagéS'by weight of the
varioﬁs components, |
a,y apy ... ap, are the constants for the wvarious oxides.
Several authors have proposed values for these constants
but for this study the féctors 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 foﬁnd
to be in‘good agreement with the experimental results on
sodium—caicium aluminosilicate glasses (140). Using this
: methﬁd to calculate the ekpansibn coefficient of RW9 glass
(composition given in table 2.2) the value 7.8 x 10°x !
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 K.

RW9/3T tile crygtallizgd-materiali(sée sections 2.5
and.3.1.5.) was used to produée transverse type dilatoﬁetry
specimens.  The results obtained.frém these specimens are
given in tabie_3.59 and figure 3.84., It can .be seen that
like - the results from a transverse wpllaétonite specimen
the expansion coefficient incréases with iﬁcreasing
temperature, however for this multiphase material the.

rate of increase increases at highep temperatures.
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The thermal expansion coefficient of‘énorthite has
been reported as 4.5 x 1d-bK4(lOO to 200°C) (141), and a
synthetic analogue exists as a secondéry phase in RW9 tilés
(see section 3.1.5.). The magnitude of»the'expanéibn'
coefficient perpendicular to a ﬁnidirectional fibre axis
should be an additive progerty.‘ 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.f?-CaSiO3 fibres and CaAlpSiy0g

"matrix, at 650°C the calcﬁlated composite expansion is

(7.8 x 62) + (4.5 x 26) -b
OLao-»eso‘c = (62 + 26) x 10
. = 6.8 x 10°k™!

This is somewhat higher than the experimental result for
RW9/3T transverse ' .

| OLao—rbso%;: 6.2 x ld~6 K—‘ ' _
(The coefficient at 650°C was chosen as this is the most
~accurately determined result, i.e. has the lbwést‘percentage
error). At 100°C the experimenfally determined coefficient,
4.7 x 10°K "' 1s very ¢lose to that for the matrix phase
only. These results may be explained by considering fhe Ny
state of the fibre/matrix interfaces in RW9 tile material
which has been cooled from fhe fébriéatioﬁ‘temperatureu
Since ét high-temperatures‘thé expansion coefficient of
wollastonite is approaching twice that of anorthite this ‘
is a case when on cooliﬁg_the fibre/matrix interface is pﬁt
into tension (see séction 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



229

on reheating this material inifially_the transverse
expanéion of the fibres onl& fills these érécks and the
bulk transverse expansion measured corresponds to the
matrix material only. - As some of the cracks are closed
the bulk expansion coeffigient increases with tempéréture
as the contribution from the reiatively high expansion
coefficient fibres increases. However since the fabrica-
tion temperature of RW9/3T'tile was 1180°C and fhe
dilatometry measurements only went to 650°C it is possible
that not ail the cracks were closed at this temperature
-and this.would explain the discrépancy 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 presenf or it has'a .
high softening temperature and therefore it would be unable -
to cbmpensaté for the large difference'in’the gxpansion'

" coefficients Ef,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 speciméns. This
intraqrucibie material is a'coarser,.less_e;actly aligned
fibrous material than tile type_crjstallized proﬁucts and
has a low volume percentage of fibres (only 46%, see table
3.54). Therefore thé effect of cracks at fibré/matzix e
interface may also control the expansion beﬁéviour of this

material since the expansion could not be measured along a



. unique fibre axis.

3.4.3. RW1l4 COMPOSITION'MATERIALS:
] Table 3.61 and figure 3.86‘give the results
of the dilatometric investigation of RW1l4 glass which had
been annealed at aboufv650°C.< fhe glass<transition
temperature (see section 1.6.1.) is found to be around -
450°C and the dilatometric softening'femperature 720°C.'
The theoreticé1 expansion coefficient,.below‘Tg, was

k™' which is

calculated (see section 3.4.2.) ‘as 9.6 x 10
in agreement with the range of values foun& experimentally

for expansion below Tg. The‘expansion coefficients found
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for RW1l4 glass are generally higher than the coefficiente'.

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 irom X-rgy analysis to give ahy
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 g;ass was calqulated knowing the starting
- composition of RW1l4 glass, the compasition of calcium .
metasilicate and assuming that all the calcium oxide in-
,Rw14-was incorporated into the crystaliized fibres afte;
devitrification, i.e. 35 wt % in RW14 is equivalent to’
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47 wt % in the calcium metasilicate fibres:

RW14 composition: ‘ Average wollaétonité ﬁineral:
5.0 Na,0 wt % 0.05
35.0 Ca0 wt % 47.0
5.0 A1,0; wé % . 0.8
55.0 510, wt % | 52.15

See table 2.2. Reference (85).
" If all éaO in fibres: |

35:47 = x:52.15 = y:0.05 = 2z:0.8

x = 38.8, y =0.04, 2z = 0.6

'From IQO'parts of original RW14 only 16.2 parts $i05,
5.0 parts Nay0 and 4.4 parts Aly0z remain.. Therefore
"‘RW14 residual glass is 64 wt % Si0,, 19 wf % Nazb and -
17 wt % Al,0z (see table 2.2), and there should be 26 wt %
glass to 74 wt % fibres in the devifrifiéd material. .
~ Taking the dénsity of B-CaS1i0z as 3Mg m > (135) and an
averaée value of 2.5 Mg m > for a soda-aluminosilicate
glass (138) as the density of RW1l4 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 analyaes'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 ha; been exceedéd. The calculated expansion
coefficient for RW1l4 residuai glass below Tg (see section
3.4.1.) is 10.1 x 10°° K™, which compares well with the
experimentally determined cdéfficient measured from 20 t6
- 400°C as 10.2 x 10k, | -

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° K" _
which is higher'thap the measured coefficient of |
6.4 x 10 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/ﬁatrix 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 theée
RW14/5T transverse specimens are given in table 3.64 and
figure 3.39 and from these it is found fhat 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 siightly higher for the RW14/5T material.
The calculated expansion coefficient up to Tg (using the
modal analysis given in tab;e-3.54 and £he'thermal data
for fhe fibres and matrix for 20 to 400°C) for RW14/5T '
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- - | ‘
transverse is 7.2 x 10 bK and the experimental value for

20 to 400°C is 6.6 x 10°

K, which again is lower but the
calculated value is within the 95% confideﬁce estimated
error for this experimentél value. |

The RW14/5T tile material was also used to produce
longitudinal (parallel to fibre axis) specimens. The’
thermal expansion characteristics bf 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 glignment and are
~continuous aloﬁg the length of the dilatometry specimens
so that the measured thermal.expansion is due solely to‘
~the fibres. 'Thergfore the characteristic lineai percentage
expdnsion versus temﬁeraturé gfaph (constant expansion
coefficient) was obtained. The glaés matrix has a much
. higher expansion coefficient than that of the fibres
pParallel to their axis and theréfore there may be cracks
in the matrix perpendicular to fhe fibre.axis, produced
on cooling this material from the fabrication temperatﬁfe .
(see section 1.7.2.). This would mean that the matrix
expaﬁéion parallel to the fibre éxis wouid'be taken up in
closiﬁg these cracks and theréfore thé externally measured
matrix coefficient would be less than the trge-value.
This may be the explanation why the high expansion matrix
does not dominate the exﬁansion'along the fibre axis. _

The RW14/5T longitudinal epecimens started to soften
at about 550°C but did nof completely comply t§ the
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pressure from the thrust rod, i.e. the transducer output
only decréased graduélly 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'charaéteristics of the internally
nucleated form of the RW1l4 composition material (see
section 3.1.7.). The results for these specimens are
“similar to those found for the RW1l4 transverse specimens
(see séction 3.4.3.) except that “in th%s case the expansion
-coefficients at each_temperatﬁre are neariy 20%'lowef-than
the corresponding transverse specimen coéfficients. fhis.
could be due to the “random” orieﬁtation'of the fibres in
this material which would result in the 9vefa11 ekpanaion'
coefficient of the fibres being.interme¢ia§e between the
values transverse to and albng wollastonite'fibres (see‘
section 3.4.1.), i.e. the fibre expansion coefficient will-
be lower tﬁan that ‘in RW1l4 transverse specimens.

The glass transition temperatﬁre,observed for RWI4F'
material is 450°C which is in good agreement with the
RW14 tile materials (see section 3.4.3.) and démopstrates
the substantial influence the residual glaé§ phase has on
the thermal properties of these_matefials. RW14F and RW1l4 -
have the same Si:Ca ratio (see section 3.1.7.) and therefore
a similar silica network Btructure within the glass. This
explains .the apparently negligible effect on Tg in RWI14F
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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 réaults found for RW17
glass, see table 3.67 aﬁd figure 3.92, éhow the expansion
coefficient for this glaés is similar to that of RW9 glass
since neither of these glasées contain large atomic volume
oxides. The Tg of RW17 glass is aboﬁt 410°C and the
. dilatomé%ric softening temperature 705°C. The eiperiment-
ally determined coefficient, 20 to 300°C, is 7.4 x 10 k™'
" which is lower than thé calculated value Below Tg which is
8.5 x 10 K '(138). ,

All the crystalxine RW17 specimens ﬁerg machined from
rods produced by the pulling technique (see section 3.1.8.).

:Three'types of transverse specimens were prepared, |
RW17/50 b (B~CaSi0z spherulitic fibres in a @atrix of glass
with a smali proportioh of CaéZnSiaO7, pulled at 50 microns
per second), RWl7/3OF5(p CaSi03 spherulitic fibres in a
glass with a larger proportion of CaaZnSieoy, pulled at |
30 microns per second) and RW17/30d (J-CaSiOx dendrites
in a matrix of glass and CasZnSiy0,). Thé‘thé:mal,
expansion behaviour of RWl7/50F>transverse 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 trapsition temperature on the percentage expansion
versus temperature graph.

RWi?/}Oﬁ,transverse épecimén 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 cﬁrve but when the same specimen is rehéated
its exﬁansion follows the original heating'curve, The
- average expansion cogfficiept is nearly constant at only
about 3.9 x ld_éKfli.e. only about hglf fhe'value for .
transverse Qollaétonite; A glasé transition region can
be identified oﬁ the heating curve of the péréentége
expaﬁéion versus teﬁperature diagram at éround 310°C.

Table 3.70 and figure 3.95 give the tﬁérmal expansion
results for'thg»RW17/30d.trangverse specimens. These |
agaiplahow.a hysteresis loqp and the expgnaion coefficients
also decrease with temperature in a similar manner to'thdse'
for the RW17/50P transverse specimens. The values of the.
expansion coefficient are very low cdmpared with the :
reported coefficient for ol-CaSiOyz which is 11:8 x 16 °k "
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 CaéZnSiao7 which was
produced from RW17 glaaé by rod-pulling ét 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 RWl?/iO rod material
measured both parallel to and perpendicular to the growth
(pulling) axis. The transverse specimens showed a small ..
perceptage.expansion during heating but on cooling a rapid
contraction produced a hysteresis ioop and resulted in
negative expansion, i.e. an overall contraction. The
longitudinal specimens show a very sméll cOntraction on
heating and again on cooling rapid additionél'coﬁfraction
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 fo the expansion
' charactéristics of zircohia-yttria solid solutions (142,
143). The hysteresis in this system is due to the tetra-
gonal to monoclinic polymorphic change in the zirconia'
'structuré which oécura during heating and involves a large
volume change. Since the so}idlsolution is not completely
" homogeneous and the amount of yttria present controlsithe
temperature of the transformation_therefore the transform- -
ation is spfead over a range of temperatﬁres._ ‘The volume
change in this system, up to 4 mol % yttria, is sufficiently R
greaf to give an overall negative expansion coefficient.
Hardystonite, the mineral analogue of CaaZn51207, has the
melilite stfucture‘(seé section 1.5.2.) whiéh is known to -
be capable of accommodating a compiete range of solid
solution (92). Phe melilites_havé 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 technigue
have been unsuccessful due to the ﬁery small size of the
transformed régions (144). This phenomenon has probably
not been ihvestigated'in hardystonite; which is a rare and -
not an economically important m;neral. Therefore thel
large hysteresis and negative expansion found for the
CayZ2nSi, 0, 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 ﬁw17/1o is a result of the
directional crystallization in the rods, see figure 3.63,
.but the lath type crystals were too éhort and tended to
crumble as a rod was crushed so éipinhole_transmission
X-ray technique could not be used to find the crystallo-
graphic orientation of the growth. axis. . It was attempted
to use differential thefmal analysis fo identify the tréns—
formation temperature of the polymorphicAinveréion (i;e. én
endofhermié or exothermié peak which would confirm the
occurrence of the inversion) but the transformation did.
not show as a sharﬁ peak probafly due to being spread over
a temperature range.by solid-solution.

The RWIYFL and F,rods transverse thermal behaviour
can be related to the amount of CapZnSizOy present in each

material. The RW17/50ﬁ>rod has only a sméll amount of
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this secondary crystalline phese in the matrix and therefore
although the overall expansion coefficient 1s reduced by

the pfesence of CapZnSi, 0, there is no hjsteresis evident

in this material. The RW17/30d. and B rods contain larger-
amounts of'CaZZnSiZO7'and therefore display hysteresis
effects in their thermal expansion behaviour in edditidn

to reduced expansion coeffieiente.

Longitudinal type di;atometry gpecimens were also
prepared from the RW1l7 rod materials. The results for
RWl7/50p>lengitudinal specimens, tabie 3.72 and figure
3.97, and RW17/30ﬁ>longitudinai specimene, 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 thén that foﬁnd for longitudinal wollastonite, which
may be due to the low expansiqn CaaZnSia07'phase in the
'matpix inhibiting the expansion of the fibres, particularly
as this second phase probably nucleates at the fibre/matrix.
interfaces. However the p-CaSi0z fibres in these rod
- gpecimens muet_be weli aligned and continuoue in order to
domiﬁate the expansion behaviour in this way.

The RW17/30d. longitudinal specimens also do not show
any evidence of.signifieant hyeteresis, see.table 3.74 and -
figu:e 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 d-CaSiOy 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 speciméﬁs

- machined from the selected materials,-see¢section 2.8.
~The anisotropic fibrous materials were sectioned so as to
give three types of specimen, i.é. 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 2
(16.40 x 10° Kg m2). 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
7Tmm 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
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failed at Very'low loads because.they were precracked beams
(crac#ed during machining) which fracturéd by crack eXtensibnA
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 méan R for
20mm span alumina specimens is iower and has a higher
coefficient of variance than that for the 7mm span alumina
specimens. From the size effect (see sgction~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 célculated using the NPL code of gracfice (145), see
~appendix III.) _ |

| From table 3.77 the effect of fibre orientation oﬁ
the bend strength of each type of.fibrouély crystallized
- material can'be seen. The RW9 material maj be régarded
as a unidirectional fibre reinfqrced,cbmﬁosite (see
section 1.1.1.), ﬁ-CaSiOb fibres in a matrix mainly .
coneisting of CaAlySip0g (see section 3.1.5.). This gives
very similar moduli- of rupture wheﬁ tested in either the
trans%erse or perpendicular orientétipn 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, thesé interfaces are iikely,to.be cracked,
and therefore weak, due to differential thermél‘expansioﬁ
durihg codling 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 resultipg from
bending of tﬁese beams is tensile since the neutral axis.
(the axis across the beam below which strésses.are tensile
and above which they are compressive when a bénding 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 catasfrophic 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 hormal to the fibre axis since
the fibres all seem to have an approximately square cross-
section (see appendix V). Some"areas'ofimatrix can be
seen. - |

The modulus of rupture of thellbﬁgitudinal type RW9

specimens is.about three times that for the. transverse or
perpendicular, see table 3.77. 1In this oriehtétion failure -
ocours by'a combination of interfibrillar (interface)
geparation and fracture across fibre bundlegs, 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 B-CaSiOy 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 RW9/7C
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 probably 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. | | o

The SEM investigations of the fracture surfaces cf '
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 cf_the beams so that an
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array of flaws'approximately 30 microns deep covered

this surface and to the weak fiﬁre/matriﬁ interfaces which
may Have contained cracks sufficientiy long to initiate
fracture in the interior of the'beam, i.e. in the region
just above the lower surﬁace 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 sﬁecimen are all relatively low for
glass-ceramic materials, typical bend strength about
150 MN m », 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 anisotfopic materials are
tested (115), see section i.7;3.

The RW14 material could only be tested as transverse
or perpendicular specimens as it was impossibie_to grow
fibres sufficiently long withouf distortion to be able to
cut longitudinal specimens (sgehsectioné 2.5. and 3.1.8.).
This material may be regarded as a composite of unidiréc-._
tional, continuous B-CaSiOz fibres in a matrix of RW1l4
residual glass, the fibre volume fréctioﬁ 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 éreater 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 df glass, but are‘in good agreement
" with thé 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 consistant value of R for the
perpendicular specimens must be due to.thié type of

" specimen being more resistant to severe démage during'.-
machining since both types of spepimen came from adjacent
sections of‘the same tile. | ,

Figure 3,102 is a SEM micrograph of‘RWi4/2T.6, i.e.
the étrongest perpendicular specimen, which shows that
failure occured by interfibrillar fracture tqgether with
some shearing of the fibre layers. Although in RW14
material tﬁe 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 faéets and imperfectioﬁs
present at the interface which could give éAlosé df crystal/
glass coherence at low applied'tensile stresses (possibly.
during fabrication of ben@ 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
2

1

voids (13). A typical strength of glass is 100 MN m
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and therefore using the law of mixtures (see section
1.7.2.) and a}loﬁing for 0.6 volumeAfréction,of,fibres

' the composite strength is reduced to 40 MN m 2 The stress
concehtratiﬁg effect of a circular cross-section cylinder
is a factor of 3 (13), and this again reduces the theoref-
ical transvgfse.com?osite strength to 13 MN m - 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 RW1l4F 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 l1.4.2.), is an SEM micrdgraph of the ffacture
surface of RW14F.1. From this it is evident that the
fracture path passes thrbugh-the spherulite‘céntres, which
can be seen standing proud on the fracture surface, and not
.along the boundaries b?tWeen the sphérulifes.. _ Figure 3;104
‘shows a close-up view of a boundary between two'spﬁeruliteé
and ffom this it can be seen that there is no cracking where
the crystal growth fronts impinge. Therefo;e, it would.

seem that frécture égain occurs at the fibre/glass interface
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inside the spherulites. The relatively low vaiiability

of tﬁe RWl@F moduli mayrbe a reflection of the random

fibre orientation, i.e. the crack or flaw length introduced
during machining this materiai is limited as the inter-
fibrillar cracks aie deflected by fibres in other orienta- -
tions whereas in a unidirectionally crystallized material
there are crack paths which theoretically could extend
right across one diménsion of a specimen. ' .

Only longitudinal type bend test specimehs, 7mm span,
could be fabricated from the RW17/30 rod materials, and the
results for the RW17/30d and Rw17/30p materials (see section
3;1.8.) are given in tabie 3.76, the mean values being given .
in table 3.77. The moduli for the 4.-CaSiOy dendritic
material and for the ?pCaSios spherulitic fibrous material
are similar and are about 3 times that found for the RW9
longitudinal specimens. This has two explanations; the
~ fibre onientafion~in the rbd material only varies by about
5 degrees which means that the measured modulus was at'

least 70% of the maximﬁm, and the shorter span, Tmm, bend
tests give higher moduli than the 20mm span tests (see 
results for the alumina specimens).. . The coefficient of
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 (5 maximum of four) and
therefore there could be some variability between the
specimens, ‘since the exacf puiling rates and cooling rates
of the ;ods could vary. (The dooling 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 miqrogfaph of the strongest
'RW17/30E>specimen in which the fracture faée can be seen’
. to consist of large fracture steps, failure being primarily -
trans-fibrillar. | Howéver 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 stéps are prodﬁced when a trans-fibrillar crack
is deflected by one of these intercone cracks. The matrix.
thermal expansion is less than that of the B-CaSilOz fibres
(see section 3.4.5.) and therefore this material is likely
to have weak fibre/matrix interfaces, although éince.there.
is a large proportion of glass ;n the matrix'(Capable df
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 sﬁrfaces of the RW9 longitudinal
and RW17 longitudinal speciméns, see figures 3.101 and.3.105.
The fracture surface of a typical RW17/30q. specimen
Ais shown-in figure 3.106. This is é closé-up of fhe
uniform surface which does not show any.fpacture steps as
were. found for the RW17/30p material. In figure 3.106 it
would appear that trans-dendrite failure has occured with
no "fibre—pﬁllouf" (see section 1.7.2.) thch implies that
| there are strong dendrite/matrix interfaces in this méterial..

These'stroﬁg interfaces may>be due to the secondary
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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 sfrengths (B) of the-
. unidirectionally crystallized materials were found using
short beam.thrée-point bend tesfs (section 2.9.3. and
appendix IV) on longitudinal tyﬁe speciménsl The test
specifications (appendix I1) were based on the work of.' '
Phillips et'al~on carbon fibré reinfprced glass (13). Only
resulfs which corresponded fo fracture sﬁffaces showing some
obliqﬁe character were used to calculéte B values, i.e.
fracture had occurred at least pértially 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 fibrgs; Since the fracture path
takés the weakest route through the material,_thereforé the

crack travels along the weak interface (see discussion in
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previous'section) until ‘it reaches a weak part of a fibre
(dué 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. RW1l4 material contains much finer
fibres than RW9 (5 microns as compared to 60 microns
_diameter in RW9) and in the case of RWl4 the matrix is .
glaés whereas for RW9 the matrix is predominantly crysﬁal-,
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) 6rientations (as in figure 3.102) and the
tensile, intra-fibrillar fractufe also 6ccﬁrs through the
whole of the fibre group. The fracture stép does not have
a straight edge which suggests that the intra-flbrlllar
fracture only occurs when the shear fallure 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 indifidual
fibres, see figure 3.107.

Despite these differences between the RW9 and RW1l4
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 conciusions. (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 sbeér streng£h.' However it has
beeﬁ found for carbon fibre reinforced glass that the |
accuracy of short beam tests imprbves at high fibre volume
fractions (13), and both RW9/3T and RW14 materials contain
more ‘than 60 volume percent of P-CaSi03 fibres (see table
3.54). | o |
RW17/30p specimens failed with very obiique fractufes_
("green-stiék"'type.of fractufe), i.e. almost totally in
shear; This is reflected'in the higher.ﬁAvalues found
for tﬁese specimens. Figure 3.109 shows a typical fracturé
surface and from this it can be seen that fracture is
primarily along the fibre/matrix interface. .The trans-
fibrillar fracture gives irreguiar non-planar fracture
steps, so some cracks propagate through fibre bundles and
others only through a single fibre. This beha&iour is
intermediate between the RW9 and RW1l4 materials, which is
in agreement with the RWi7/30ﬁ>microstruéture which is also
'intermediate between theéé materials, i.e. fibrg diameter
about 15 microns and the matrix a mixture of glass and
crystals. . |
The-fracture surfaces for the RW17/30d. specimens are
not so oblique and do not show the same améunt of interface
fracture when observed in the scanning eléctron microéqope.
Figure 3.110 is an SEM micrograph.of_a-typical specimen,
showing that the fracture seems to be mainly through the
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~matrix, only é few dendritic arms penetrating the surface.
This is a consequence of the'relgtively strong dendrite/

- matrix interface in this material (see previous section).

It is therefore rather surprising that the interlaminér'
shear strength found for RW17/30& is similar to that for

the weak interface-RW9 material, although the very large_
scatter asgociated.with these results makes it bossible

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 includéd

in the calculated mean, see section 1.7.2.

3.5.3. WORK OF FRACTURE:
The work of fracturé of the bend test speciméns

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 duriﬂg 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 daﬁage directly related with the crack-growth. The
total work is divided by the area of the fwo fracture faces
to give the value for the work of fracture.

For the determinations of the work of fracture of the.’
RW9, RW14'énd Rﬁl7 materials the pfe4créckedAspecimens;

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 déflection curves obtained from transverse {or |
random) fibrous specimens, from longitudinal fibrous
-specimens and from. dendritic épecimens.. The area of the
fraeture faces was taken as twice the cross-sectional érea
of the beams, an'approximatibn, particularly in the case
of the longifudinal fibrous specimens in whibhiﬁhe jagged
fractﬁre surfaces produced actually had a somewhat larger
surface area. o

The results obtained are given in table 3.77. Th&se,
for the trahsvérse,-perpendicula; dr.random fibrous specimens
are aﬁ order of magnitude lower than thoée 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 (a8 in longitudinal specimens),
- then crééks propagating nb:mal to this stress could be
deflected along these weak paths (146). In this way
energy is expended in creating new surfaces and in incfeasing

" the 1eng%h of the fracture path and thus the work of
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fracture is increased.
The RW17/304. 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.thé'longitudinalijCaSiO3
"fibre specimens, with either a crystalline or glass matfix
is an order of magnitude less than that for deal wood (106).
or cérbon fibre feinf@réed glass, a fibre reinforqed

" ceramic for which it has been proved that the Qofk of
fracture values agree_weil with toughness values derived
from linear elastic fracture mechanics (147). The work
‘of fracture for.the.transversef(or perpendicular) or

random fibrous, or longitudinal dendritic materials is

the same order of magnitude to that found for commercial
aluminas (106); (The work of fracture could not be
calculated for the alﬁmina specimens used té.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 fhe'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 withl
modulus of soda—glaés, 60 GN m > This may be another
example‘of the effect of the pqinté of lpad.application on

a highly anisotropic material (see section 1.7.3. (115)).’
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The Young'skmoduii vary for thé différegt,materialé
'testeﬂ_in the same way as the moduli of-rupture." Therefofe
for the RW9 materials the value of E for longitudinal
specimens is about three times that for the transverse .or
perpendiculér specimens. The E result for RW1l4 transverse’
is lower (although within the standard deviation) than

that for the perpendicular specimeﬂs 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.



d A 1/1,
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

Table 3.1 ¢ Experimentally
determined X-ray diffraction

intensities of wollastonite.

d A 1/1,
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 3.2 ¢ Experimentally

256

determined X-ray diffraction

intensities of pseudo-

wollastonite.
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d A I/1, _ d A I/1,
6.75 41 9.20 40
4.80 16 7.55 60
4.15 59 , 5.39 40
4.00 8 5.25 20
3.87 34 ‘ 4.92 50
3.83 27 4.41 80
3.70 36 3.98 50
3.50 19 . 3.75% 80

.3.45 32 3.44 ' 60
3.32 48 : 3.38 80
3.25 82 3.33 80
3.24 100 _ 3.15 40
3.23 84 3.09 40
3.18 37 3.04 40
3.10 - 19 : 2.950 20
3.00 28 2.700 . 40
2.980 25 . 2.670 100
2.950 14 2.620 - 90
2.870 23 ) 2.570 40
2.850 11 ’ 2.530. 50

- 2.720 22 . . 2.480 50
2.600 10 2.380 40
2.575 19 2.350 - 50
2.530 - 25 _ . 2.280 40
2.475 6 2.240 50
2.340 10 : 2.200 | - 50
2.300 8 2.190 50

. 2.200 23 . 2.150 50
2,120 18 ' : 2.090 40
2.020 22 2.080 - 20
1.960 24 2.055 40
1.900 8 2.020 40
1.860 5T ’ 1.990 40
1.840. - 17 ‘ .1.980 10
1.810 11 - . 1.957 40
B ' . 1.899 20

1.867 80
1.840 60
1.819 10
1.801 50
Table 3.3 : Experimentally Table 3.4 : X-ray diffraction

determined X-ray diffraction intensities of Na,Ca,Si;Oq,

intensities of anorthite. - from reference (121).
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d A /1, | | d A 1/1,
- 9.90 30 T 5.018 35
4.76 35 4.220 10
4.17 | 30 1 3.711 50
3.84 20 | 3,493 6
3.31 80 ) 3.085 . 60
3.25 70 2.951 .67
3.09 10 | 2.868 100
2.990 . | 100 4 | 2.779 12
2.934 6 A B 2.506 . 16
2.778 14 _ 2.473% 30
2.561 35 2.420 .12
2.504 12 . ‘ - 2.3%384 14
2.477 | - 30 4 2.314 8
2.315 25 2.283 10
2.163 18 - : 2.219 6
2.062 10 - 2.037 18
2.03%6 6 1.991 2
2.031 - 10 1.949 2
2.009 16 1.896 6
1.982 4 . ' 1.856 . 12
1.957 . 10 1.761 35 |
1.885 12 1.730 ' 8
1.841 40 ’ ) 1.640 4
1.808 25 1.600 8
1.675 10 1.537 8
1.651 8 1.508 10
1.587 20 ) 1.468 6
1.494 20 , - 1.431 8
1.480 20 1.407 4
1.425 6 1.395 6
1.416 18 1.385 6
1.387 20 ' 1.330 4
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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a A 1/1, d A /1,

. 5.2 3 7.7 4
5.1 14 5.2 24

3.90 8 5.1 46 -
- 3.80 2 - 3.90 3
3.55 17 3.82 26
3.35 24 3.70 13
3.20 49 3.55 15
3,10 19 - 3.50 4
3.00 100 3.40 48
2.820 42 3.25 100
2.750 25 3.15 17
2.580 3 3.10 15
2.500 19 3.05 7
2.360" 12 3.00 83
2.330 10 2,975 20
2.240 7 2.850 9
2.200 19 2.825 9
2.040 3 2.700 4
2.000 42 2.550 22
1.940 2 2.500 15
1.902 3 2.375 7
1.855 30 2.325 9
1.790 2 2.200 11
1.780 5 2.150 4
1.740 8 2.000 7
1.620 14 1.940 7
1.490 12 1.900 7
1.470 3 1.850 39
1.440 2 1.810 4
1.375 8 1.792 17
1.280 2 1.725 11
1.220 2 1.620 9
1.195 2 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 RWl after ~ intensities of RW2 after
18 hours at 1080°C: . . 56 hours at 1075°C.



d A 1/1,
6.6 9
4.1 33
3.90 11
3.80 9
3065_ lo .
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 T
1.900 9
1.840 - 48
1.810 12
1.770 - 19
1.730 20
1.630 T
1.610 21
1.540 T
1.490 20
1.370 14
1.275 8

Table

intensities of RW3 after

d A I/1
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

3.9 ¢ X-ray diffraction Table 3.10

72 hours at 1075°C.

66 hours at 1025°C.

260

¢ X-ray diffraction
intensities of RWé tile after



d A 1/1,
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.

Table 3.11 : X-ray diffraction
intensities of RW7 crystalli-
zation from a roughenéd
surface, after 22 hours at

1020°C.
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d A /1,
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
1.860 | . 43
1.780 13
1.730 11
1.700 8
1.630 11
1.550 9
1.495 . 34

~1.440 12

Table 3.12 : X-ray diffraction
intensities of RW7 crystalli-
zation from a smooth surface,

after 22 hours at 1020°C.



d A I/1,
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
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d A 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 1
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

54 hours at 1020°C.

intensities of RW8 after
20 hours at 950°C.
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d A I/1, d A I/1,
7.8 4 5.8 8
6.5 5 - 4.5 7
4.4 4 4.1 35
4.1 32 3.75 16
3.85 5 3.45 13
3,70 23 3.35 13
3.55 11 3.25 13
3.45 6 3.20 100
3.35 13 3.00 " 29
3.20 100 2.950 5
3.10 7 2.850 55
3.00 65 2.700 7
2.950 8 2.550 5
2.850 24 2.500 24
2.680 6 © 2.020 38
2.560 4 1.850 22
2.500 11 1.700 5
2.480 15 1.490 14
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

Table 3.15v:_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 A 1/1, d A I1/1,
6.0 20 11.4 11
4.5 : 25 - 11.0 25
4.1- 15 4.1 18
3.85 15 3,90 11
3.50 40 3.55 25
3,40 40 3,27 29
3.30 100 3,22 36
3.05 90° - 3.12 11
2.870 60 3.00 100
2.580 15 | 2.830 18
2.500 - 25 | | 2.750 29
2.030 30 | 2.500 18
2.010 |- 60 | 2.380 11
1.860 . 30 | 2.320 11
.1.820 20 2,250 11
1.630° 15 : . 2.200 - 14
1.490 20 | 2.000 21
1.430 15 . 1.850 14 .
1.405 20 | 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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ai 1/1, d A I/1,
6.8 12 7.5 3
5.2 12 6.4 5
4.1 28 - 4.05 27
3.80 12 3.84 6
3.56 16 3.70 10
3.50 28 3.55 .- 10
3.40 12 © 3.50 11
3.35 12 3,40 7
3,29 100 3,35 7
3,21 76 3.22 100
3.13 12 3.10 .8
3,00 68 3.00 49
2.860 68 2.950 |~ 6
2.700 12 : 2.825 11
2.550 8 ' 2.660 7
2.500 28 2.560 8
2.340 12 2.540 5
2.220 20 _ 2.500 10
2.020 32 | 2.470 6
2.000 52 - 2.360 5
1.860 32 2.310 4
1.610 12 2.220 3
1.490 12 : 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-i‘ay d'if.fractioh 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.



266

d A I/1, d A /1,
8.5 4 7.7 6
7.8 6 5.2 6
4.1 10 4.1 36
3.75 6 3.85 14
3.55 14 3.80 12
3.35 14 3.65 8
3,22 50 3.55 20
3.10 20 3.30 26
% ,00 100 3,25 28
2.820 6 3,23 84
2.550 4 3,20 70

- 2.500 14 3.10 12
2.370 14 %.00 100
2.320 8 2.860 8
2.200 8 2.820 8
2.100 8 2.660 6
2.030 6 2.540 12
1.840 54 2.480 14
1.730 12 -2.350 10 -
1.725 10 ' 2.320 10
1.610 8 - | 2.200 14
1.580 6 : 2.030 4
1.490 28 1.980 8

- 1.440 .8 - 1.930 6
1.405 4 1.895 6
1.380 4 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 : X-ray diffraction Table 3.22 : X-ray diffraction
intené'ities of RW3/4T ai‘ter. int’ensitie‘s' of RW9/6T after
1 hour at 1180°C. | 1 hour at 1180°C. .
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o] [

a A 1/1, a A I/1,
5.1 17 - 7.7 14
4.1 21 4.5 10
3.90 21 4.1 14
3.80 42 3.85 . 37
3.58 21 3.45 55
3.40 12 , 3.30 3
3.35 12 3.10 6
3.24 100 2.875 2
3.10 54 ' 2.800 14
3.00 96 2.700 100
2.900 . 83 2.600 2
2.840 8 . 2.550 5
2.660 8 2.400 5
2.490 42 2.300 2
2.430 17 2.210 6
2.330 8 2.050 2
2.300 21 . 1.910 43
2.220 8 1.840 12
2.200 12 1.790 2
2.050 12 1.660 9
1.900 12 1.550 20
1.830 38 1.400 5
1.785 21 o
1.775 42
1.730 8
1.610 12
1.545- 17
1.450 8
1.392 17

Table 3;23 ¢ X-ray diffraction Table 3.25.:.X-ray diffraction .
intensities of RW9/7C material intensities of RW1l0 after '
after 9 hours at 1180°C. 30 minutes at 906°C.



Analysed Compositions

Weighad-dut Compositions

Maximum : :
Aggg%;te RWl4 . RW9 RW9 RW1l4 RW1l4 RW14 RW1l4 RW17 RW17
RWS RW14 Residual RW17 Glass Crystal- Glass Residual Crystal- Crystal- Glass Crystal-
\ lized Glass lized lized lized
Tile Tile Rods Rods
‘0.25 S102 wt % 50.9 | 55.0 | 64.0 50.0 | 51.70 52.93 54.71 64.15 53.8% 53.92 49.51 51.71
0.15 Ca0 wt % 29.6 ‘| 35.0 - 30.0 | 30.01 28.17 35.01 - 34.88 34.94 30.24 29.47
0.10 Aléos wt % 12.0 5.0 17.0 - 11.04: 12.11 5.61 18.01 T7.46 8.97 - -
0.15 Znowt %' | 7.4 | -- - 20.0 | 7.25 6.79 - - - - 20.25 '| 18.82
0.15 Nas0 wt % | -- 5.0 19.0 - - -- 4.67 | 17.84 3.81 2.37 - -

Table 3.24 3 Results of wet chemical analyses of selected compositions before and after heat-treatments.

89¢
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d A I/1, : d A /1,
7.6 .13 7.7 16
5.7 . 13 6.1 7
4.9 3 4.4 8
4.5 15 4.05 34
3.77 - 29 3.75 32.
3.43 37 3.40 75
3.40 21 - 3.02 12
3.35 29 2.700 100
3.28 100 2.550 5
3.08 4 2.410 8
2.850 98 2.300 4
2.700 40 2.240 5
2.660 69 2.200 6
2.600 4 2.040 5
2.490 22 1.920 6
2.380 4 1.880 43
2.250 4 1.710 5
2.025 66 1.645 11
2.000 79 - 1.635 4
1.880 31 1.545 17
1.850 18 1.450 4
1.730 9 1.402 4
1.700 9
1.630 15
1.555 3
1.535 4
1.495 26
1.415 6

Table 3.26 : X-ray diffraction Table 3.27 : X-ray diffraction
intensities of RW10 after : intensities of RW1l3 after
30 minutes at 1059°C. | 30 minutes at 990°C.
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d A I/1, d A 1/1,
7.8 11 7.8 11
4.4 6 1.7 10
4.2 8 4.5 . 10
4.05 25 4.15 21
3.90 11 - 3.95 18
3.80 26 3.75 25
3.55 18 3.50 36
3.40 38 3.38 49
3.35 37 3.15 - 27 .
3.25 38 3.00 100
3.14 12 2.800 6
3.00 100 ' ] 2.750 10
2.850 28 2.650 - 68
2.775 8 2.550 6
2.690 74 2.490 26
2.650 11 2.350 17
2.620 8 2.310 19
2.560 6 2.190 24
2.520 11 2.030 6
2.490 11 2.000 6
2.380 9 1.880 28
2.330 9 1.840 50
2.220 14 1.770 12
2.030 14 1.740 17
2.000 18 1.640 6
1.880 26 1.605 12
1.850 34 1.530 12
1.780 8 1.490 6
1.740 8 1.465 8
1.650 8 1.400 8
1.620 8
1.540 9
1.495 6

Table 3.28 : X-ray diffraction Table 3.29 : X-ray diffraction
intensities of RW13 after intensities of RW1l4 after

30 minutes at 1030°C. 30 minutes at 950°C.
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d A 1/T, d A I/1,
8.2° 10 7.8 11 -
7.7 9 3.90 25
4.6 14 3.60 46
4.4 14 3.40 53
4.2 16. 3.15 35

- 3.90 25 3.00 100
3.75 15 2.800 9
3.55 38 2.570 8
3.45 25 : - 2.500 32
3.40 47 | 2.360 | 20
3.14 34 2.340 . 20-
3.01 -100 : 2.200 34
12.850. 10 _ 2.050 10
2.770 9 : 1.860 81
2.700 41 1.780 15
2.600 5 ' 1.740 23
2.570 . 6. - _ 1.620 | 21
2.520 . 36 . 1.500 10
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

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 A I/1, d A 1/1,
7.8 8 7.8 10
7.0 4 3.90 17
4.4 7 ' 3.55 26
3.90 23 3.45 10
3.60 27 3,32 39
3. 40 27 3.28 21

- 3,15 24 3.12 28
3.05 100 3,02 100
2.850 8 2.850 26
2.620 6 2.750 7
2.590 6 2.700 7
2.525 23 2.500 29
2.400 14 2.460 9
2.360 13 2,370 14
2.220 26 2.320 . 19
2.060 8 2.200 30
1.915 6 2.040 7
1.860 97 2.0200 | 9
1.820 4 - 2.000 18
1.755 14 1.840 95
1.745 15 | 1.7170 12
1.650 6 11.730 17
1.540 4 1.640 7
1.500 6 1.550 20
1.480 7 1.490 14
1.450. 6 1.430 8

1.395 .| 27

Table 3.32 : X-ray diffraction -Table 3.33 : X-ray diffraction
intensities of RW14/2T tile . intensities of RW14/4T tile
after 30 minutes at 1104°C. after 45 minutes at 1098°C.
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da A I/1, d A 1/1,
7.8 9 7.1 6
3.85 22 4.4 8
3.55 25 4.2 - 14
3.33 36 3.85 8
3.10 28 3.65 19
3.00 100 - 3.62 8
2.830 - T 3.53 11
2.750 5 3.32 12
2.580 8 o 3.22 32
2.550 4 3.02 100
2.500 26 2.860 42
2.370 14 2.730 26
2.330 14 2.520 18
2.240 5 2.370 7
2.200 24 2.340 8
2.040 8 2,200 9
2.000 5 2.030 25
1.900 88 1.960 32
1.860 8 1.850 46
1.840 68 1.845 43
1.800 6 1.770 8
1.770 9 1.730 7
1.735 17 1.710 12
1.725 16 1.635 7
1.630 6 1.610 8
1.620 16 1.530 14
1.585 3 1.530 14
1.560 3
1.550 3
1.525 4
1.495 12
1.485 6
1.465 8
1.440 4

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.




d A /1,
5.7 6
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

Table 3.36 :

X-ray diffraction

intensities of RW1l4 rod pulled

from 1470°C at 52 microns per

second.

.4 A I/1,
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
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Table 3.37 : X-ray diffraction

intensities of RW15 rod pulled

from 1450°C at 280 microns per

second.
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d A 1/1, d A I/1,
6.0 . 14 5.9 22
5.7 14 5.5 17
4.25 10 4.6 6
3.80 8 4.2 16
3.47 47 3.45 35
3.40 10 3,25 94
3.37 12 3,22 75
3.30 100 3.15 10
3.28 90 2.870 100
3,20 12 2.820 63
2.870 90 2.660 6
2.850 47 2.450 38
2.700 27 2.430 6
2.660 27 2.420 - 6
2.500 76 2.020 35
2.020 41 2.000 52
2.000 82 1.840 14
1.890 14 1.830. 14 -
1.855 16 1.800 5
1.845 10 1.760 5
1.840 4 1.690 6
1.705 10 1.620 10
1.635 6 1.610 8
1.620 4 1.530 6
1.560 6 1.525 8
1.495 8 1.520 8
1.480 6 1.480 17
1.450 4 1.475 30
1.410 4 1.470 11
1.405 4 1.435 5
1.385 14 1.400 10

1.385 8

Table 3.38 : X-ray diffraction Table 3.40 : X-ray diffraction
intensities of RW1l6 rod pulied intensities of RW17/a rod, see
from 1450°C at 114 microns per table 3.39. '

second.



RW17 - Pulling Alr Initial Steady Crystal- Major
Rod Rate Blast Cooling Cooling lization Phase/o Nucleating
Specimen Micron cc per Rate °C Rate °C Temperature Present Agent
per Second | Minute per Second per Second °C

a 19 - 2.0 1.5 1210 &-CaSi0~ Pt/Pt 13% Rh
b 21 1000 2.5 1.5 ' 1220 " Thermocouple
e 21 2000 4.7 1.5 1110 " "

a 32 - 3.7 2.5 1180 " "

° 30 1000 5.5 2.5 1685 " "

t 29 2000 5.8 . 2.5 1075 " "

g 4 - 3.9 2.8 1175 " "

h 42 1000 6.6 2.8 1055 i:ggg}g: "

1 40 2000 7.5 2.8 1025 " ' "

] 49 - 6.7 2.9 1050 " "

k 50 1000 8.1 ?.9 1000 n "

: 1 49 2000 10.0 2.9 - Glas_s "

n 10 - 1.0 1.0 1270 Ca,Zn51,0,| B-CaSi0;

n - 15 - 1.7 1.1 1220 A -CaSi04 (RW14)

o ’ 20 2000 2.5. 1.4 1210 » Seed Plus

P 25 - 2.9 1.5 1125 P 2823102 | Pt/Pt 1% ma
q 25 2000 5;7 - 2.0 1100 B -CaS5104 Thermocouple
r 40 2000 7.2 2.5 1025 » "

8 50 l - 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 into the effecta of puliing rate, nucleating agent

and temperature. gradient on the crystallization of RW17 roda.

.9L¢
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d A I/1, d A 1/1,
5.6 T 7.6 4
4‘-4 5 6’7 3
4.2 5 6.2 2
3.55 11 4.5 3
3.45 18 3.90 10
3.35 14 3.75 >
3.25 45 ' 3.70 3
3.10 11 3.65 4
3.00 -100 3.55 11
2.860 48 3.45 2
2.820 . 25 3.22 ‘5
2.480 11 3.14 12
2.460 11 3.00 100
2.370° 5 ' . 2.870 13
2.350 7 ‘ 2.750 5
2.320 7 2.600 2.
2.225 5 2.525 12
2.200 14 2.390 8
2.020 23 2.350 7
2.000 39 2.320 4
1.840 82 2.300 2
1.795 39 2.250 6
1.720 5 2.240 5
1.625 16 2.200 15
1.610 9 2.050 4
1.580 7 1.910 2
1.560 7 1.840 45
1.540 5 1.800 12
1.530 5 1.770 2
1.480 11 1.730 6

N 1.640 4
1.610 8
1.490 5

Table 5.41 : X-ray diffraction Table 3.42 : X—ray.diffraétionl
intensities of ‘RW17/i rod, see intensities of RW17/s rod,-see
table 3.39. -~ table 3.39. '



d A 1)1,
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

Table 3.43a : X-ray

diffraction intensities
of RW17/n, see table 3.39.

a A /1,
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

.Table 3.43b : X-ray

diffraction intensities

. of RW17/m, see table 3.39.-
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Natural Wollastonite RW17/30 R RW17/50 B Pseudomono-
. : clinic
cem | e Jek em | e ek |fem | e ek | T
33.5 17.46 | 2.98 | 3.5 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 | 3.1 |28.75 | 15.46 | 3.36 | 202
52.0 | 16.84 |'3.09 |32.25 |16.95 | 3.07 |32.25 |16.95 | 307 | 202
58.0 19.18 |2.72 | 37.75 |19.09 | 2.74 |39.0 19.55 2.68 402
1.5 | 20.42 | 2.57 | 42.0 | 20.59 | 2.55 |41.75 | 20.51 | 2.55 | 600
_;13.75 .21.17- 2.48 | 44.0 21.26 | 2.47 |4s.0 .| 21.26 2.47 | . 402

RTable-3.44 ¢ Indexed pinhole transmission X-ray diffraction patterns.

6L¢



Crystallization °|. Priﬁary Primary
Temperature B-CaSiOy Ad-CaSi0z ‘
Crystal Crystal Jﬁx 103
. | Growth Rate. |Growth Rate. log Ug | log Uy T
T °C ‘T K U microns U microns K~!
per second per second
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 11298 .|  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

Table 3.45 : Crystal growth rate data
for RW9 composition, see figure 3.22.
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Crystallization

p-CaSiOy , _
Temperature | Crystal Growth SR = S 103

“Rate. U log U L
A : Microns K™

T °C T K per second '
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 RW1l4 composition, see figure 3.47.

Crystallization

B—CaSiC3
Temperature Crystal Growth .L.x 103
Rate. U log U T "
Microns , K
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.
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Free Energy
Term (see text)

Composition Calculated Calculated
and : lozlgpseggus "Activation" lozlgpseggus "Diffusion"
Crystallizing n Energy _ e Energy _
Phase 1/T x 10 Eq kJ mol™! '1/T x 10 Epkd mol”
RW9 .
B-CaSiOz =1.665 319 -1.921 368
RW9 _
J~-CasSi0x -0.835 160 - -
RW14 ~
p-CaSi04 -2.000 383 -2.381 456
RW17 =147 .
p-CaSi04 0.767 Thermodynamic -1.665 319

Table 3.48 : "Activation" and "diffusion" energies for

crystal growth from RWQ,fRW14.and RW17 compositions.

rA'YA



Crystallization Spherulitic Spherulitic Diffusion
Temperature - B-CaSi0y Fibre Coefficient * ' -
Crystal Diameter D=dU | logDd .¥x1l0
Growth Rate 2 - i K-r
T K U microns ({_microne m~ 8
per second :
-10
1453 1.167 60 1x10 -10.07 | 0.688
1433 0.967 50 5 x 10" -10.30 | 0.698
1403 0.800 " 30 2.5 x 107" -10.60 | 0.713
1373 0.472 25 1 x 107" -11.00 | 0.728
1323 0.208 20 4 x 107'2 -11.39 | 0.756
1298 0.122 15 2 x 1072 -11.70 | 0.770
1288 0.087 10 9 x 10 '? -12.05 | 0.776
1273 0.055 8 4 x 1073 -12.39 0.786
1213 0.090 ‘2 to 3 2 x 1013 -12.70 | 0.824
1193 0.047 1 to 2 1 x 1073 -13.00 | 0.838
Table 3.49 : Spherulitic ecrystallization data for RW9 composition.
1372 5.000 5. 2.5 x10" | -10.60 | 0.729
1363 4.000 4 1.6 x 10" | -10.80 | 0.734
1323 3.416 2 . 7.0 x 100'% | -11.15 | 0.756
1303 0.980 . 1 to 2 1.5 x 1072 | ~11.82 | 0.767.
Table 3.50 : Spherulitic crystallization data for RW14 composition.
1398 26. 20 5 x 10 .-9.30 | 0.715
1373 34 10 3 x 107'° -9.52 | 0.728
1353 -39 5 2 x10"° ~-9.70 | 0.739
1333 50 "2 to 3 1 x107° | -10.00 [ 0.750
Table 3.51 : Spherulitic crystallization data for RW17

composition.
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. Composition ° . Mean
(see table 2.2) Material - | Densit
Mg m~
RW9 - Glass - 2.85
| Crystalline :
Tile ' 2.78
Crystalline 2.75
Intracrucible *
RW14 Glass 2.75
Crystalline |
Tile 2.60
RW14F Glass | 2.75
Crystalline
Tile 2.61
RW17 Glass 2.97
‘ RW17/30B Rod 2.85
RW17/304. Rod 2.93

Table 3.52 : Densities of RW9, RW14 and RW17

compositions glasses and devitrified materials.



RW9 Crystalline RW9 Crystalline

RW9 Glass Tile Intracrucible Wollastonite | Anorthite

Calculated Fibres Interfibre Fibre Interfibre. Calculated Calculated
Cal )
wt % 29.6 ‘49.0 22.0 48.9 23.0 48.2‘ 20.1
Zn0 ' . .
e % 7.4 0.6 7.5 0.7 6.0
- Aly04 12.0 0.0 11.0 0.0 17.0 - 36.6
wt % T
3%0; 50.9 50.4 59.5 50.4 54.0 51.8 43.3

EPMA Analysis

"Reference 127

t

Table 3.53 : EPMA analyses of RW9 crystallized materials:

58¢
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Y

Ref. 125 Ref. 124
Volume
Phases
. _ = Percentage 20 Relative | Angle of
Specimen §9§ES°' %:%ig?a’ of Phase Value | 20 Value | Fibres to
= 2r &= vol. %° % rel. % Transverse
RW9/3T B-CS fibres 62 t3 5 40°
Tile CAS; + A-CS 26 +3 10
Cracks + glass 12 To 16
RW9/4T | p-CS fibres 59 3 5 350
Tile CAS, +d.-CS 33 2.5 8
Cracks + glass 8 *1.5 16
RW9/6T | R-CS fibres 52 * 2.5 5 40°
Tile CAS, + d-CS 36 ta.s 7 .
Cracks + glass 12 re2 16
RW9/7C B-CS fibres 46 t 2 5 45°
Intra- CAS, + d=CS 42 2 6 -
crueidble | on 0ks '+ glass 12 t1.5 12
RW14/27 p-CS fibres 62 * 3 4 45°
Tile Glass 35 T 2.5 8
Cracks 3 s | 24
RW14/4T B-CS fibres 64 3 5 40°
Tile Glass 24 3 12
Cracks 8 t2 24
RW14/5T p-C5 fibres 66 t 3.5 5 450
Tile Glass 29 * 3.5 12 :
Cracks 5 * 1.5 32
RW17/30p p-és fibres 74 t 2.5 '3 45°
Rod : C.Z25,; + glass 23 2.5 10
Cracks 3 ti 24
RW17/30d. | & ~CS dendrites 67 t 3.5 6 40°
Rod Co25, + glass 31.5 * 3.5 12
Cracks 1.5 Rl | 40

Table 3.54

Modal analyses results for
RW9, RW1l4 and RW1l7 materials
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Table 3.55 : Therﬁal expansion characteristics
of "spec-pure" silver.

Room temperature = 20°C. 4T = 20°C.  dl = 2.0 x 10 ° m.

Mean |Mean |Mean Expn.|Mean Expn. ddl dd.
2°oR (Tizo) #%Expn. | %Expn. | Coeff.Up | Coeff.Down| Up | Down

Up Down [d. x 10°K™'ld x 10%K™ |[x 10°K™| x 10°K

. 20T T+20
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 | 18B.06 17.70 2.0 1.9
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 10 °m.
Temp. | (T~20) | Mean Megge?¥pn. dd.
T °C K FExpN. |y < 100Kk | X 10¢K™
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

Table 3.57 : Thermal expansion characteristics
of wollastonite - longitudinal. -

Room temperature = 20°C. dT = 20°C. dl = 1.8 x 10 °m.

Temp; (T-20) | Mean Mean Expn. dd.

T oC K %Expn. d~g°i££kﬂ x 10°Kk™
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 -




Room temperature =

Room temperature =

Table 3.58 :

Thermal expansion characteristics
- of RW9 glass. .

dl = 1.6 x 10°m.

20°C. dT = 20°C.
) Mean Expn.

Temp. |{T-20)| Mean’ Coeff.Up\ dd.
T °C K %Exp. |[d x 10°K~ Up

Up [T x 10°K~
755 735 0.540 7.34 0.4
700 680 0.499 7.34 0.4
600 580 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.

20°C. dT = 20°cC. dl = 1.8 x 10 n.
Mean | Mean Mean Expn.| Mean Expn. dd dd
zemp-1{7-20) | %Expn.| %Expn.| Coeff.Up | Coeff.Down | Up _ | Down _
Up Down |d x 10°K™' [d x 10°K™" |[x 10°k™' | x 10°K
. 20T T 0
650 ‘| 630 0.393 | 0.393 6.23 6.23 0.5 0.5
600 580 0.345 | 0.344 5.96 5.94 0.5 0.5
500 480 0.271 ] 0.267 5.64 5.56 0.6 0.6
400 380 0.206 | 0.198 5.43 5.22 0.8 0.7
300 280 0.142 | 0.139 5.06 4.99 1.0 1.0
200 180 0.090 | 0.086 5.00 4.78 1.5 1.5
100 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. a1 = 2.0 x 10 °m.
_ Mean |Mean |Mean Expn.| Mean Expn. Aol dd
g??g' (TKZO) %Expn.| %Expn. Coeff.Up | Coeff.Down Up - Down -
Up Down EQLM:Tc 10°K™ i‘»%’é 106K | x 10K~ | x 10°K
650 630 0.383 | 0.383 6.08 6.08° 0.5 0.5 -
600 580 0.336 | 0.334 5.80 5.77 0.5 0.5
500 480 0.264 | 0.261 5.50 5.44 0.6 0.6
400 380 0.204 | 0.198 { 5.38 - 5.22 0.8 0.8
300 280 0.141 | 0.137 5.03 4.92 1.0 1.1
200 180 |-0.084 1} 0.087 4.67 4.84 1.6 1.6
100 80 0.039 [.0.032 4.94 4.06 3.8 3.5
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dl = 2.0 x 10°m.

Table 3.61 : Thermal expansion characteristics

. of RW1l4 glass.
Room temperature = 20°C. dT = 20°C.

. | Mean | Mean Expn. dd.

2°op- (TEZ-O) #Expn.’ Coeff.Up | Up

Up id x 10°K™ |x 10°K™
Holuny .

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 °m.
Tem (T-20) . Mean !Mean Mean Expn.|Mean Expn. dd. dd.
T og' K %Expn.; %Expn.| Coeff.Up Coeff.Down Up » Down
< Up Down |d x 10°K™ . x 10°K™ | x 10%K™{ x 109K~
. 2o>T T>20 s
650 630 0.457 | 0.457 T7.26 7.26 71 0.5 0.5
600 | 580 0.420 :0.390 T7.24 6.72 0.5 0.5
500 | 480 0.313 10.291 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. '

dl = 1.2 x 10 °m.

Room temperature = 20°C. dT = 20°C.

Mean |Mean Expn. dd.

7eaD- {T220) | grxpn. Coeff.Up_ p

Up d x 10°K™' |x 10¢K
go>»T

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 RW1l4/5T - transverse.

. . -6
Room temperature = 20°C. 4T = 20°C. dl = 1.5 x 10 m.
Mean |[Mean |Mean Expn.| Mean Expn. dd. dad
geeg' (TEZO) %Expn. |%Expn. |Coeff.Up | Coeff.Down o Down _
Up Down |d x 10°K™' [d x 10°K™" | x 10°K~' | x 10¥K~
20> T Y -r20
650 | 680 0.464 10.464 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 : Thermai expansion characteristics
. of RW14/5T - longitudinal.
Room temperature = 20°C. dT = 20°C. a1 = 3. 0 x 10°°n.
Tem (T-20) Meéan |Mean Mean Expn.|Mean Expn. del dad.
Teog‘ K %Expn.,%Expn. |Coeff. Up Coeff.Down Up \ Down
Up Down .|d x 10°K™ [d x 10°K™" | x 10°K™ | x 10%K™"
ROFT 4T+20
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 10.241 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 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. 4T = 20°C. dl = 1.6 x 10°m. -
Tem (T-20) Mean {Mean [Mean Expn.lMean Expn. dad. dd
Hhr S R #Expn.)#Expn. |Coeff.Up | Coeff.Down| Up | Down _
Up |Down |d x 10°K™ |d x 10°K™'|x 10°K™"| x 10%K
20T T>20
650 | 630 0.405 |0.405 | 6.43 6.43 0.4 0.4
600 | 580 0.364 |0.340 | - 6.28 6.00 0.4 0.5
500 | 480 0.293 [0.267 6.10 5.56 0.6 0.6
400 380 0.227 [0.202 5.97 5.32 0.7 0.7
300 | 280 0.160 |0.144 5.7 5.14 1.0 0.9
200 | 180 0.094 | 0,088 5.22 4. 89 1.5 1.4
100 80 0.034 |0,032 .4.25 4.0 3.1 3.0
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Table 3.67 : Thermal expansion characteristics
of RW17 glass.

Room temperature = 20°C. - 4T = 20°C. a1l = 3.0 x 10 °m.
: .
Tem (T-20) Mean ! Mean |Mean Expn. Mean Expn. dd. a4
1 og' K %Expn.. %Expn.; Coeff.Up .Coeff,Down Up, Down
Up Down |+ x 10°K™" il x 10°K™'| x 10°K™ | x 10¢K™
20>T iT-r 20
700 680 0.480 — T7.064 — 0.6 —_
600 580 0.449 — T.733 — 0.8 —
400 | 380 0.286 — 7.526 — 1.2 —
300 280 0.202 — T.214 — 1.6 —
200 180 0.136 - 7.556 I 205 -
Table 3.68 : Thermal expansion characteristics
of Rw17/50ﬁ - transverse. '
Room temperature = 20°C. "dT = 20°C. dl = 2.4 x 10 m
' l
: Mean | Mean |Mean Expn.Mean Expn. dd ad
gefg‘ (I-20) %Expn. %Expn.. Coeff. Up CoeffDown Up | Down
Up Down o x 10°K™ {d x 10 K'I x 10°K™ | x 10%K
20> T - <T-r 20 .
650 630 0.292 | 0.288 4.63 4.57 0.5 0.5
600 580 0.260 | 0.260 4.48 4.48 0.5 0.5
500 480 0.226 ! 0.206 4.71 4.29 0.7 0.7
400 380 0.188 | 0.174 4.95 4.58 0.9 0.9
300 280 0.152 1 0.144 | 5.43 5.14 1.2 1.2
200 | 180 0.098 | 0.090 5.44 5.00 1.9 1.9
100 80 0.048 | 0.044 6.00 5.50 4.5 4.3
Table 3.69 : Thermal éxpanslon characteristics
of RW17/308 - transverse.
Room temperature = 20°C. dT = 20°C. dl = 2.9 x 10 “m.
Pemp. | (T-20) Mean | Mean TMean Expn.|Mean Expn. d& Sdd
T og' , %Expn.| %Expn.|Coeff. Up Coeff.Down Up Down
Up Down | x 10°K™ Id x 10°K™ | x 10°k" | x 10°K™
20 - T-rE0
650 | 630 0.262'| 0.251 4.16 3.98 0.4 0.4
600 580 0.248 | 0.216 4.28 3.72 0.4 0.4
500 | 480 0.204 | 0.169 4.25 3.52 0.6 0.5
400 380 0.158 | 0.138 4.16 ; 3.63 . 0.7 0.7
300 | 280 0.114 | 0.106 4.07 3.79 1 0.9 0.9
200 | 180 | 0.070| 0.066 3.89 3.67 1.4 1.4
100 80 0.036 | 0.033 4.50 4.12 3.4 3.2
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Table 3.70 : Thermal expansion characteristics
of RW17/30d. - transverse.

Room temperature = 20°C.  dT = 20°C.  dl = 2.2 x 10° m.
T ' '

Pemp. | (1-20) Mean |Mean |{Mean Expn. Mean Expn. do des
Teog‘ X %Expn.| %Expn.i Coeff.Up Coeff.Down Up Down
Up Down |d x 10°K™ |4 x 10°K™' |x 10°K™ ! x 10° K™
BO~T T-r20 L
650 630 0.315 | 0.333 5.0 5.28 0.5 0.5
600 580 0.313 | 0.287 5.4 4.95 0.5 0.5
500 480 0.275 | 0.242 5. 73 5.04 0.7. 0.7
400 | 380 0.217 | 0.205 5.71 5.39 0.9 0.9 .
300 280 0.168 | 0.169 6.00 6.04 1.2 1.2
200 180 0.116 | 0.116 6.44 6.44 1.9 1.9
100 80 0.057 | 0.051 7.12 6.38 4.6 4.3
Table 3.71 : Thermal expansion characteristics
of RW17/10 - transverse and longltudinal
Room temperature = 20°C. aT = 20°C. dl = 1.2 x 10 m
. Mean ]Mean TMean jMean
ge?g. (TEZO) %nxpn.'%Expn.'%prn.'%mxpn
Up Down Up _ | Down -
650 630 0.125 @ 0.080 !-0.038/-0.058
600 | 580 0.137 A 0.035 -0.017}{-0.077
500 480 0.132 |, 0.010 |-0.007-0.085
400 380 0.108 , 0.020 i-0.001{-0.083
300 280 0.075 | -0.003{-0.003({-0,047
200 180 0.050 | -0.030{-0.006|-0.047
100 80 0.040 | 0.000 {-0.011(-0.019
Transverse Longitudinal
Table 3.72 : Thermal expansion characteristics
of RW17/50p - longitudinal.
Room temperature = 20°C. dT = 20°C. dl = 1.6 x 10 m
!
_ Mean |Mean 'Mean Expn.|Mean Expn. dd dd
gefg' (TKZO) %Expn.| %Expn.{Coeff.Up |Coeff.Down! Up | Down
Up |Down |[d x 10°K" |& x 10°K~'|x 10°K™ | x 10°K~
. 20 -»T T-ra0o
650 | 630 0.335 {0.335 5.317 5.317 0.4 0.4
600 | 580 0.319 | 0.316 5.500 5.448 0.4 0.4
500 480 0.278 [ 0.262 5.792 5.458 0.6 0.5
400 380 0.211 {0.186 5.553 4.895 0.7 0.7
300 280 0.153 | 0.136 5.464 4.857 0.9 0.9
200 180 0.085 [ 0.086 4.722 4.778 1.4 1.4
100 80 0.040 | 0.038 5.000 4.750 3.2 3.2




Table 3.73 : Thermal expansion characteristics
of RW17/30p -~ longitudinal.

Room temperature = 20°C.  dT = 20°C.  dl = 1.2 x 10 °m.
Mean |Mean |Mean Expn.| Mean Expn.{ dok ddl
ge?}g' (T£20) %Expn.j %Expn.| Coeff.Up | Coeff.Iown Up, _,i Down
Up Down . x 10°K™' }& x 10°K™' ix 10°K™'| x 10°Kk"'
20> T T>20
650 | 630 0.365 | 0.365 5.794 5.794 0.3 0.3
600 | 580 0.346 | 0.327 5.966 5.638 0.3 0.3
500 | 480 0.287 {0.255 5.979 5.312 0.4 0.4
200 | 380 |0.222{0.199 | '5.842 5.237 | 0.5 0.5
300 | 280 0.164 {0.144 1 5,714 5.143 0.7 0.6
200 | 180 0.092 [0.081 ! 5.111 4.500 0.9 0.9
100 80 0.047 |0.037 | 5.875 4.568 2.2 2.2
Table 3.74 : Thermal expansion characteristics
of RW17/304. -~ longitudinal.
Room temperature = 20°C.  dT = 20°C. dl = 1.0 x 10°n.
' | Mean |[Mean {Mean Expn.|Mean Expn. dd. dd.
P (Tizo) %Expn.|%Expn.| Coeff.Up |Coeff.Down | Up _ | Down _
Up Down |d x 106K™' |d x 10°K™' |x 10“K™ | x 10°K~
20T T->£0
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 :

Specimen

Purox
alumind

RW9
Perpendicular

RW9
Transverse

RW9

RW14
Perpendicular

Rwl4
Transverse

RW14F
Random

Longitudinal

Results of 20mm
span three-point bend tests.

Al
A2
A3
A4
A5
AT
A8
A9
AlO
All
Al3

471
AT2
473
475
AT7
4T8
479

671
6T2
6T3
6T4
6T7
6T8
701
702
7C3
7C4

7C5
7C6

2T1

R MN m °

203.78
198.55
171.54
.200.24
210.17
131.39
165.58
175.26
143.18
188.86

9.61
10.21
10.41
19.26

8.32
10.49
79.65

12.89
6.77
5.70

12.20

14.34

18.01

35.37
28.68
25.27
40.29
38.49
33.03

11.67
13.23
22074
18.22
14.21

16.34
19.65
9.63
8.71
T.49
10.22
10.48

11.89
8.86
8-47
8.63
7.01

10.43
6.41
8.74
9.88-

Table 3.76 :

Specimen

Purox
alumina

RW17/30R
p-CaSiOq
Longitudinal

RW17/30d
o.-CaSi0x
Longitudinal

al
a2
ad
a4
a5
a6
a7

- aB .

a9
alo
all

al2-

al’?

al4 -

als
alé
al?
als
al9
a20

12
14
16
41
45
47
52
53
54

Reaulte of Tmm
span three-point bend tests.

R MN m 2

S —————ee

206.3
196.3
192.4‘
213.2
205.5
166.9
219.0
212.1
190.2
189-6
185.5
178.9
198.1
212.2
177.6
192.9
198.4
183.4
153.6
“171.5

111.4
145.1
57.1
72.1
93.3
106.0
101.1
82.4

~187.8

84‘-3
132.1
134.2

45.3
78.5
62.9
71.0
75.2
89.9
100.8
80.9
79.5
113.4
87.8
87.2
84.1
79.9
102.9
88.9
116.0
122.5
118.4
102.8
103.7
123.2
95.2
106.5
107.5
71.4
79.2
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" Table 3.77 : Results of ali mechanical tests.

Mean

Mean

PRSI e o e R el R B
s ave| O maprane | strengmn | T | §UHOCR ) weauts | | gCT O
mean mean

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. Trangverse 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 - - - -
RW1l4/2T 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 Randon 20 9 8.9 - 1.7 19 6.0 1.3 22 0.02
RW17/30B Longitudinal 7 12 108.9 - 36.1 33 - - - 0.17
RW17/30p Longitudinal 4 15 - 10.6 5.5 - 52 - - - -
RW17/304, Longitudinal 7 26 91.8 - 19.6 21 - -- - 0.02
RW17/304. Longitudinal 4 6 - 6.6 3.1 47 -- - - -
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Table 3.78 : Results of short beam téats
- tile materials.

RW9/3T

Specimen [B MN m~2
1 6.68
2 9.11
3 8.05
4 7.02
5 6.76
6 6.55
7 4.42
8 6.28
9 4.04

10 9.03
11 5.72
12 4.34
13 7.88
14 6.12
15 7.35
16 4.25
17 6.68
18 8.90
20 12.17
21 6.02
22 5.54
23 3.16
24 5.25
25 5.52
26 6.89
217 6.21
28 T.34 .
29 '6.66
30 6.42
31 4.03
32 4.22
33 5.77
34 5.75
35 4.78
36 2.91
37 5.35
38 8.34
40 8.40
41 5.56
43 7.74
44 6.98
46 8.60
4T |  4.49
48 . 6.74
50 5.56

Specimen
RW14/4T

RW14/5T

BMN m™°

3.29
.84
11.60
4.25
3,10
2.65
10.23
3,55
§.35
6.79
8.29
6.40
4.51
11.60
3.40
8.30
7.82
4.91

.« .
D
wn o

RNDOIWNO O OWm
=~ OAN NN N

LN OV PO ATLI
.

Table 3.79 : Results of short beam tests
- rod materials.

Specimen

RW17/30p

RW17/304

11
17
18
22
23
24
25
26
27
28
29
30
31
32
33

1.

2
3
4
10
21

B MN.m °

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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Experimentally determined X-ray diffraction intensities.
Fig. 3.1 Wollastonite .

Fig. 3.2 Pseudowollastonite .

Fig. 3.3 Anorthite . -
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X-ray diffraction intensities found from ref. 121.
Fig. 3.4 NaZCazSi309.

Fig. 3.5 Devitrite .

Fig. 3.6 Hardysonite .
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To Cal I. ' To AL203

Fig.3.7 Ca0—Al,03—Si0, phase diagram (ref. 127) .
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Fig. 3.12 RW3 after 18 hours at 1040°C, X-polars .
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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‘b portion of a heating or cooling file (ref. 130). =~
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X-ray diffraction intensities .

Fig. 3.14 RW6 ftile after 66 hours at 1025 C .

Fig. 3.15 RW7, roughened surface, affer 22 hours at 1020°C .
Fig. 3.16 RW7, smooth surface, after 22 hours at 1020 C .
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X-ray diffraction intensjties . X
Fig.3.17 RW7 tile after 5& hours af 1020 C .

Fig. 3.19 RW8 affer 20 hours at 950 'C .
Fig. 3.20 RW8 after 20 hours at 975 C .
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Fig. 3 26 @-CaSiO3 dendrites grown at 1160 'C in RW9, X-polars
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X-ray diffraction infensities .

Fig.3.21 RW8 after 20 hours af 1025 C.
Fig.3.23 RW9 after 10 minutes at 1160 C.
Fig. 3.24 RW9 after 20 minutes at 1160 C . -
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Fig.3.22 Crystal growth rate versus

temperature, RW9 composition .
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X-ray diffraction intensities .

4

Fig.3.25 RW9 affer 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 .
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Fig. 3.29 B-CaSi03 spherulitic fibres and @-CaSi03 dendrites
coexisting in RW9/3T tile, X-polars
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X-ray diffraction infensities.

Fig.3.31 RW9/6T file affer 1 hour at 1180 C .

Fig. 3.33 RW9/7C lm‘racruuble material after 9 hours at 1180 C.
Fig. 3.36 RW10 after 30 minutes at 906 'C .
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Fig.3.32 Surface nucleation of B-CaSiO3 and CaAl,Si,0q
secondary crystallization in RW9/4T tile, X-polars .

L7 Mm

Fig.3.43 RW14 affer 30 minufes at 1104 C, X-polars
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Fig.3.34 Diagramatic section fhrough crucible  confaining RW9I7C
affer 9 hours ab 1180 C .
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Fig.3.35 Na,0—Ca0—Si0, phase diagram (ref.127) .
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X-ray diffraction infensities .
Fig. 3.37 RW10 after 30 minutes at 1059 'C .

Fig.3.38 RW13 after 30 minutes af 990 C :
Fig. 3.39 RW13 affer 30 minutes at 1030 C .
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X-ray diffraction intensites .

Fig.3.40 RW14 after 30 minutes at 950 C
Fig.3.41 RW14 after 30 minytes at 1000 - C
Fig. 3.42 RWM after 30 minutes at 1045 .
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X-ray diffraction intensities .

Fig. 3.4 4 RWIL/2T tile affer 30 minutes at 1104 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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Fig. 3.47 Crystal growth_ra’re versus temperature, RW14 composition .
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X-ray diffraction infensities .

Fig.3.48 RWILF tile after 1 hour at 900 °C .

Fig.3.50 RW14 rod, pulled from 1470 C at 52 Mp 5™
Fig.3.52 RW15 rod, pulled from 1450 C at 280 Mm s’
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Fig. 3.49 RWI14F after 1 hour at 900 "C, X-polars

L2 Mm

Fig. 3.51 RW14 rod, pulled from 1470 C at 20 /™m s71,
quenched growth front, X-polars
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X-ray diffraction infensities .

Fig.3.53 RW16 rod, pulled from 1450 C at 114 Mm s .
Fig. 3.57 RW17/a rod, see table 3.39 .

Fig. 3.58 RW17/i rod, see table 3.39.
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L - — RW14 /RW16 TYPE.
RW17 TYPE.
3-CaSi03 c-CaSi0;

CRYSTAL GROWTH RATE .

TEMPERATURE

Fig.3.54. Hypothetical U versus T curves .
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Fig. 3.55 - Ca0-Zn0-Si0; phase diagram (ref. 127) .



1400 )
5\ Nuclea‘ed on A—CaSi03 + T/C wire.
> No air btast.
200F g ol B\
1000 | a
\ \ \ s, N\
o ®
- \
o 800 a
P
l-—
J
-
600
400 |
200}
0 1 2 ' 4 5 3 7 8 9

TIME mins.

Fig. 3.56 Cooling rate of RW17 rods nucleated on G—CuSiO3 +
Pt/Pt-13%Rh T/C, no air blast .
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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 fable 3.39 ,
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Fig.3.63 RW17/m rod (see table 3 .39), tabular directional

E
=3
o~
~F

1

1

crystallization of Ca,ZnSis07, X-polars
Fig.3.65 RW17/308 rod, pulled from 1410 C at 30 Mm s~

X-polars
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Fig.3.66 RW17/30a rod, pulled from 1410°C at 30 Mm 5‘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-CaSiOs
rods pulled from RW17 melts .
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Pinhole transmission X-ray diffraction patterns, fibre axes vertical .

Fig. 3.68 Wollastonite .

Fig.3.69 RW17/308 rod, pulled at 30 Am s™1

Fig.3.70 RW17/508 rod, pulled af 50 Am st
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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.3.75 RW9 intracrucible material, X-polars
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Fig.3.76 RW14 tile material, X-polars

10 Mm

Fig.3.77 RW14F internally nucleated tile material, X-polars
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Fig.3.79 RW17/30 @ rod maferial, X-polars
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Fig.3.83 Thermal expansion characteristics of RW9 glass .
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L0 Mm

Fig.3.100 Fracture face of RW9/6T.8 transverse beam,
20 mm span, (SEM) .

20 Mn .

Fig.3.101 Fracture face of RW9/7C 1 longitudinal beam,
20 mm span, (SEM)
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10 Am

Fig.3.102 Fracture face of RW14/2T 6 perpendicular beam ,
20 mm span, (SEM]) |
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200 Mm

Fig.3 103 Fracture face of RW14F 1 random beam,h 20 mm
span , (SEM)

L Mm

Fig.3.104 As fig.3.103,close-up of interspherulite
boundary , (SEM)



100 Mm

Fig. 3.105 Fracture face of RW17/3003 sftrongest specimen,
7 mm span, (SEM)

L Mm

Fig.3.106 Fracture face of RW17/30a typical specimen,
7 mm span, (SEM)

359



40 Mm

Fig.3.107 Fracture face of RW9/3T typical short beam test
specimen , (SEM)

20 Mm

Fig . 3.108 Fracture face of RW14/4T typical short beam test
specimen , (SEM)
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40 Mm

Fig.3.109 Fracture face of RW17/303 typical short beam test
specimen, (SEM)

4 Mm

Fig.3.110 Fracture face of RW17/30 @ typical short beam test
specimen , (SEM)
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Fig.3.111 Schematic load versus deflection curve for controlled
crack growth . '
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LONGITUDINAL-
DENDRITIC SPECIMENS

L.

TRANSVERSE, PERPENDICULAR OR
RANDOM FIBROUS SPECIMENS

L

LONGITUDINAL
FIBROUS SPECIMENS

Ii_v

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-Zn0-A1,03-5i0; and Na_,0-Ca0-A1,0,-5i0, systems
it was found that the compositions containing between 53
and 56 mol % silica gave the most accurately aligned and
undistorted fibrous materials. Too highvé silica content
resulted in materials containing broad, divergent fibres.
However it was found to be necessary to have a Buff;ciently
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 teﬁperatures was > 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 lbmm diameter
rods, over 10mm long, containing fibres aligned parallel

to the rod (pulling) axis.

4.3, FIBRE MORPHOLOGY:

Sphefulitic type fibres gave the most accurately
aligned materials, since these fibres do not have any
secondary arms and only branch at véry small angles (non-
crystallographic brénching). 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 ﬁelts
of high viscosit&. Fibres between 5 and 50 microns in
diameter were found to give the most perfect microstruqtures.
Fibres that were too wide tended to be divergent, since
this.morphology was assoéiated with somewhat sparse surface
nucieatioﬁ, and also tended fo have relétively 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 shéped
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 rod-pulling
technique and pinhole transmission X-ray analysis. The
fibre axis was confirmed as corresponding to the [010]
axis of the $-CaSiO; structure (the Dreirketten siiica
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 fhe primary dendrite spines could not coarsen as the
rods were pulled down and cooled out of the crystal growth
teﬁperature 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 undef-
coolings.

The fibre volume fractions were found, by a point
counting technique, for the materials selected for testing:
The fibre volume fractions were in ail cases high, between

0.5 and 0.7, i.e. between 50 and 70 vol %.

4.4. CRYSTAL GROWTH KINKETICS:

The activation energy for spherulitic, p-CaSiO4,
growth was found to bé equivalent to the activation energy
for viscous flow (energy required to break Si-O bonds) in
the corresponding glass or melt. For dendritic, d.-CaSiOy,
'growth the activation energy was found to be gquivalent 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 d-CaSiOy only the rearrangement of
structures already existing in the metasilicate glass was
necessary, Qhereas for the growth of the B-CaSiOz chain
silicate these pre-existing silica tetrahedra structures
had to be broken up prior to incorpération into the crystal
lattice.

The kinetics of spherulitic crystallization were also
calculated from the fibre width versus temperéture character-
istics, and these results agreed with the activation ehergy
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 natqral
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.
Materia}s 6ontaining about 30% residual glass showed a
glass transition temperature transverse to the fibre axis,
and rod-pulled materials containing Ca,ZnSi 0, 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 therﬁal shock effect of the difference
in expansion between the fibres and matrix. However the
strengths parallel to the fibre axis were far 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 cfystalline
interfibre matfix, 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 (RW1l4) 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 s0lid since it contained strong deﬁdrite/
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
emooth, "brittle-fracture" type of fractur; surface.

The Young's moduli found followed the same general
trends as the strength results, and were again veryllow.

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 thé 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 (sée section 1.7.2.).

Maries 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 16 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 increasés and theréfore 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 Qould 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 téchnique 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 construqted very quickly and simply, as was shown in
section. 3.1.8.

3-Ca8103 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 (NaPOjz - IV) (150), and therefore this may be a
suitable phase to use for the study of the kinetics and
morphology of crystallization from sodium metaphosphafe
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 NaPO; glass
(150)) thus simplifying fhe 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
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up the glass structure (22). Unfortunately a disadvantage
of this system may be that the fibrous crystalline NaPOz - 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
metasilicafe 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 propert;es 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 desireﬁ 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 matricés, possibly in association with fibre
coatings desiéned 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

p—CaSiO3 fibre axis, i.e. RW1l4/5T 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 AU, the equivalent change in

length, is

AL = b'd x2.‘54 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 hdlder, see section 2.11. The mean value of the
mV output for each temperatufe was then found from all the
results obtained for that type of sample, i.e. mean Up mV

and mean Down mV in table I.1.
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From the mV outputs the actual expansions were
calculated, knoﬁing the transducer coefficient (g.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 ifs length, i.e;
expansion coefficient of pure silica glass is 0.56 x lde—l
(146) and therefore at temperature T°C the correctioh added
to the expansion for RW14/5T transverse specimens was,

silica éorr. = 0.56 x 10 °x 1.60 x 10 °x (T - 20) m
The trué percentage expansion for each temperature, both Up

and Down, could now be found,

Expn. + Silica corr. x 100

% Expn. =
1.60 x 10°2

This enabled a graph of percentage expansion versus.
temperature to be drawn, see figure 3.89.

The coefficients of expansion (Jd) 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. .-
| (1.60 x 16°) 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. 4T = 20°C, and * 1lmV on the
expansion scale normalised for the varying specimen lengths,

i.e. for RW14/5T transverse specimen

=2
qop = L1 x2.54x 10 / 1.6 x 10°°
21.66 x 1000




di = 1.5 x 16%m .

Therefore for the expansion coefficient,

since - OL _ _Expn.% .

(T - 20) B
then sl _ (47.50)/pT% | do/BT
' ok DQ /AT DO/NT
i.e. dd _ 4T _ 40

& AT  AQ
Table I.2 gives the calculated values of the above
quantities énd the resulting error in the expansion
coefficient for each temperature range for RW14/5T

transverse.
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SN el e Ee R R RS
ToC K mV mV x10%m x10°m | x10°m x10°k"' | x10°k™
650 | 630 [58.5 |58.5 | 0.56 || 7.42 |7.42 |0.464 | 0.464 | 7.36 | 7.36
600 | 580 |51.7 |52.2 | 0.52 || 6.58 |6.64 [0.411 |0.414 || 7.09 | 7.14
500 | 480 42.i 39.; 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 I.1 : Dilatometry data for RW14/5T - transverse.

LLE



Up Down Up Down || x10 K™ | x10eK™!
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

: 95% estimated errors for RW14)5T - transverse.

Table I.2

BLE



APPENDIX II

THREE-POINT BEND TEST SPECIFICATIONS

20mm Span (L) (73):

Specimen length = greater than 30 x 10 m.

Specimen breadth (b)

Specimen depth (d) = 2.5 x 10°m *0.25 x 10°m.

Cross-head speed (y) = 0.1 x 10°;m min .

Strain rate = 6yd/L° min ' (114)

3.75 x 10 > min .

-3 :
Tungsten carbide rollers, 5 x 10 m diameter.

Span to depth ratio =8 : 1.

Tmm Span (see section 2.8.3.):

Specimen length = greater than 10 x 163m.

Specimen breadth

1.7 x 10°m * 0.2 x 10 a.
Specimen depth = 0.9 x 10°m 0.2 x 10°m.
Cross-head speed = 0.1 x 10 m min".

Strain rate = 11.0 x 10° min™".

Steel knife-edges, covered with PTFE tape.

Span to depth ratio = 8 : 1.

4mmlspan (13):

Specimen length = greater than 5 x 10 ‘m.
Specimen breadth = 2.5 x 10w * 0.2 x 10°m.

Specimen depth = 1.0 x 10°m +0.2 x 10 ‘h.

Cross-head speed = 0.1 x 10°m min.

Strain rate = 37.5 x 10> min .
Steel knife-edges, covered with PTFE tape.

Span to depth ratio = 4 : 1.

5 x 10°m *0.25 x 10°m.

379



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

g =

_ 3PL
2bd*

R

x g Nm?

section 1.7.3.), where
span of lower rollers.
speéimen breadth.
specimen depth.

acceleration due to gravity.

For these example calculations the dimensions and

experimental results for two of the recrystallized alumina

380

"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).

Specimen Al Specimen al
L m | 2x2107°® 7 x 1072
P g 22.0 x 103 3.71 x 10°
b m 4.71 x 1073 1.68 x 10°°
d m 2.62 x 107° 1.05 x 1073
g m s ? 9.81 9.81
RNm? | 2.038 x 10° 2.063 x 10°

Using the above

calculation the

values of R for a



complete set of spécimens were found anq frombthese the
mean modulus of rupture (R) calculafed for that type of
specimen.

The standard deviation for the set of results was

calculated using the formula (148)

'S (R) = 1
n-1 4219

(R - R)"

g

In order to compare the scatters of results for different

sets of épecimens the coefficient of variance was found,

-

i.e. S—‘(R) x 100 % .

For example, using the results from the RW14F internally

nucleated material specimens,

RMY.m | F e o |5 (R) Sx(§é0; R

F1 11.89

F2 8.86

F3 8.47
" F4 8.62

F5 7.01 8.9 | 1.7 19%

7 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

s _
E= 2L 4 g N m?@
4vba®

381
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(see section 1.7.3.), where
v = deflection at bottom of beam.

The defiections 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 distancé from this inter-
section to the perpendicular from thé 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.g. for alumina specimen Al (q.v.) the
deflection, v, was found to be 5 x 10 °m and therefore

'E = 100.73 GN o ® '

The ﬁean of all the E results for the large alumina
"standar&s" is 101.25 GN m*i less than half the manu-
facturer's (Morganite Refractories Ltd.) value for this
"Purox" alumina which is 240.3 GN m ® (245 x 10° Kg m?).
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
10°8 wg |

"true" v = 2.10 x ldsm
The "true" déflection of each alumina specimen was calculated
and the average found, then the difference between thé
average "measured" def;eqtion 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 lO_st From this a resﬁlt for the
"machine" Young's modulus was found using the average
fracture load of the alumina specimens (19.35kg).

g - 19.35 x 10° 2

2.57 % 10-5 0.75 x 10'kg o
. X

"machine"

Therefore for the 20mm span bend tests on devitrified
materials the "measuréd" 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)

. P
“"machine" v = m

"machine" E

Taking this "machine" v from the "measured" v leaves the
"trﬁe" v for that particﬁlar specimen from which the
corresponding value of E can be found using the formula
given above, e.g. specimen RW3/4T1

b = 4.90 x 10 °m
d =2.82 x 10°m
"measured" v £.2;5 x 10°m
vmachine" v = 1:27 X 10° _ o 10 155y,
0.75 x 107
"true" v = (2.5 - 0.17) x 10°= 2.33 X 10 %
E = 9.76 GN m ©

It was found to be impossible to find the Young's
modulus from the 7Tmm 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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AFPENDIX IV

CALCULATION OF INTERLAMINAR SHEAR STRENGTH

FROM SHORT BEAM TEST RESULTS

The interlaminar shear strength (B) can be calculéted
from the load at fracture (P) found from a short span
three-point bend test, iﬁ which the specimen failed in the
shear mode, by using the formula .

- 3P
4bd

B = 2

X g Nm

(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 °m
d =1.10 x 10 °n

B =5.08MN m
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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
opticgl and electron microscopy and electron diffractioq.
Spherulites grown at 700°C were found to consist of mono-
clinic fibres approximately 1lOnm 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. Selecfed 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.closelj matched orientations transverse

to the fibre axis.
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Anisotropic thermal expansion characteristics of
wollastonite

VALUES quoted in the literature for the linear thermal expansion coefficient of
wollastonite (CaSiOj) vary between 9-4x107¢°C~* (100 to 200 °C) Stutzman,
Salvaggi, and Kirchner (1959), 6-5x 1078 °C1 (25 to 800 °C) Whitmer (1969), and
approximately 6:< 107 °C—! (100 to 1000 °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 =28 T
calcium ions are linked by irregular . wre o

s

i
octahedral coordination to six of the 1_.1'_'“*_:

oxygen ions in the chain tetrahedra.

Parawollastonite, the other low- . .

t t 1 h h F1G. 1. Photomicrograph of the wollastonite sample
e.m'pera ure polymorph, has a mono- showing the alignment and dimensions of the fibres,
clinic structure closely related to the X 60.

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. 1is an optical micrograph of this sample in thin section showing the fibres to be
mutually parallel, approximately 20 um 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 §x 5% 13 mm, having its long side
parallel to [o10], and the other approximately 5x 5 10 mm, having the long side in
the (010) 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 650 °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

X, Mean value of expansion

- ] Limit of measured values /
o 2
0046 /. Goa
g % %
o

x / L
w O-3F /i i O-3F
Ll
O /$ b }
< o2f < 02 /f
Zz z
= ]
£ 0-1 & %

N o 01+
& % i /

/ 1 1 | 1 1 1
0 200 400 600 T°C 0 200 400 600 T°C

FiGs. 2a and 2b. FiG. 2a (left). Expansion characteristics in the direction of the fibres, ie. [o10].
FiG. 2b (right). Expansion characteristics perpendicular to the fibre direction, i.e. (o10).

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 20:1X1078°C-! (25 to 650 °C), which is within
2+5 % of the tabulated value of 20:6 X 10~¢ °C~* (o to 500 °C), Rogers, Schooner, and
Jordan (1936).

The percentage expansion over the temperature range 25 to 650 °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. [o10],
showed a linear increase in dimension with temperature, but perpendicular to the
fibres, i.e. (o10) the rate of expansion increased with increasing temperature. The
expansion coefficients (25 to 650 °C) calculated for each orientation are:

[o10] : 6-23%X 1078 °C-?, standard deviation = o'108
(o10) : 7-77 %X 107% °C-, standard deviation = 0-361
The larger scatter given in the results for the (o10) 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




SHORT COMMUNICATIONS 651

grain boundaries. Since fig. 25 shows a non-linear relationship between expansion and
temperature a series of coefficients for various temperature ranges were derived.

Expansion coefficient x 10% °C-1 : 57 63 67 770 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 [o10] 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 [010] 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 (o10) 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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