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ABSTRACT

The alkaline-earth silicate fibres are a new generation of man-made insulation
materials. The materials are amorphous on manufacture and have been shown to be
soluble in physiological solutions and to be cleared from the lung in animal exposure
trials.

This reported study provides a thorough investigations of the devitrification behaviour
of Superwool X-607 (Morgan Materials Technology), and two further compositions,
code names A2 and B3.

Thermal exposures were made within the region extending from 700 to 1250°C and
10 mirjutes to 3240 hours in clean furnace environments. The devitrified
microgtructures and products were identified using X-ray powder diffraction and
analytical electron microscopy. Details are provided of the development of specimen
preparation techniques to enable fibre cross-sections to be analyzed in the TEM.

The devitrification products are presented as a function of exposure temperature and
time for all 3 compositions. The amorphous glass separated into a silica-rich phase
and aj alkaline-earth silicate rich phase and the development of these amorphous
phases is presented and discussed. The subsequent devitrification of these separated
phases into associated silica crystalline phases and alkaline-earth silicate crystalline
phases, and, in each case, the subsequent phases and transformations with increasing
thermal exposure are also presented and discussed.

For the crystalline silica phases, the following unusual transformation situation was
identified in all 3 compositions: amorphous silica — a-quartz — a-cristobalite —
tridymite. In comparison with established understanding of silica phase
transformations, the following anomalies were identified and explained: a) the
formation of quartz as the primary crystalline silica phase at temperatures 21000°C,
and b) the subsequent formation of a-cristobalite, the low-temperature form, other
than B-cristobalite, the high-temperature form, which was the only silica phase
identified in the devitrified aluminosilicate fibres.

For the alkaline-earth silicate phases, two forms of wollastonite solid solution were
characterised. The low-temperature form, containing more Mg”*, transforms to the
high-temperature form and diopside at temperatures above 900°C. The low-
temperature anomaly, ie the formation of the immature high-temperature form below
900°C is possibly due to a secondary phase separation. Pseudowollastonite was
found to be metastable in the investigated temperature region. It is suggested that the
detailed transformation process among these alkaline-earth silicate phases has been
identified for the first time.

This thesis also includes a detailed review of published studies concerning this
materials systems as well as recommendations for further work.
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Refractory ceramic fibres are used extensively in insulation, fire protection, refractory
and engineering applications due to their good high-temperature performance
including low thermal conductivity, low thermal capacity, good resistance to thermal
shock, good resistance to chemical corrosion and cheaper installation and
maintenance costs in comparison with more traditional materials'. These products
have included aluminosilicate fibres, possibly with additional oxide components to
stabilise the fibres for higher temperature use, and now include the alkaline earth
silicate fibre which have been developed in response to the need for fibres which

{

present a reduced health risk when inhaled.

These fibres are vitreous as manufactured but can devitrify in high temperature use.

2,3,4,5 67,8 o1 devitrification of aluminosilicate refractory ceramic fibres

Studies
have identified the formation of cristobalite and concern has arisen that inhalation of

cristobalite-containing dust, say during subsequent repair, refurbishment, or disposal

of furnace linings, could cause lung diseases, ' 2. Detailed and systematic
investigations of both the materials-related and health-related aspects of the
devitrification in aluminosilicate fibres have been reported by Young et al'™ 14 Sara"
and Laskowski, et al.">. However, little is known about the devitrification behaviour

of the new generation of alkaline-earth silicate fibres which in their as-manufactured

. . . . . 17
state have been shown by in vivo and in vitro studies to be much safer . Further, data
from the manufacture emphasises the properties of the as-manufactured fibres and

does not address of changes occurring to the fibres during their intended use.



The main aim of this project has been to provide knowledge and understanding of the
detailed devitrification behaviour of this new generation of alkaline earth silicate fibres
with a view to informing the development of these materials in relation to their
engineering properties and safety in use. A related aim was the development of a
better understanding of the devitrification process and products in such fibrous
systems. The study focused primarily on the devitrification behaviour of Superwool
X-607 but included analysis of two products, coded A2 and B3 chosen to provide
understanding of related compositions. Detailed objectives were the determination of
devitrification products, microstructures and processes as a function of thermal
exposure temperatures. These were chosen to include also realistic usage conditions

of the fibres in clean furnace environments.

The study involved thermal exposure of the fibrous materials over the following
ranges of temperature from 700 to 1250°C and time from 10 minutes to 3240 hours
using laboratory muffle furnaces and a purpose built vertical tube furnace.
Devitrification products were identified using, in particular, a combination of X-ray
diffractometry (XRD), electron diffraction (ED) and energy dispersive spectroscopy
(EDS) and microstructure studied using transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). Techniques were developed to provide the

necessary thin fibre cross-sections for detailed TEM studies.

This thesis provides a detailed reviews of reported work relevant to this study

(chapter 2) and describes the experimental apparatus and techniques (chapter 3).



Chapter 4 is a presentation and analysis of the experimental results and chapter 5
contains a detailed discussion and interpretation of the findings together with
recommendations for further work. The major conclusions from this investigation are

defined in chapter 6.



2.1 Refractory Ceramic Fibres

Asbestos has been used extensively for many applications since the late 19th century.
It is a relatively inexpensive material with useful chemical and physical properties,
such as good chemical stability, fire resistance, mechanical strength, high fibre length
to diameter ratio, flexibility and good friction and wear characteristics, which make it
very durable. Such properties make it ideally suited for many applications, such as
high temperature thermal insulation and fire protection, making brakes and clutches,
as a reinforcing agent for various composites, etc. Unfortunately, asbestos exposure
can cause asbestosis and lung cancer'® ", and hence concern about the safety of
asbestos has led to extensive legislation in most countries. Many inorganic fibrous
materials are used as substitutes for asbestos in certain applications™” *'. Among
them, refractory ceramic fibres (RCFs) are in widespread use as refractory insulation

and find application as dry seals and fire protective components.

The development, manufacture and properties of “specialised” high-performance
ceramic fibres have been reviewed by Bracke et al?2. These fibrous materials include
whiskers and continuous filament forms and single crystal, polycrystalline and
multiphase microstructures. They are made by a range of different routes including
vapour deposition, chemical transformation, and crystallisation. However, the bulk
of fibrous materials produced for use in high temperature insulation are vitreous

aluminosilicate fibres, usually prepared as wool.



Standard grade aluminosilicate fibre has an arithmetic-mean fibre diameter of typically
2-3 um®. They have good resistance to high temperatures. They are made either, by
melting a combination of the oxides of aluminum and silicon in approximately equal
proportions, or by melting calcined kaolin. Figure 2-1 is a schematic diagram
illustrating the manufacture of the fibres. The melt stream is delivered for fiberisation
by passing the melt through graphite bushes at the bottom of the melting furnace®™.
Fiberisaﬁon is achieved by blowing or spinning. In the blowing process, the melt
stream is dispersed by a high-pressure air or steam jet which disperses the molten
stream into droplets that gain momentum from the jet and elongate and attenuate
them into fibre. In the spinning process, the melt stream drops onto the periphery of
one or a number of vertical rotating discs. The molten material bonds to the disc
surface and melt droplets are ejected and attenuated by centrifugal action. Other
oxides such as zirconia and chromia are sometimes added to the melt to alter the
physical properties of the resulting RCFs, especially its high temperature resistance’.
Generally, these fibres have low thermal conductivity, low thermal capacity, high
thermal shock resistance, and good resistance to chemical corrosion, except from
hydrofluoric and phosphoric acids and concentrated alkalis. Applications for RCFs
include the insulation of furnaces, heaters, kiln linings and other high-temperature

equipment, fire protection, and refractory and engineering products.

It is still not clear what the causative mechanism is that relates some forms of
asbestos with disease, but some researchers believe that the mechanism is mechanical
and size related 2°. It has been noted that the lower end of the fibre diameter range of

ceramic fibres extends into the respirable region. The adverse effects of exposure to



asbestos has led to some concern about the potential for other fibrous materials to
cause similar diseases in exposed humans. In the as-manufactured state most RCFs
are vitreous but they can devitrify on heating. Results of studies concerning the
occurrence of cristobalite in furnace-exposed linings, the dust release from furnace-
exposed materials and the industrial hygiene of furnace stripping operations have been
published >***®. Concern has arisen that changes in physical and chemical properties
of traditional aluminosilicate refractory ceramic fibres during high temperature
applications, may pose a health hazard through the subsequent release and inhalation
of cristobalite dust > 1% 2. Accordingly there is a demand for inorganic fibres that
will pose as little risk as possible, ideally no risk, and for which there are objective

grounds to believe them safe.

2.2 Alkaline-Earth Silicate Refractory Ceramic Fibre

2.2.1 Development of the Fibre

Although the biological activity of inorganic fibres is influenced by chemical
composition, the toxicity of fibres that are durable in tissues is primarily dependent on
diameter. One approach to greater safety is to produce fibres of non-respirable size
using non-melt processing®. The risk of asbestos-linked disease appears to depend
very much on the length of exposure. The shorter the time a fibre is resident in the
body the less damage it can do. If fibres are soluble in physiological saline solution,
provided the dissolved components are not toxic, the fibres should be safer than those

which are not so soluble. Another approach to make safer fibre has therefore been to



make fibres which are soluble in lung fluids. European patent specifications disclose a
selection of fibres characterised by their level of saline solubility”’. The refractoriness
of these fibres varies considerably and the maximum service temperature of any of
these fibres was only 815°C. There was thus a demand for physiologically soluble
fibres having a service temperature of greater than 815°C. Alkaline-earth silicate
based ceramic fibre has been developed by Morgan Materials Limited to meet this
demand'”. They have low thermal conductivity characteristics similar to existing
ceramic fibre products, but are sufficiently soluble in physiological fluids that their
residence time in the human body is short, so that damage would not occur or at least
be minimised. Their solubility in physiological solutions and clearance in the most
extreme animal exposure trials make this fibre an outstanding material for thermal

insulation.

The composition range of the alkaline-earth silicate fibre patented by Morgan

Materials is as follows (mass %)'":

N0)) >58% (for MgO <10% ) and
SiOp >58% + 0.5 (%MgO -10) (for MgO 210% )
CaO 0%—42%

MgO 0%—31.33%

AHO3 0%— <3.97%

This composition range is represented on the SiO3 - CaO - MgO phase diagram in

figure 2-4. The compositions are essentially free of fluxing components such as alkali

metals and boron oxide.



Superwool® Blanket Grade X-607, A2 and B3 fibres, which have been investigated in
this project, are developed from this system. Superwool X-607 was the first
commercial product coming into the market in 1993. A2 and B3 fibres are
development products in this alkaline-earth silicate fibre system. As will be
introduced in section 3.2 they have very different compositions from Superwool X-

607, A2 with higher MgO concentration and B3 higher CaO concentration.

2.2.2 Physical and Chemical Properties of Alkaline Earth Silicate

Fibre 728

The alkaline-earth silicate fibres made in the composition range defined above have a
shrinkage of less than 3.5% when exposed to 1000°C for 24 hours and/or 800°C for
24 hours. Superwool® Grade X-607 products, which is already available on the
market, normally contains fibres showing a range of lengths and diameters. Table 1
shows typical diameter distributions for two production runs. Fibre diameters were
measured using a Calai particle analyser with shape analysis software and 40,000
fibres were analysed for each run. The fibres displayed a distribution of diameters and
a significant proportion of fibres were of respirable diameter (< 3um). The product is
claimed to retain a soft fibrous texture at temperatures up to 1000°C in clean

oxidising conditions.

Traditional refractory alumino-silicate ceramic fibres (RCF) are about 200 times more

soluble than chrysotile asbestos and Superwool is over 100,000 times more soluble.
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This means that any fibre of Superwool fibre which does reach the lung will not
survive and will thus have little chance of causing any damage. Being substantially
more soluble than traditionally RCFs, Superwool may be expected to be a potentially

safer fibre.

2.2.3 Manufacture and Product Forms of the Fibre?®

Alkaline-earth silicate fibres can be produced by using spinning and blowing methods.
The melt is formed by electrical discharge melting of the constituent raw materials in
an electric resistance furnace. The molten mixture is made into a fibre by subsequent
spinning and blowing. The manufacturers have found that the Al,O; content in the
fibre composition is important. The maximum ALO; content lies somewhere between
2.57 and 3.97 mass %. It was found that with increasing alumina levels the first phase
to crystallise was a calcium aluminate and this possibly forms a liquid phase that
assists flow and hence shrinkage. The use of calcium oxide in making alkaline-earth
silicate fibres is inconvenient and can be hazardous. Therefore the manufacturers use

wollastonite to substitute calcium oxide and part of the silica in the composition.

Alkaline-earth silicate fibres are available in a wide range of forms, including: blanket,
textile yarn, cloth, rope and etc. Blanket fibre is generally made by a process of
sucking air-borne fibre onto a conveyor to form a blanket. The blanket fibres are
secured by adding a binder to lock the fibres together, or needling the blanket. In

needling, needles are passed through the thickness of the blanket to push and draw

11



fibres to lie transverse to the blanket and so tie the fibres together. The binders used

are usually organic resins, such as phenolic resins, and burn off on firing.

2.2.4 Applications of Alkaline-Earth Silicate Fibre?®

Maximum service temperatures are dependent on applications. Superwool is ideal for
a wide variety of industrial and building applications up to 1000 °C. Examples of
applications are:

e Furnace linings.

e General purpose high temperature industrial insulation.

e Re-usable insulation blankets for stress relieving of welds in the field.

e Removable insulating blankets for steam and gas turbines.

e Insulation wrap on investment casting moulds.

e Flexible high temperature pipe insulation.

e Fire protection.

e Insulation of electrical appliances, boilers, fire-places, etc..

2.3 Phase Equilibria in the Relevant Systems

2.3.1 Silica

The classic paper by Fenner” established the relationship between the several forms of
silica and laid a sound foundation for all silicate systems. Because of the great

importance of silica as a refractory material and ceramic raw material, the

12



relationships among the various crystalline phases of silica have been studied in great

depth over the past century.

As shown in the equilibrium phase diagram, figure 2-2 there are two forms of quartz,
referred to as high- and low-quartz. Tridymite and cristobalite also have high and low
temperature forms, but the low forms are metastable and do not appear on an
equilibrium phase diagram. Coesite and stishovite originate in very high-pressure
environments. It should be noted that the nomenclature used in this thesis is that of o
for a lower temperature form and B for a higher temperature form of a given
crystalline phase. The transformation from o.-quartz to B-quartz traditionally has been
placed at 573°C at 1 bar. The transition from f-quartz to B,-tridymite at 1 bar occurs
at 867°C, and PB,-tridymite inverts to B-cristobalite at 1470°C. B-cristobalite melts to

silica liquid at 1727°C.

2.3.2 CaO-SiO,

Day and Shepherd®® reported on the lime-silica series of minerals. This work was
extended by Rankin and Wright*! and was later modified by Greig™ in the high-silica
region. Bowen, Schairer and Posnjak™ showed that there is no solid solution with an
excess of SiO, or an excess of lime in the compound CaSiOs. They reported a
correction to the composition of the eutectic between pseudowollastonite, which is
the high temperature form of CaSiOs, and tridymite. They also showed that the
inversion temperature between high and low-temperature forms of CaSiO; must be

1150° C or even lower. Osborn and Schairer >* determined this inversion temperature

13

—




more accurately at 1125+10° C. The equilibrium diagram for CaO-SiO; is given as

figure 2-3.

2.3.3 Ca0-MgO-SiO;

The occurrence of liquid immiscibility in alkaline earth silicate systems was established
by Greig®>. Investigations on a portion of this system was carried out by Bowen’’,
who determined the phase relationships in the ternary system diopside-forsterite-silica.
Ferguson and Merwin®® studied the whole system. They identified four ternary
compounds - diopside (CaO-MgO-2Si0,), akermanite (2Ca0-MgO-2S5i0,),
monticellite (CaO-MgO-SiO;) and a compound 5Ca0-2Mg0-6SiO; in the system.
Schairer and Bowen®’ showed that the compound 5Ca0-2MgO-6Si0, did not exist, in
the system but instead a low-temperature form of CaSiO3, wollastonite - diopside
solid solution appeared. ( this issue will be addressed in more detail in the following
section). This was confirmed by Osborn™. X-ray diffraction data obtained by the
powder method, for 19 compounds which are stable and metastable at room
temperature in the system CaO-MgO-SiO, have been presented by Clark™.
Additional phase equilibrium data has been contributed by Ricker and Osborn®’ and a
revised equilibrium diagram of the ternary system CaO-MgO-SiO, was presented as

shown in figure 2-4.

14



2.3.4 CaSiO;-CaMgSi,Os

The relationship between the principal forms of CaSiO; , ie wollastonite in its low
temperature form and pseudowollastonite in its high temperature form ( see section
2.4 for more detailed information ), and CaMgSi,Os (diopside) have been discussed
by Allen et al*' , who studied the system by means of heating curves and microscopic
examination. Later Ferguson and Merwin in two papers on the system CaO-MgO-
Si0, and on wollastonite and related solid solutions in the ternary system CaO-MgO-
Si0, , discussed the relationships between CaSiO; and CaMgSi,Os 3¢ _ Schairer and
Bowen®’ made a detailed re-examination of the relationships between CaSiO; and
CaMgSi,05 and a phase diagram was produced, as shown in figure 2-5. In the system
CaSiOs- CaMgSi,Os, the low temperature form of CaSiO; (wollastonite) can take up
to 21% CaMgSi,Os into solid solution (wollastonite solid solution), while little or no
CaMgSi,0s enters into solution in the high temperature form (pseudowollastonite).
As a consequence, the inversion temperature of the wollastonite solid solutions to
pseudowollastonite increases from 1125+10°C in pure wollastonite to a maximum of
1368+2°C and wollastonite solid solutions persist upto the liquidus. There is a
eutectic at 1358+2°C and at 62 mass % diopside. At the eutectic, crystals of pure
diopside and of wollastonite solid solution with the maximum soluble amount of
diopside (21%) are in equilibrium with liquid. The crystals of diopside in this system
are always pure CaMgSiOs. There is no solid solution of CaSiOs in diopside. At
temperatures below the eutectic, wollastonite solid solution crystals contain less

diopside than at the eutectic and precipitation therefore occurs at lower temperatures.
Investigations by Osborn™ showed that wollastonite solid solutions occurring in the

system CaSi0;-CaMgSi;0s-CaAl;Si;Os had the same compositional range as those in

the system CaSiOs- CaMgSi;Oe.

15



2.3.5 Ca0-AL,0;5-Si0,

Figure 2-6 shows the equilibrium diagram for the ternary system CaO-A1203-Si0242 .

Tt is worth noting that the eutectic temperature in this system can be as low as 1 170°C
at low AlLO; concentrations, which suggests small amounts of AL O; in alkaline-earth
silicate fibre might not only greatly affect the devitrification behaviour of the fibre but

also affect the refractoriness of the fibre.

2.4 Potential Devitrification Products

2.4.1 Crystalline Silica

2.4.1.1 Silica Polymorphs

The traditional view, after Fenner”, is that there are three distinct families of silica
structures which are stable at ambient pressure: quartz, tridymite and cristobalite, all
of which have both high and low temperature modifications. In each case the
structure is built from SiO, tetrahedra which are linked by sharing each of their
corners with another tetrahedron. In the three dimensional framework thus formed,
every silicon atom has four oxygen atoms and every oxygen has two silicon atoms as
nearest neighbours. Figure 2-7 shows the modifications, transformations and crystal
structures of silica. In the high-low transformations, only slight distortions of
structure occur, with no breaking of Si-O bonds. Research over the past several
decades has sought out the mechanisms that control these transitions. The
transformations between the three mineral species however involves a major
rearrangement of the silica tetrahedra and the breaking of Si-O bonds. Although
quartz is believed to be the stable phase at temperatures below about 867°C, both

tridymite and cristobalite can be cooled to low temperatures, where they are

16



metastable due to the high activation energy for reconstructive transformation. The
structures of the different forms and transformation relationships have been discussed

in detail by Griffen “.

2.4.1.2 Quartz

The pioneering work of Bragg* and Gibbs™ firmly established the topological
conformation of the silica framework for c-and B-quartz. Single crystal high
temperature studies have allowed measurement of the structural changes that

46, 47and neutrons®. Low-

accompany the a-B quartz transition using X-rays
temperature refinements of a-quartz have been reported™ ™. Quartz has also been
approached through Rietveld refinement of standard X-ray”' and synchrotron X-ray’’
powder diffraction data. The structure of a--quartz is most easily envisioned as a
distortion of the high-temperature § modification. In B-quartz, paired helical chains
of silica tetrahedra spiral in the same sense around 6, or 6, screw axes parallel to c.
When B-quartz is cooled below 573°C, the expanded B-quartz framework collapses to
the denser o-quartz configuration. Detailed studies of the a-f quartz transition have
been reviewed by Dolino® and by Heaney and Veblen*. Anomalous behaviour near
the critical temperature has been detected by different analytical techniques®> .
Young suggested that macroscopic Dauphine twin domains are replaced by fine-scale
microtwins as o-quartz transforms to B-quartz on the basis of high-temperature X-ray

diffraction experiments* His suggestion was supported by Van Tendeloo et al’

and
Malov and Sonyushkin®, who observed the a-B quartz transition in situ by
transmission electron microscopy. Bachheimer ** provided experimental verification
for the occurrence of at least one stable intermediate phase by simultaneous
monitoring of thermal expansion, elastic compliance and birefringence about the

transition. These observations are consistent with hysteresis effects reported in

Raman experiments® and Neutron diffraction studies®'.
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2.4.1.3 Tridymite

The anomalous thermochemical properties of tridymite has prompted some
researchers to suggest that tridymite is not a pure silica polymorph with a true stability
field within the silica system. In response to these ideas, Hill and Roy * successfully
synthesised tridymite from transistor-grade silicon and high purity silica gel using only
H,O and D,0 as fluxes; confirmation of these results by subsequent researchers, €.g.
Sato® , has convinced most scientists of the legitimacy of tridymite as a stable phase
of silica. Tridymite has several energetically almost degenerate modifications.
Determination of the structures of the low-temperature polymorphs of tridymite has
proved one of the greater challenges in the crystal structure analysis of minerals. The
idealised tridymite structure® comprises hexagonal sheets of SiO, tetrahedra arrayed
in six-fold rings, with adjacent tetrahedra directed in opposite directions. Successive
sheets are stacked in an "ABAB..." sequence parallel to [001], analogous to
"hexagonal close packing" in metals. The actual behaviour appears to be crucially
dependent on both the starting materials and its thermal history. The tridymite
structure is very tolerant to jonic substitutions®* ®*. Large cations, most notably Na,
K and Ca, can be accommodated within [001] structural channels, residing between
successive sheets of silicate tetrahedra, with 9 nearest-neighbour oxygen atoms.
Charge balance is attained by the partial replacement of silicon by a lower-valence
cation (e.g., Al or Mg). Not only do samples vary chemically, but the layer structure
is amenable to a high degree of stacking disorder and defects, and to the possibility of
long-range superstructures. Coexistence and structural intergrowth of several

7, 68

tridymite polymorphs and cristobalite has been observed®®

X-ray powder diffraction patterns of tridymite have long been debated® "™ R

Deviations in the diffractograms of tridymite due to texture effect, stacking disorder
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and intergrowth of different modifications which complicate identification and
indexing, have been discussed by Graetsch and Florke™. Varying degrees of stacking
disorder will cause line broadening, differing reflection profiles, peak shifts and

changes in the intensity of X-ray powder patterns of tridymite.

2.4.1.4 Cristobalite

Cristobalite is the highest-temperature polymorph of silica. The crystal structure is
related to that of tridymite: the ideal structures differ only in the stacking sequence of
otherwise identical layers of SiO, tetrahedra. The "ABCABC" stacking sequence of
tetrahedral sheets gives a maximum topological symmetry of Fd3m. Although
cristobalite shows macroscopic cubic symmetry at high temperatures, the true
microscopic symmetry is probably much lower, indicated by the observation of diffuse

intensity in diffraction patterns "*.

Theoretically the high-temperature B-cristobalite phase cannot be preserved by
quenching because the o-f transition is displacive in nature. Beginning with the work
of Florke™, and Hill et al’®, it was realised that the phase relationships between the
two forms of cristobalite were complex. The temperature of the a-f8 inversion in
cristobalite is variable and depends on the structure of the starting material, any prior
thermal history”, chemical effects such as the incorporation of foreign ions, such as
Na’, Ca’" and AT and also the degree of disorder of the crystalline structure, for
example tridymite stacking faults caused by low crystallisation temperatures and/or
impurity ions”’. The inversion temperatures displayed by different specimens range
from 120 to 272°C”® with a hysteresis as large as 40°C™. For a single sample, the
transition temperature even differs on heating and cooling. When cooling from high
temperature, B-cristobalite transforms reversibly to low-temperature or o-cristobalite

near 250°C by a process of long- range ordering of a cooperative tilt system in the
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tetrahedral network. This produces a spontaneous strain as large as -1.0% and -2.2%

for the a- and c-directions respectively™ .

The P to o transformation of cristobalite may be suppressed by one or a combination
of the following mechanisms:

a) Stress depression: Wagstaff 81 found B-cristobalite crystals which had nucleated
and grown within a vitreous silica matrix. The large difference in thermal expansion
induced a strain energy large enough to retain B-cristobalite metastably at room

temperature.

b) Chemical stabilisation ** * ® : The presence of foreign ions in the interstices
inhibits the contraction of the structure during the B-c transition of cristobalite,
stabilising the cubic B-cristobalite to low-temperature.

¢) Stacking disorder stabilisation: Florke®"* found that tridymite stacking faults in
cristobalite caused by a low crystallisation temperature and /or impurity-ions, lowered
the o-B phase transition temperature.

B-cristobalite has also been observed stabilised to room temperature in devitrified

Standard™ and High-duty"™ grade fibres by Young et al ** and Lascowski et al's.
This was shown by X-ray powder diffractometry data and differential scanning

calorimetry data.

2.4.2 CaSiO;

2.4.2.1 Modifications

Table 2-2 shows the different modifications of CaSiO; and their related

crystallographic information' -
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There are three modifications of calcium metasilicate:
Pseudowollastonite (B-CaSiOs) which is the high-temperature form,
Wollastonite, also referred to as wollastonite Tc, and

Parawollastonite, also known as wollastonite-2M.

Wollastonite and parawollastonite have closely related properties. They are both
commonly identified as the low temperature form, a-CaSiOs, and are only only stable

below 1125°C+10°CY.

2.4.2.2 Structures
2.4.2.2.1 Wollastonite

The crystal structures of wollastonite-Tc and wollastonite-2M are well established,
and are related in a polytypic manner. Direct structure imaging of wollastonite by
high-resolution electron microscopy at 500 kV has been demonstrated by Smith®’
both experimentally and theoretically. The distinguishing features of the X-ray
powder diffraction patterns of wollastonite-Tc and wollastonite-2M have been
identified by Heller and Taylor *®. Tt is claimed that the distinction can be made by
noting the separation between the strong 3.83 A line and the one adjacent on the low-
angle side; this has a d-spacing of 4.05A in wollastonite and 4.37A in wollastonite-

2M.

The triclinic nature of the wollastonite-Tc structure was first confirmed by Peacock®®
and further detailed work on wollastonite-Tc has been carried out by a number of
workers™ %, The structure of wollastonite was determined by Mamedov and Belov”
and refined by Buerger and Prewitt’”” . The structure of wollastonite-Tc is

characterised by chains of SiOs- tetrahedra which extend parallel to the y-axis and
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have a three cell repeat (b=7.32 A). This repeat unit can be considered as consisting
of a pair of tetrahedra joined apex to apex as in the [S1,07] group, alternating with a
single tetrahedron with one edge parallel to the chain direction. The chains are held
together by interstitial Ca®* which is in a distorted six fold co-ordination. Figure 2-8a
shows a z-projection of the structure of triclinic wollastonite as determined by

Mamedov and Belov®* from two-dimensional film data.

The cell parameters of wollastonite-2M were obtained by Barnick **. Three-
dimensional X-ray single-crystal work has confirmed that wollastonite-2M is related
to wollastonite-Tc by a simple stacking modification®. The triclinic form can be
distinguished from the monoclinic form by the slight inclination of the optic axial
plane to the plane normal to the y-axis, which was confirmed by asymmetry in the
single-crystal X-ray diffraction pattern. It was shown that wollastonite-2M has the

same type of chain structure as wollastonite-Tc % (figure 2-8b).

Polymorphism of wollastonite is very common. This can be achieved in various ways.
If A is the normal wollastonite-Tc unit cell and B is a unit cell related to the original
one by a mirror reflection on (100), or by rotation on a screw axis around [010], or by
translation or glide parallel to [010], all with (100) as the composition plane, then for
the different polymorphs the following stacking sequences of A and B could occur’:
IT:AAAA

2M: ABAB

4T:AAABAAAB

4AM:AABBAABB

©«T:ABAABBB

As the units might be distorted in the packing, a slightly triclinic symmetry can also be
expected for the 2M and 4M arrangement. A “fibrous” wollastonite was considered

by Jeffery”’ to consist of complex intergrowth of both triclinic and monoclinic forms
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with packing mistakes, or alternatively with a twinning relationship. Parawollastonite
may be produced by stacking faults in every second triclinic unit cell of wollastonite,

whereas twin lamella may be produced by faults in every adjacent triclinic unit cell”.

Different superstructures of wollastonite from the regional metamorphic Lepontine
zone (Souththern Alps) and other localities were found by Wenk’®. Besides well
ordered normal 1T, 2M and 4T-wollastonite, other disordered intermediate states
were found. It was also noticed that the superstructure occurred only in strained
rocks with well developed lineation and strong preferred orientation and hence could

could be explained as a deformation effect.

Polymorphism and stacking disorder in wollastonite were also investigated by
Jefferson and Bowen”. A wollastonite crystal was reported to give X-ray diffraction
patterns of 4M polytype with triclinic distortion, a possible explanation being that this
may represent a fine intergrowth of 1T and 2M forms. Some wollastonites give
patterns in which reflections on k even layers are sharp, but in which there is streaking
parallel to a* on k odd layers, sometimes with maxima on the streaks. Such patterns
are attributed to stacking disorder. Further transmission electron microscopic
evidence of polytypism in wollastonite are presented by Wenk et al'”® and Hutchison

and McLaren ', The latter confirmed that simple stacking faults and twinning both

occur.

2.4.2.2.2 Pseudowollastonite

On the basis of investigations made by Clark®, Jeffery et al, Liebau'** and Hilmer'?”,

Yamanaka et al'® studied a single crystal of pseudowollastonite and the presence of
polytype structures was elucidated by X-ray photographs. A four-layer polytype was

found to be predominant, but in a few cases they also found a six-layer polytype, a
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mixed structure of four- and six-layer polytypes and disordered structure. The
structure of the four-layer polytype consisted of four Ca-octahedra layers and ternary
rings of three tetrahedra of Si;O, interposed between the layers (Figure 2-9). Ca
atoms in the unit cell occupy seven independent positions: two on inversion centres
and five at general positions. These Ca octahedra in a layer are compressed in the
c-direction, while tetrahedra of the rings are elongated in the same direction. Thus
distances between Ca and two bridging O atoms in the tetrahedra are short enough for
Ca atoms to co-ordinate these O atoms. All Ca atoms have an eightfold co-

ordination in the structure, though they seemingly occupy octahedral sites.

2.4.2.3 Inversion

It has been noted that when pure pseudowollastonite was cooled, even very slowly, it
did not revert to wollastonite owing to the sluggish nature of the silicate
transformation'®. If powdered glass of composition CaSiO; is crystallised at any
temperature, the product always consists almost exclusively of pseudowollastonite,
but lumps of the same glass will crystallise readily to wollastonite with only a trace of
pseudowollastonite present at temperature between 800-1 100°C*’. The inversion
temperature between wollastonite ;nd pseudowollastonite has been determined to be

1125+10°C*,

The change may be so sluggish, close to the inversion temperature, that a longer
period of heating would affect some inversion at a still lower temperature. Buckner
et al'® found an anomalous two-phase region, with both wollastonite and
pseudowollastonite present between about 1115°C and 1135°C, in duplicate runs
starting with both wollastonite and pseudowollastonite. On the basis of this data, the
temperature of the reversion of pseudowollastonite to wollastonite was taken to be at

least as low as 1120°C. Wollastonite was not converted completely to
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pseudowollastonite even when exposed at 1142°C for 169 hours. They found that the
lowest temperature at which pseudowollastonite, in addition to wollastonite, was
crystallised from glass to be/ 1117°C. Wollastonite held at 1117°C for 71 hours
remained wollastonite, but yielded small amounts of pseudowollastonite at 1120°C.
The inversion temperature was raised to 1368°C as a consequence of diopside
entering into solid solution in wollastonite in amounts up to 21 mass %, while little or

no diopside enters into solution in the high temperature form’®.

2.4.3 Diopside

The structure of diopside was first determined by Warren et al'®’. It contains typical
pyroxene chains: SiOy tetrahedra are linked by sharing two out of four corners to
form continuous chains of composition (SiOs),. The pyroxene chains are linked
laterally by Ca and Mg ions (figure 2-10). The Mg ions are in octahedral co-
ordination with oxygen atoms which themselves are linked to only one silicon atom,
while the larger Ca ions are surrounded by eight oxygen atoms, two of which are
shared by neighbouring tetrahedra in the chains. Mg atoms lie principally between the
apices of SiO4 chains, whereas Ca atoms lie principally between their bases. The
neighbouring chains are staggered in the z-direction, so that a monoclinic cell with
a=9.73, b=8.91, c=5.25 A, and B=105°50' results; its space group being C2/c. The
108,

melting point of synthetic diopside was first determined by Day et al'®®; a more precise

determination by Adams'” gave the value 1391.2°+1.5°C.

2.4.4 Wollastonite Solid Solution

Studies using X-ray diffraction and high resolution electron microscopy " 1 have
confirmed that the single-chain silicates such as wollastonite constitute a system with

a basic structure which may, in principle, be adapted in an almost limitless number of
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ways to accommodate different conditions of pressure, temperature and chemical
substitution''>*®,  Although normally fairly close in composition to CaSiOs, the
wollastonite structure can accept considerably amounts of Fe and Mn, and lesser
amounts of Mg, all replacing Ca. With the entry of Mn and Fe into the structure

there is a distinct decrease in cell volume!** -1,

Wollastonite solid solutions occurring in the system CaSiO;-CaMgSi;Os-CaAl;S1,0s
(anorthite) have the same compositional range as those in the system

CaSi0;- CaMgSi;O6>®. It was found that the wollastonite solid solution crystals
appearing in the system CaSiO;-CaMgSi;0s-CaALSi;Os exhibited two distinct crystal
habits. The most usual type appearing in equilibrium with liquid were small (0.01 to
0.03 mm), equant or elongated slightly parallel to the b-direction. A second type
were large (0.1 to 0.3 mm in length) lath-shaped crystals, elongated parallel to the b-
direction. If the runs were short (1 to a few hours), the first type was generally the
only form appearing in equilibrium with other ternary liquids. If the runs were longer
(from several days to a month), the first type disappeared as the second type
appeared. If the same material was used and the temperature was raised to a value at
which pseudowollstonite appeared and then lowered to a temperature at which
wollastonite solid solution is the stable form, only large laths of wollastonite solid
solution appeared. These results suggested that the small crystals of wollastonite
solid solution were not a stable form. Posnjak®® examined the crystals of wollastonite
solid solution and they gave a typical wollastonite X-ray powder pattern with the lines
slightly displaced owing to solid solution. Shinno''” found a new phase of the

diopside composition with the wollastonite structure, which he called Mg-
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wollastonite. This Mg-wollastonite was found to appear throughout the whole range
of the system CaSiO;- CaMgSi,Os. The X-ray and infra-red absorption déta of the
wollastonite-diopside solid solutions (Mg-wollastonite) were presented''®. Mg-
wollastonite containing between 100% and 85% CaSiOs was described as stable,
while between 80% and 0% CaSiO; as metastable. In the stable Mg-wollastonite,
linear contractions of cell dimensions were observed due to the replacement of Ca by
Mg, but no remarkable change occurred in the infrared absorption spectra. In the
metastable Mg-wollastonite, an anisotropic contraction of the cell dimensions and
linear changes in the wavenumber of the absorption bands were observed. Costantini
et al'”® observed wollastonite-diopside solid solution when investigating the
mechanism of the devitrification process of glasses in the system

(1+x)Ca0. (1-x)Mg0.2Si0,, (0 < x < 1.0). X-ray powder diffraction patterns for
samples from a differential thermal analysis (DTA) run stopped just after the
exothermal crystallisation peak were analysed. They noticed that the diffraction peaks
of the wollastonite phase progressively shifted towards high Bragg angles as CaO was
substituted by MgO (x increased from 0.2 to 0.8). In these patterns diffraction peaks
of diopside were absent. Sample x = 0.2 showed diffraction peaks for both

wollastonite and diopside after heat treatment at 1100°C for 10 hours.
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2.5 Phase Separation and Devitrification

2.5.1 Glasses

Glasses are kinetically frozen-in thermodynamically non-equilibrium states'*.

Classically, the term glass refers to any non-crystalline solid formed by cooling from
the melt. By non-crystalline, it is meant that the molecules of the material are
arranged in a chaotic or “amorphous” way so as to give rise to the characteristic
diffuse X-ray pattern of a liquid. By solid, it is meant that the substance is
macroscopically hard or rigid. Glasses at present are obtained not only by the
undercooling of melts, but also by a variety of other methods, e.g., vapour deposition
methods and solution methods'?!, although as far as this thesis is concerned only
oxide glasses made by cooling from a melt will be considered. The glass will have
varying structures and properties depending upon the rate at which it was cooled
through the glass transition. The conceptual picture of the random network was

122 There exist

widely accepted as the best structural model for glasses
thermodynamic driving forces in glasses for crystallisation towards the respective

equilibrium state.

2.5.2 Phase Separation in Glasses

Glasses are regarded as homogeneous materials. However, it is known that some
binary or multicomponent systems exhibit miscibility gaps in their phase diagrams, the

system existing in equilibrium, or metastable equilibrium, as two liquid phases of
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different compositions. The process whereby the homogeneous liquid separates nto
two liquids as it is brought into the two-liquid region is known as phase separation.
Most alkali and alkaline-earth silicate systems exhibit a region of liquid-liquid
immiscibility in which two phases, one alkali or alkaline-earth ions-rich and the other
silica rich, coexist. Much of the early work was concerned with stable immiscibility in
which liquid separation occurs at temperatures above the liquidus, as shown in figure
2-11. It was not until the electron microscope was applied to the study of the
microstructure of glass that metastable liquid immiscibility in oxide systems was found
to be a common phenomenon. Metastable miscibility gaps occur below the liquidus
(figure2-11) but above the glass transition. The chemical composition, quantity and
sizes of regions of inhomogeneity are dependent on the initial glass composition,
cooling rate, or time of holding of the glass at the given temperature. Thus a wide

range of inhomogeneous structures can be obtained.

Phase separation has been observed in many glasses and melts'*. It influences a
variety of glass properties'”®. Thus there have been much research activity on the
subject. Detailed reviews on phase separation in glass forming systems have been
published by Hammel'**, Porai-Koshits'**, Charles'**, Zarzycki'”’, James'?®, Uhlmann

123

and Kolbeck'?’, Vogel'**, Seward"!, Mazurin and Porai-Koshits'~. The origin of
immiscibility, kinetics of phase separation, influence on the properties, etc., have been
discussed in detail in these reviews and therefore only a brief review of the theories of

nucleation, growth, spinodal decomposition and intersecting growth, which are

important for the understanding of this thesis, will be presented here.
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Thermodynamically, phase separation takes place because the system can reduce its
free energy by separating into two or more phases. Theoretically there are two types
of transformation mechanisms by which the final structure is attained. One is by a

nucleation and growth mechanism, and the other spinodal decomposition.

Classical homogeneous nucleation and growth theory considers the existence of a
nucleation barrier'??. Once a stable nucleus has formed, growth is usually diffusion
controlled. The separating phase at constant temperature maintains a constant
composition with respect to time. During the initial stage, the nuclei tend to develop
as randomly distributed spherical particles with low connectivity. The interface
between the dispersed phase and matrix is relatively sharp during the growth period.
During the early stages of the growth of isolated spherical droplets, produced by
nucleation in the metastable region of the immiscibility gap, the droplets grow by long
range diffusion at a rate controlled by temperature. At a later stage of growth, when
the matrix is approaching its equilibrium composition a coarsening process begins to
dominate, in which the smaller particles tend to dissolve and the larger particles grow

at their expense.

According to spinodal decomposition theory'** '**., the work of formation of a
nucleus approaches zero at the spinodal and within the spinodal no nucleation barrier
exists. Phase separation is spontaneous, limited only by the mobility of the molecular
species. When temperature is constant, the separating phase shows a continuous,
irreversible variation in extremes of composition with time until equilibrium
compositions are reached. The interface is initially diffuse, the second phase tends to
be nonspherical in shape but uniformly distributed in size and shapes, and showing

high connectivity.
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Following the work by Cahn'*?, the highly interconnected microstructure of many
phase separated glasses observed by electron microscopy was taken by some authors
as evidence for spinodal decomposition. However, it was realised that morphology
alone is not sufficient to decide on the mechanism of separation. Haller ** has
demonstrated that an interconnected microstructure can also be produced by classical
nucleation, to form a high density of small discrete spherical particles followed by
radial growth of these particles until they touch, the area of contact enlarging by a
rearrangement process. This model predicts that the nucleation density determines
the final morphology of the structure. The larger the nucleation density, the closer the
spherical particles approach each other before matrix depletion slows down the
diffusion process. Hence for a given composition, high nucleation density may
produce a highly interconnected microstructure, whereas a low nucleation density
may yield isolated droplets and low connectivity. Haller’s theory™**, known as the

intersecting growth theory, received support from Seward et al'*®

who made an
electron microscope study of the BaO-SiO; system in the region of the miscibility gap.
The work of MacDowell and Beall"*® on phase separation in Al,0;-SiO; glasses also

supported this model.

The factors which affect the phase separation process and morphology have been
studied in great detail'>’. The mean composition and the heat-treatment temperature
define the compositions and volume fractions of coexisting phases. Mazurin et al 17
investigated the effect of previous thermal history on the morphology of a phase-
separated glass. Slow cooling of the melt leads to a droplet structure more often than

sharp decrease in temperature and subsequent isothermal holding. Haller and
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Macedo'®® studied a 7 mass % Na,O, 25 mass % B,0;, 68 mass% SiO; glass to prove
that the type of a structure also depended on how the heat-treatment temperature was
achieved, ie by cooling from a higher a temperature or by heating the previously
quenched glass from room temperature. Roskova'* demonstrated in greater detail
that for all compositions of sodium silicate and sodium borosilicate glasses within the
spinodal region and lying in the vicinity of the spinodal, the cooling from higher
temperature resulted in the development of a droplet structure, whereas the
interconnected structure was associated with heating from room temperature. Porai-
Koshits and Averjanov'* demonstrated that the tendency of a given glass to develop
the interconnected structure increased with decreasing temperature in a 12.5 mass%

Na,0-87.5 mass % SiO, system.

2.5.4 Devitrification of Glasses

Glasses generally form as a result of the large energy barrier to homogeneous
nucleation. The stabilisation of the non-equilibrium glass always precedes the
crystallisation of the undercooled melt. An understanding of the devitrification
mechanism is of particular significance in many aspects of glass science and
technology. It is important to understand the factors affecting the stability of a glass
for practical applications where the formation of nuclei and their subsequent growth
to crystals must be avoided, such as in optical fibres, laser glasses, optical switching
glasses, etc, as well as in the preparation of glass-ceramics with desired
microstructures by controlled nucleation and crystallisation. Since the first

Symposium on Advances in Nucleation and Crystallisation in Glasses in 1961 1
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seventeen international congresses have been dedicated to glass sciences. In these
conferences, nucleation and crystallisation in glass forming systems have been one of
the main issues'*> 1# 1#+ 145146 Other excellent reviews and more recently published

148

articles are available, e.g. Uhlmann'¥’, and Gutzow'*. Only relevant key issues will

therefore be reviewed in this thesis.

Crystallisation is generally viewed as a two-step process'®. It includes nucleation and
crystal growth. Nucleation may be either homogeneous or heterogeneous. Assuming
an activated process, the rate of nucleation increases to a maximum value as the
undercooling is increased. With further undercooling the rate decreases exponentially
as the portion of atoms with sufficient thermal energy to make the jump across the
melt-crystal interface is decreased (figure 2-12). The temperature dependency of the
growth rate of crystals in a supercooled melt follows a curve which is similar in shape

to that for nucleation.

As far as the devitrification products are concerned, a phase diagram only represents
the ideal situation whereby phase changes are allowed an infinite time in which to
occur, so that the given material will always attain the ultimate condition or
equilibrium state. Given that the driving force for a number of possible
transformations is appreciable, the kinetics will determine which phases are formed.
A common type of non-equilibrium behaviour is the formation of a metastable phase
which has a lower energy than the mother phase, but is not the lowest-energy
equilibrium phase*’. The transformation which involves the minimum reduction in

free energy is kinetically most favourable, as the smaller AG implies a greater
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structural or chemical similarity to the parent. In general, high temperature forms have
a more open structure than low-temperature forms and consequently are more nearly
like the structure of a glassy starting material. It is exemplified by a number of
systems. For example, when silica glass crystallises, cristobalite may be the phase
formed, even within the temperature range over which quartz or tridymite is stable™.
Ferguson and Merwin®® observed that when calcium-silicate glasses were cooled to a
temperature below 1125°C, at which wollastonite is the stable form, the high-

temperature modification, pseudowollastonite, was found to crystallise first and then

slowly transform into the more stable wollastonite.

Phase separation and crystallisation are independent phase transformation processes.
Whether liquid phase separation or crystallisation takes place in the system depends
on the interrelation between the rates of formation of the two phases. However, in
most multi-component systems crystallisation may be accompanied by processes of
liquid phase separation and vice versa. The separation of the initially homogeneous
phase into two or more different liquid phases may substantially affect the course of
the subsequent crystallisation process. Theoretically, amorphous phase separation
could influence crystal nucleation in several ways'”:

(a) the supersaturation with respect to crystallisation in the different liquid phases may
be quite different that in the initial homogeneous phase;

(b) the viscosity in the evolving new phases may differ;

(c) in the bulk of the melt, new interfaces are created which may favour nucleation;
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(d) nucleation sites may be distributed differently in the newly formed phases.
James'? has discussed several mechanisms for the enhancement of crystal nucleation

associated with the interfaces between the liquid phases.

2.5.4 Devitrification in Alkaline-Earth Silicate Fibres

Three different fibres, Superwool 607, A2 and B3 ( see Section 3.2), have been
studied in this project. The compositions of these fibres lie in the

Si0, - Ca0-Si0, - CaO-Mg0-2Si0, phase triangle and are not far from the two
liquid region. Crystalline SiO,, CaSiOs and CaMgSi,0, would be expected as final

devitrification products. However, the detailed devitrification process and the

resulting microstructure will depend on the thermal exposure conditions.

Philips and Roy'** studied three compositions M1, M2 and M3 (table 2-3) near, but
outside, the stable liquid immiscibility region in this ternary system and found that
composition M1 lead to clear glass and no separation could be obtained; composition
M2 contained some crystals on quenching and M3 formed a clear glass which did
separate metastably after being heat treated at sub-solidus temperatures. Electron

micrographs showed that phase separation developed with time at 825°C.

Subsequent devitrification of the alkaline-earth silicates rich glassy phase by
appropriate thermal treatment would be expected to result in the formation of
crystalline silica, CaSiO; and CaMgSi;Os. Much research has been carried out on the
devitrification behaviour of silica phases in bulk silicate glasses and in aluminosilicate
fibres, but until this investigation, very little work has been carried out on alkaline-
earth silicate systems. More than half century ago, Osborn and his colleagues noted

that two different forms of wollastonite solid solution existed in the CaSiO; -
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CaMgSi,0s system’, one of which was not stable on extended heat treatment.
Detailed composition analysis and phase transformation studies were not possible, due
to the unavailability of modern analytical techniques. In the 1970’s, Shinno found a
range of wollastonite solid solution in this system''”''*. He concluded that Mg-
wollastonite was metastable, but the phase transformation mechanism was
ambiguous. More recently, Costanini et al also noted the interesting crystallisation

behaviour of this system'”’, but no further studies were performed.

Alkaline-earth silicate fibres, have been developed as a replacement for traditional
ceramic fibres. Although the fibre diameters are in the respirable range, the
manufacturers claim they are safer to use by virtue of their relatively high solubility in
lung fluids'’. The devitrification products formed during high temperature service
have however, not been fully established or the mechanism by which they form, and
the issue of silica from after-use inhalation remains. Clearly the understanding of
microstructural development in this system, as a function of temperature and time,
would make a useful contribution to our knowledge of these materials and their
development as safe ceramic fibres with improved materials performance in use. This

was the objective of the work reported in this thesis.
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3.1 Experimental Design

The aim of this project has been twofold: to gain a thorough knowledge of the
devitrification behaviour of selected compositions of the new generation of the
alkaline-earth silicate fibres and to contribute to the understanding of this particular
glass forming system. The detailed objectives have been (a) identification of
devitrification products as a function of exposure temperature and time in clean
furnace environments, (b) determination of the microstructures of devitrified fibres
and (c) developing an understanding of the devitrification process. The experimental

program for the project is shown by figure 3-1.

The study has been mainly focused on the Superwool® X-607 which is the first
commercial alkaline-earth silicate fibre product to be released onto the market.
Investigations of A2 and B3 fibres which are industrial probe type of fibres of
different compositions were undertaken for comparison purposes and broaden the
understanding of the devitrification behaviour of this alkaline-earth silicate fibre

system.

Choice of the exposure temperatures and times was based on (a) information from
phase diagrams, (b) the manufacturer’s specified service temperature for the fibres,
and (c) a wider range of temperature chosen to aid understanding of the phase
development and transformation. The fibres were thermally exposed in magnesia

crucibles and in clean furnace environments for time ranging from a few minutes to
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thousands of hours and at temperatures ranging from 700°C to 1250°C These
exposures were achieved using a combination of a specially-designed vertical tube

furnace for short exposures and muffle furnaces.

As-manufactured and thermally exposed fibres were analysed using a range of
complementary analytical techniques. X-ray diffractometry (XRD) was employed to
identify the devitrification products. The microstructures of as-manufactured and
heat-expo sedﬁbres were analysed using analytical transmission electron microscopy
incorporating electron microscopy, electron diffraction and X-ray microanalysis. To
enable the detailed microstructural analysis necessary to determine the various phases
and their distribution within the fibres, techniques involving ion beam thinning and
ultramicrotomy were developed to reliably prepare electron-transparent samples of
ﬁbré cross-sections. Scanning electron microscopy (SEM) was used to determine the
surface structure and phases in fibres and, in particular, in shot particles. Thermal

analysis also contributed to the phase characterisation of the devitrified fibres.

3.2 Materials

3.2.1 Origin®™ 153

Three different grades of alkaline-earth silicate fibre were provided by Morgan
Materials Technology Ltd: Superwool® Grade X-607, A2 and B3. The fibres were

manufactured by the spinning process. Superwool® Grade X-607 (hereafter called
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‘Superwool fibre’) was supplied in blanket form. The lubricant introduced during
manufacture had been removed by heating to about 650°C for about 30 minutes This
material has a classification or indicative maximum service temperature of 1050°C
(manufacturer’s data). A2 and B3 fibres were supplied in their as-manufactured wool
form. These man-made mineral fibres are categorised as insulation wool according to
IPCS classification (International Programme on Chemical Safety)'™*. The
compositions of the fibres were analysed using X-ray fluorescence spectrometry
(XRF) and the results are presented in table 3-1. Figure 3-2 shows their positions in
the triangle Si0,-Ca0-Si0,-Ca0-MgO-2Si0; in Si0,-Ca0-MgO phase diagram and
detailed information about their properties and applications has been introduced in

Section 2.2 and is also available in the product information sheet™.

3.2.2 Handling and Safety'™*

These fibrous products are mechanical irritants to skin, eyes and the upper respiratory
system but studies of animals exposed to high concentrations of Superwool did not
show chronic health effects. As with any dust, pre-existing upper respiratory axid lung
diseases may be aggravated. It is therefore recommended that disposable gloves and
laboratory coats be worn when handling the fibres, that clothing should be loose
around the neck and wrists and that precautions should be taken to avoid breathing
dusts. All the processes including fibre loading and removal from crucibles, fibre
grinding, preparing XRD samples should be carried out in a circulatory fume
cupboard. Air flow of the cupboard should be checked before use. Work areas

should be regularly cleaned. An ‘asbestos-grade’ vacuum cleaner for spillage should
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be to hand. After handling, any exposed skin areas should be washed with water and
work clothing should be washed separately. All surfaces coming into contact with
fibres should be wiped down with a damp cloth. The fume cupboard should be
emptied and wiped down with a damp cloth after use. Paper lining from cupboard
and disposable gloves, together with any other disposable materials should be put into

double sealed and labelled bags for disposal.

3.3 Thermal Exposure

3.3.1 Extended Exposures

A number of Carbolite muffle furnaces were used to provide extended thermal

exposures at set temperamres of 700°C, 750°C, 800°C , 900°C, 1000°C, 1100°C,
1200°C and 1250°C. Superwool fibre was exposed in its original blanket form and
A2 and B3 fibres were exposed in their original wool form. As will be explained in

section 3.3.2.2, fibre was not ground before thermal exposure.

Fibres were exposed in silica crucibles at temperatures up to 900°C. Silica crucibles
devitrify at temperatures exceeding 900°C and therefore magnesia crucibles were
utilised at the higher temperatures. Pyrotenex type k internal sheath thermocouples
and a 5-channel recording thermometer type KM1242 were used to constantly
monitor furnace temperatures. The monitoring thermocouple was positioned in the

centre of the furnace and up to 6 crucibles surrounded the thermocouple in each
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furnace. The deviation in temperature as measured in these crucibles was within +2°C

of the set temperature.

The fibres in their crucibles were introduced into the furnaces at the set temperatures
under atmospheric conditions. As the sample was introduced into the furnace, the
temperature fell slightly below the set value but took only 2-3 minutes to regain. This
time was considered negligible in comparison with the heat treatment times which
ranged from 30 minutes to thousands of hours. Fluctuation in temperature due to
power failure, heating elements failure etc. were identified from the record of the
monitored furnace. temperatures. Identified problems resulted in the corresponding
furnace being switched off and the particular furnace exposure being abandoned.
Thermal exposure was repeated using as-manufactured fibres only after the furnace
was serviced and a stable temperature reading was achieved. The crucibles were
allowed to air cool upon removal from the furnace and the fibres were emptied from

the crucible after it had cooled naturally to room temperature.

3.3.2 Short Term Exposure

3.3.2.1 Furnace Design

A vertical tube furnace was designed and developed for short term (less than 30
minutes) exposure of fibre. Figure 3-3 illustrates the design of the furnace.
Platinum was chosen as the crucible material because of its high thermal
conductivity and low thermal mass and platinum wire bound to the thermo couple

sheath was used to manually lift and lower the crucible. An alumina tube was
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designed to support the crucible after it was lowered to the exposure position in
the furnace. Following the required exposure, the crucible was removed from the
furnace and allowed to cool naturally to room temperature before removing the
fibres from the crucible. With the furnace in operation at 1000°C it was shown
that the temperature variation over a distance of 1.5 cm in the hottest zone of the
tube was less than 1°C. The crucible was suspended in the centre of the hot zone
and the resulting temperature gradient over the sample was therefore assumed

negligible.

The temperature of the fibre within a crucible was monitored by a Pt/Pt-13% Rh
thermocouple connected to a PC-based data acquisition system (figure 3-4). The
thermocouple was embedded in the centre of the fibre in the crucible and its
output voltage was amplified and linearised by signal conditioning modules, then
digitised by a plug-in board and processed by WorkBench PC™ software to
convert the input voltage to the measured temperature. The sampling rate could

be up to 1000Hz.

3.3.2.2 Materials and Thermal Behaviour

When the crucible was first introduced into the hot furnace a temperature
gradient exists from the crucible wall to the centre of the fibre sample. Figure 3-5
shows a typical temperature-time trace for a short exposure. The exposure time
was measured between the crucible being loaded into (point A) and lifted out

(point B) of the furnace (figure 3.5). The time taken to establish a uniform
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temperature inside the crucible depended on the packing density of fibres. Fibres
in their original wool or blanket forms have lower packing density and a faster
thermal response than ground fibres. Figure 3-6 shows that it took approximately
7 minutes for ground fibres to reach the furnace temperature of 900°C while less
than 2 minutes was required for the fibre blanket to reach the same temperature.
This response suggests that fibres should be exposed in their wool or blanket

form, rather than in their ground form, to give the fastest response.

The embedded thermocouple enabled further characteristics of the thermal
response of the fibres to be identified. Figure 3-7 shows the thermal response
curves for fibre A2v after it had been introduced into the furnace as a wool at
temperatures of 900°C, 960°C and 1000°C. An exothermic peak corresponding
to the crystallisation of the fibres was detected at both 960°C and 1000°C while
no peak was observed at 900°C. This implies that the crystallisation temperature
of the original fibre is between 900°C and 960°C. It also suggests that the
sensitivity of this temperature monitoring system is high and is able to detect
temperature variations within the fibre sample in the crucible. For ground fibres,
as shown in figure 3-8, the exothermic peak was observed at 900°C and 1000°C.
This suggests that the process of grinding results in devitrification of the fibre at a

lower temperature and a change in the crystallisation behaviour.

The desire to look at the material in its as-used state and to minimise long thermal
response times supported experiments where the thermal response was studied for the

wool/blanket form of fibres rather than following fibre grinding.
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3.4 Materials Characterisation

3.4.1 X-Ray Powder Diffractometry

3.4.1.1 X-Ray Diffractometer

Analysis of the devitrified products to determine the identity and development of the
phases was carried out using a Philips multi-purpose X-ray powder diffractometer
system. This system has a type PW 1710 controller, type PW 1830 X-ray generator
fitted with a copper tube and type PW 1820 goniometer with graphite
monochromator. The system was PC-controlled using the Philips APD version 3.0
software. Diffraction data plots were obtained under the following conditions: Cu Ka
radiation operating at 35kV and 45mA, 26 range from 10 to 60° at a scanning rate of
0.008 of 26 per second, 1°Divergence slit, 0.20 receiving slit and 1° scatter slit.

When lines of interest are obscured by overlapping peaks or when a complex
background is present, profile fitting was used to climinate these interferences before
the analysis. The software enabled a database of standard diffraction files to be
stored. Lines corresponding to a particular phase could then be superimposed onto an

experimental diffraction pattern for comparison purpose.
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3.4.1.2 Qualitative Analysis

For qualitative analysis, data plots were analysed and interpreted using Phillips
Automated Powder Diffractometer (APD) Version 3.0 software. The information in
a diffraction pattern includes the d-spacings of the peaks, their associated intensities
and other significant features of the total diffraction pattern such as line profiles. The
measured d-spacings reflect the geometry of the crystal lattice, i.e., the size and shape
of the unit cell, and the intensity of the peaks is related to the specific atoms in a
crystal and their arrangement in the unit cell. The diffraction profile is related to the
size and perfection of the crystallites under study and to various instrumental

parameters.

The phase identification process involves a detailed comparison of the measured data
for the material studied with published standard data i.e. data in the JCPDS Powder
Diffraction File (PDF) published by the International Centre for Diffraction Data
(ICDD). Crystalline phases were identified when a satisfactory agreement was

achieved.

For cristobalite key features distinguishing the o-cristobalite and p-cristobalite forms
in XRD patterns are the additional diffraction peaks for o-cristobalite and the
differing values for d-spacings and intensities. Table 3-2 (standard data) shows the d-
spacings of crystallo graphic planes and the associated relative intensities of the

diffraction peaks for the two cristobalite forms.
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To help identify the cristobalite form in the devitrified fibres standard o-cristobalite
was manufactured. The starting material was a high-purity synthetic ﬁlséd silica tube
and XRF analyses showed 99.99% SiO,. The tube was ground using an agate pestle
and mortar and the resulting powder was selected using a 37 um mesh sieve. The
powder was then devitrified at 1400°C for 165 hours in a platinum crucible in a muffle
furnace. Figure 3-9 shows the XRD traces of the amorphous silica starting material
and the resulting o-cristobalite product. The measured d-spacings and the associated
relative intensities for the o-cristobalite had an excellent match when compared with

standard JCPDS card no. 39-1425.

For the wollastonite, 3 different sets of diffraction data, two for monoclinic and
another one for triclinic forms, were found from JCPDS cards. Table 3-3 summarises
the crystallographic and diffraction data for these wollastonite phases. As will be
reported in Chapter 4 the best match of the measured and standard data for the d-
spacings and relative intensities of the wollastonite formed in devitrified fibre was

found to be monoclinic as presented in JCPDS no 27-88.

For the other potential crystalline products, the distinguishing peaks used for their
identification are (220), (004) and (222) for tridymite (T); (100) and (101) for o~
quartz (Q); (006), (112), (122), (222), (114) for pseudowollastonite (PW), and (021),
(220), (221) and (311) for diopside (D). Table 3-4 displays these major diffraction
peaks, their intensities and d-spacing data and associated crystallographic planes. The

main peaks of these different crystalline phases are identified in figure 3-10, which is
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the X-ray powder diffraction pattern of Superwool fibre devitrified at 1000°for 3240

hours.

Crystalline phases may sometimes form solid solutions. When an atom substitutes for
another in a given structure, the size difference between the two types of atoms may
cause the lattice parameters to increase or decrease, or in some cases, some
parameters to increase and others to decrease. X-ray powder diffraction patterns are
related to composition through (a) the unit cell parameters, and (b) the reflected
intensities. The d-value is a direct function of the lattice parameters and solid solution
formation may therefore cause significant shifts in the measured d-values. As
indicated in Section 2.4.4, wollastonite may form Mg-wollastonite and resulting shifts
in the d-spacings have been reported by Posnjak’®, Shinno''”!**, and

Costantini et al'’.

3.4.1.3 Semi-Quantitative Analysis

In order to determine the exposure temperature and time for the onsets of the
different crystalline products and the relative changes in the mass of a particular phase
with varying exposure conditions, semi-quantitative analysis of the thermally exposed
fibres was carried out using XRD. Quantitative analysis by XRD is based on the fact
that the intensity of a diffraction peak from a particular phase in a mixture of phases
depends on the concentration of that phase in the mixture. The internal-standard
method 1% 1% is the most general of any of the XRD methods for quantitative phase

analysis.
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For an internal-standard analysis'*®, a diffraction line from the phase to be determined
is compared with a line from a reference material of known and fixed proportion
within the XRD sample, the internal standard. The basic equation can be expressed
as:

—Ii = KiWi 3-1)
Ir

where Ii = integrated peak intensity for analysis peak chosen for the phase to be
quantified, Ir = integrated peak intensity for analysis peak chosen for the standard
material, Ki = calibration constant for phase I, and Wi = weight fraction of phase I in
the sample discounting the standard material. The internal standard material chosen
for this work was BaF, (Purity 99.9%, Fluorochem Limited). BaF, gives only 2
reflections in the angular range of interest. As shown by figures 3-10 and 3-11 its
strongest peak, (111), is conveniently located providing only minimal interference

with the diffraction peaks from the phases to be analysed.

To carry out a complete quantitative analysis of the devitrified products, standard
reference materials for each phase are needed. As will be found in the results part of
this thesis, among the main crystalline phases formed in the devitrified fibres,
wollastonite atways crystallised in the form of a solid solution and an appropriate
reference material would be a phase pure wollastonite solid solution containing the
same amount of Mg Efforts to find a wollastonite which could meet this
requirement failed and the chance of finding this kind of wollastonite from natural or

commercial sources is felt to be very small and the best way would probably be
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chemical synthesis using alkaline-earth oxides and silica. This work has not been
undertaken and therefore, only changes in relative peak intensities for different phases
in the devitrifying fibres will be used to show phase development and transformation.

This method will be called semi-quantitative analysis.

The relative peak intensities were expressed as the ratio of the integrated intensity of a
particular phase to the intensity of the strongest peak from BaF, (111). Profile fitting
was used for accurate determination of peak positions, backgrounds, and intensities.
The counts collected for the peaks were fitted and numerically integrated to extract

the peak area.

To establish which diffraction lines were to be used for each phase, including the
internal standard, the aim was to select the strongest peak for each phase consistent
with avoiding any overlaps with peaks from other phases. For diopside and
wollastonite, due to overlapping peaks, it was not possible to use the strongest peak
for each phase. In such cases, by consulting the appropriate JCPDS cards, the second
or third strongest peak had to be chosen. The chosen diffraction peaks for semi-
quantitative analysis were therefore: (101) for a-quartz; (101) for a-cristobalite;

(002) for wollastonite and (220) for diopside.
Like all instrumental methods of analysis, X-ray powder diffractometry is subject to a

variety of random and systematic errors, for example the relative intensities in a given

pattern are very dependent on particle orientation and the peak positions are sensitive
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to specimen height. The effect of specimen height was minimised by careful

preparation and mounting of the specimen.

3.4.1.4 Sample Preparation

An agate mortar and pestle were used for general grinding. Working in a fume
cupboard, as-manufactured and thermally-exposed fibres were ground to fine powders
and compacted into a front loading diffractometer specimen holder. There were
essentially two major concerns: (a) to obtain a completely random orientation of
fibres and (b) to obtain a smooth flat surface which meets tangentially with the
focusing circle of the diffractometer. When necessary, the accuracy of intensity data
were improved by repacking and reanalysing the sample a number of times and
averaging the results. For semi-quantitative analysis, the devitrified fibres were

crushed and mixed with 20 wt % BaF, for measurement purposes.

3.4.2 Transmission Electron Microscopy

3.4.2.1 Transmission Electron Microscope

A Philips CM20 analytical transmission electron microscope was employed for
microstructure analysis. Either a W or LaBs filament was used and normally the
microscope was operating at 200kV accelerating voltage. Information such as bright
and dark field images, selected area electron diffraction patterns, X-ray energy
dispersive spectra and X-ray mapping of the as-manufactured and devitrified products

were obtained and analysed.
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3.4.2.2 Transmission Electron Microscopy

Transmission electron microscopes (TEMs) ideally have the ability to form images of
features within materials with a resolution, currently, of about 0.15 nm. Conventional
methods of image formation in the TEM are bright-field (BF) and dark-field (DF)
imaging. Additionally, modern microscopes offer the possibility to determine the

crystal structure of features using different electron diffraction techniques.

Electron diffraction patterns have many similarities to those formed by X-ray
diffraction techniques. The great advantage, though, is that in the TEM the volume
analysed can be extremely small (a few tens of nm’ ) as this volume is, in principle,
determined by the diameter of the incident electron beam and the thickness of the
specimen. Thus, for example, the structure of tiny crystalline particles embedded in a
glassy matrix can be determined and ultimately the material of the particles can be

identified.

The analysis of selected area electron diffraction (SAED) pattern relies on the well
known Bragg equation. In the corresponding diffraction pattern it can be shown that

the distance g between an (hkl) diffraction spot and the transmitted spot is given by:

AL

d nit

(3-2)

8w =



where AL is a constant dependent upon the microscopes lens currents and the
accelerating voltage, and duu the interplanar spacing of diffracting (hkl) planes. The
angle between any two diffracting vectors is identical to the angle between the
corresponding planes in real space. Thus, the angles between the planes can be
determined. Knowing the indices and angles between planes, the direction in the

crystal along which the electron beam travels can be determined.

Further, the modern analytical transmission electron microscope (ATEM) normally
includes energy-dispersive X-ray Analysis (EDXA) which can be used to analyse the
chemical content of TEM specimens. When a high-energy electron beam is incident
on a TEM specimen, X-rays are produced following inelastic scattering of the beam
electrons by thg sample atoms. As the energy levels of the electrons in atoms of
different elements are not the same, the energies of the X-ray emissions are different
for the various elements in a specimen. These characteristic emissions allow the
presence of a particular element to be established. Further, a quantitative chemical
determination of the electron-irradiated area can be carried out by analysing the

integrated intensity of the various characteristic peaks.

To investigate the microstructures of the as-manufactured and heat-exposed fibres
and to unambiguously determine the various phases and their distribution within the
fibres, it has been necessary to select analytical transmission electron microscopy with

the associated techniques of electron diffraction and X-ray microanalysis.



3.4.2.3 Sample Preparation
3.4.2.3.1 Introduction

The necessary TEM analysis necessitated the preparation of specimens which would
enable the detailed microstructure analysis of fibre cross-sections. The specimens had
to be uniformly and adequately thin (a) to allow representative cross-sections to be
selected from a number of sections viewed in the specimen and (b) to enable the
separate identification and analysis of single grains or phase separated regions in
selected cross-sections. Requirement (b) was particularly stringent as individual
grains or phase separated regions could approach dimensions on nanometer scales and
too great a specimen tMchess (1) made it difficult to isolate and analyse distinct
regions as opposed to regions overlapping with depth and (i) degraded the spatial
resolution, notably for Energy Dispersive X-ray Analysis (EDXA), which again
limited the ability to analyse distinct regions in the selected fibre cro ss-sections.
Requirement (a) demanded pre-alignment and parallel packing of fibres and the
preparation method chosen had to be reliable and time efficient to cope with the
overall number of specimens required by this investigation. The project also
demanded a significant number of specimens associated with differing values of
investigated variables and the reliability and time taken to prepare specimen were also

key issues.

Methods of specimen preparation based on ultramicrotomy (UM) and ion beam

thinning (IBT) are described and critically compared in the following sections.
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3.4.2.3.1 Ion Beam Thinning

The procedure initially involved making a 3 mm fibre/resin disc having a high fibre
packing density and low poro sity. The disc was then ground, polished and dimpled to
achieve a thickness of about 15 pm at the centre and, finally, ion beam thinned until a

perforation was formed.

The procedure is illustrated in detail in figure 3-12: The first stage was to make a

3 mm diameter fibre/resin disc having a high fibre packing density and low porosity.
Two-component Gatan's G-1 resin was confirmed to be an ideal embedding medium
because of its short curing time, high strength and stability during the preparation
process and also under electron beam exposure. It forms extremely strong bonds with
the fibres and nb additional wetting process was needed. The as-manufactured or
thermally exposed fibre was crushed to fine powder with pestle and mortar.

Figure 3-13 shows the crushed fibre. The crushed fibre was then mixed on a glass
slide with Gatan's G-1 epoxy and hardener (figure 3-12a). The mixture was vacuum
degassed for about 30 min to reduce the density of air bubbles, then transferred to a

3 mm diameter stainless steel tube and again vacuum degassed (figure 3-12b). The
epoxy was cured for 30 min at a temperature of 100°C before the tube was sliced
into a series of 250-500pm thick discs (figure 3-12c) using a wiresaw. The discs were
ground to a thickness of about 50 pm with one side polished with 0.25 pm-grade

diamond paste (figure 3-12d).

Dimpling of the discs was achieved by grinding, coarse polishing and fine polishing.
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6um diamond paste was used to dimple grind the disc down to a central thickness of
20pm and the sample was then thoroughly cleaned in methanol in an ultrasonic bath.
1pm diamond paste was used to dimple and coarse polish the sample to a central
thickness of 15 pm and to remove scratches and other mechanical damage resulting
from grinding. Fine polishing to produce a smooth surface was achieved using a new,
clean, felt polishing wheel and 0.05pum y-alumina suspension

(figure 3-12¢).

Traditionally, it is difficult to get thin foil of fibre cross sections for TEM using ion
beam thinning methods because the medium used to support the fibres tends to be
preferentially sputtered away. Gatan's newly developed Model 691 Precision Ion
Polisher PIPS™ has been designed to address this problem. In this system, the ion
beams are incident at glancing angles to the specimen and because the argon ion
beams strike the sample at low angles, the fibres shield the supporting epoxy and this

minimises the rate of epoxy removal.

The dimpled disc was first loaded on the specimen post with the dimple downwards
and thinned using 3 keV argon ion beams. During thinning the fitted automatic
terminator at perforation was not used due to semitransparency of the epoxy and the
specimen was viewed with the attached microscope and the process terminated when
the perforation was first seen (figure 3-12f). The perforated disc was then reloaded
with the dimple upwards and ion-beam polished for 5 minutes at 2 kev. The disc was

carbon coated before analysis in the microscope.
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The low magnification TEM micrograph (figure 3-14) shows a representative view of
fibre packing density in the fibre/resin disc in an ion beam thinned specimen. The
resulting specimens showed (@) the use of PIPS™ did reduce the preferential thinning
of the resin matrix, (b) full views of fibre cross-sections with no fragmentation, and
(c) good adhesion of cross sections to the resin matrix. Drawbacks were

(a) Specimen made using this method did give some thin fibre cross sections near the
edge of perforation but the number was limited, (b) random alignment of fibres which
made it difficult to obtain for analysis sufficient well-aligned cross-sections close to
the perforation, and (c) the length and complexity of the process to prepare a single

specimen from an initial sawn disc.

3.4.2.3.2 Method Employing Ultramicrotomy

Ultramicrotomy (UM) has been extensively used for the preparation of TEM
specimens from biological materials and increasingly from a wider range of materials
including polymers ', metals 18 surface coatings ', metal multilayers 160
particles'®! and whiskers *** 168 The challenge and uniqueness of the work reported
here was to develop the method, as described by Reid 164 10 meet our analytical
requirements for fibre alignment, high fibre packing density and specimen uniformity

and thinness.

The procedure developed to prepare the fibre specimen using UM was as follows:
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The fibres to be analysed were first powdered using a pestle and mortar. The crushed
fibres were initially wetted in an epoxy primer solution of 1% y-glycidoxypropyl
trimethoxysilane in 50% methanol and 50% water and then dried. This process,
reported by Swab and Klinger 165 for multilayer optical coatings, strengthened the
interfacial bond between fibres and resin and limited fibre pullout during

ultramicrotomy.

Embedding: an important consideration in embedding was the need to maximise the
paralle] alignment and packing together of fibres to ensure as many as possible
ultimately had their cross section parallel to the block face. A four-component Spurr
resin (Agar Scientific Ltd) was chosen as the embedding medium and the fibres were
initially dispersed in this medium. This resin was chosen for its low initial viscosity
which is essential for fibre dispersion, extrusion and alignment and good sectioning
properties after polymerisation and the proportions of the four components were
chosen to produce a block of suitable hardness. Generally, the harder the block the
better the results although too much hardener will reduce the lifetime of the resin. It
was preferred to use fresh resin i.e. the resin made up immediately before use. Also
some of the components were subjected to oxidation and degraded after supplied for
a period of time and the proportion is supposed to be adjusted. To this end, typically
20% by mass of fibre powder was added and dispersed in the fresh resin mixture.

The following 2-step embedding process was followed:

First, a pasteur pipette was used to extrude and inject the fibre/resin mixture into a

plastic tube of 1 mm internal diameter and then the loaded tube was laid horizontally



and left for about 1 hour before curing the fibre/resin mixture in an oven for 8 hours
at 70°C. The extrusion provided initial fibre alignment, the horizontal resting of the
loaded tube provided fibre packing and further alignment through sedimentation, and
the subsequent curing of the loaded tube and removal of the outer plastic sheath left a
fibre/resin cylinder. Second, the cured fibre/resin cylinder was mounted with its end
up to the mould face of a standard specimen mould (Agar Aids). The mould was then
filled with fresh resin and cured at 70°C for 8 hours. (figure 3-15a). Figure 3-16 is

the SEM micrograph of the cross section of the fibre/resin cylinder.

Trimming of the specimen cutting face: Using a Reichart OmU3 Ultramicrotome
attached with a freshly made glass knife, the cutting face of the block containing the
embedded fibres was trimmed down to a facet in order to provide a minimum area to

the knife and thus maximise the cutting force per unit length (figure 3-15b).

Ultra thin sectioning and section retrieval for TEM examination: Ultra thin sectioning
was achieved using the ultramicrotome equipped with a 45° diamond knife. Sections
were collected on the surface of the distilled water in the collection trough attached to
the knife. The rate of thermal feed, the cutting speed and the knife returning speed
were carefully controlled to obtain required section thickness. This thickness was
monitored using the binocular microscope to view the interference colours as the thin
section floated onto the water surface. Ribbons of sections which were grey in colour
indicating a thickness around 60 nm '®. These were then collected on a carbon film
on 200 mesh copper grids and dried prior to viewing in the transmission electron

microscope.



Figure 3-17 shows a typical section of as-manufactured fibre imaged in the Philips
CM20 transmission electron microscope. Analysis demonstrated that the specimens
produced routinely by the ultramicrotomy method were thin enough to allow the
detailed identification and analysis of the various components of the microstructures
by analytical transmission electron microscopy and, once the resin block was made for
a particular starter powder further TEM specimens could be quickly prepared. The
most dramatic result of UM was the extensive electron transparent regions of uniform
thickness observed. It provided an adequate ability to select good cross sections of
this thickness. Such large regions of uniform thickness are also beneficial for the
rapid identification of chemical and structural inhomogeneties within the fibre. The
fibre cross-sections tended to crack and fragment during sectioning but this did not
prove a problem in analysis as the microstructures in fragments can be individually
analysed and the location of the fragments in the cross-sections can be readily seen.
Fibre cross-sections were firmly adhered to resin and no pullout of fibres was

observed.

While methods based on both ultramicrotomy and jon beam thinning procedures can
be applied to the preparation of the required TEM samples of ceramic fibres it was
concluded that the method based on UM with associated development of embedding
to provide pre-alignment and closer fibre packing was superior in terms of the quality
of samples and reliability and time efficiency of operation. Therefore, in this project it

was decided to use UM as the main method to prepare the required TEM specimens.
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3.4.3 Scanning Electron Microscopy

3.4.3.1 Scanning Electron Microscope

To determine the development of structures of fibre surface and shot particles with
thermal exposure temperature and time, A Philips X140 scanning electron
microscope with EDS attachment was ‘used. The microscope was operating at 20 kV
and secondary electron imaging, and back-scattered electron imaging, microanalysis
(including X-ray energy dispersive analysis, semi-quantitative composition analysis
and X-ray mapping were carried out. The results from micrographs and chemical

analysis were analysed.

3.4.3.2 Scanning Electron Microscopy

The main advantages of scanning electron microscopy (SEM) are the high lateral
resolution (1~10nm), large depth of focus and the numerous types of electron-
specimen interactions that can be used for imaging or chemical analyses purposes.
The most often used signals produced during the interactions are from secondary
electrons (SE) and back scattered electrons (BSE). The topographic contrast
observed in most SE images give a crisp three-dimensional appearance while BSE
images carry atomic number or material contrast. The X-rays emitted during
electron-beam-solid interactions can be used for elemental identification. One
commonly used technique is energy-dispersive spectrometry (EDS, in this thesis

«EDS” will also be applied to the spectra produced using this technique.). Besides, in
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contrast to transmission electron microscopy, specimens of largely varying sizes can

be examined without elaborate specimen preparation.

3.4.3.3 Sample Preparation

For analysis of the surfaces of fibres and shot particles, the samples were carbon

coated to prevent electron charging.

To explore the microstructural development inside shot particles, the particles were
separated from fibres and embedded in Spurr resins to make a specimen block. The
specimen block was qarefully polished with its cross section finished to 1 pm

diamond. Carbon was coated on the polished surface.

3.4.4 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a well-established primary thermal analysis
technique, which fundamentally combines heating/cooling curves with calorimetry. A
DSC profile is a record of the thermal events which occur when a material is heated
or cooled over a defined temperature range. Therefore, it can be used to determine
the temperature and enthalpy corresponding to a phase change and hence crystalline

transitions etc.

To distinguish the o and B-cristobalite in the devitrified alkaline-earth silicate fibres,
DSC measurements were performed using a computer controlled and monitored

Mettler type TA3000 DSC30 system. Approximately 20mg of powdered fibre sample
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was compacted and sealed in the standard aluminium crucible and heating scans were

undertaken from 25°C to 400°C at a rate of 10°C per minute.
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4.1 Introduction

The present chapter is structured as follows: In section 4.2 the as-manufactured
Superwool, A2 and B3 fibres are characterised; section 4.3 presents experimental
results concerning the devitrification products for Superwool fibre; section 4.4
summarises the results for the devitrification behaviours of A2 and B3 fibre; section
4.5 is devoted to results for microstructure evolution as a function of temperature and
time in the devitrifying Superwool fibre, and the features of microstructure

development in A2 and B3 fibres are presented in section 4.6.

4.2 As-Manufactured Fibre

The as-manufactured Superwool was in the form of a blanket which showed a slightly
bluish colour. The fibres looked like cotton-wool and they were entangled without
any obvious ordered arrangement. Figure 4-1is the X-ray powder diffraction pattern
of crushed fibre blanket and it is shown that the as-manufactured Superwool fibre is
amorphous in nature. The secondary electron (SE) image shown in figure 4-2
indicated that the as-manufactured Superwool fibre blanket consisted of fibres, shot

(unfiberised particle) and flakes.

The fibres had a range of diameters as shown in figure 4-3, and they had smooth

surfaces. The EDS spectrum in figure 4-4 showed the fibre matrix was composed of
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Si, O, Mg and Ca. Semi-quantitative analyses suggested that the composition by mass

was 5.8% MgO, 25.9% CaO and 68.3% Si0;.

Shot particles were separated from the fibres. As shown in figure 4-5 these shot
particles had a distribution of diameters from tens of microns to larger than 1
millimeter. Figure 4-6 shows the surface of a shot particle. The degree of
opalescence of shot particles increased with the increase in particle size and they

changed with increase in size from nearly transparent bluish to cream colour.

XRD studies proved they were amorphous while TEM micro graph revealed the
inhomogeneity inside the particles. As shown by figure 4-7a to e, the microstructure
in shot particles was characteristic of the bright spherical regions of inhomogeneity
(the separated phase) embedded in surrounding dark matrix (the matrix). The density
and dimension of the separated phase varied with the sizes of the shot particles. The
separated phase with lower density and bigger diameter was found in the big-sized

shot particles. The dimension of the separated phase ranged from 20nm to 150nm.

The diffuse electron diffraction patterns from both the separated phase and the matrix
gave decisive evidence of liquid-liquid phase separation. As shown by figure 4-8,
which was the diffraction pattern from the separated phase, neither spots nor distinct

rings, which are characteristic of crystalline material were found.

Figure 4-9a and 4-9b show typical EDS spectra from the separated phase and the

matrix respectively. From these results, it was concluded that the brighter circular
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separated phase represented droplets of silica phase while the surrounding matrix was
rich in alkaline-earth ions. Figure 4-10 shows X-ray mapping of the element 0, Si,
Ca and Mg in fragments of a shot particle, and further indicate that the separated

phase was the silica rich component and the matrix the alkaline earth ions rich.

Due to the various diameters, the fibres exhibited different initial microstructure.
When their diameters were less than 10um, as shown by the TEM micrograph (figure
11), they had a homogeneous structure while fibres with larger diameters (= 10 pm),

had similar microstructures to the shot particles.

X-ray powder diffraction studies of as-manufactured A2 and B3 fibres also indicated
that they were amorphous. Figure 4-12 is a representive TEM micro graph of the

cross section of an A2 fibre and figure 4-13 of a B3 fibre. Both of them showed

uniform amorphous structure.

4.3 Devitrification of Superwool Fibres

4.3.1 Identification of Devitrification Products

The devitrification prodﬁcts observed in the fibres were identified using XRD and the

methods described in section 34.1.
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Figure 4-14 shows X-ray diffraction patterns for Superwool fibre following thermal
exposure at 1100°C for exposure times extending from 10 minutes to 3024 hours.
The d-spacings and relative intensities of quartz formed in Superwool matched the
standard data (JCPDS card no. 33-1 161) for the low temperature form, denoted as o~
quartz. The letter “Q” will be assigned to a-quartz. Analysis of the X-ray diffraction
peaks assigned to cristobalite indicated a small increase from tabulated standard d-
spacing (JCPDS) values for the low temperature form, or a-cristobalite phase. Figure
4-15 compares the diffraction pattern of the cristobalite formed in the exposed fibre
with that of the synthesized a-cristobalite standard. It was noted that fhe cristobalite
peaks were broader and they were accompanied by a small broad peak identified as
tridymite (004) at 21.765° 26. The relative intensities of the peaks were a good
match to the standard data of a-cristobalite (JCPDS card no. 39-1425) even though
there was a small deviation in the d-spacings. It is further noted that o-cristobalite is
distinguished from B-cristobalite by the peaks (111) and (102) at 26 angle 28.44° and
31.465° which are not observed in the B form. Figure 4-16 is the DSC traces of
devitrified fibre and synthesized o-cristobalite standard. The cristobalite standard
gives an exothermic peak at 258°C and the devitrified fibre at 251°C. The exothermic
peak is characteristic of the low-temperature form of cristobalite which transforms to
the high-temperature form™. The difference in the transformation temperature is due
to the disorder or stacking faults in the cristobalite structure. Therefore, the
cristobalite phase was identified as o-cristobalite or the low temperature form and is

denoted by “C” in graphs and photos in the following sections.
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The d-spacing and relative intensity data of diopside formed in Superwool exhibited a
good match with the standard data for diopside given by the JCPDS card 11-654.
Diopside will be denoted as “D)” in the graphs or photos. For wollastonite, as
indicated in figure 4-14 two different forms were found to exist under different
exposure conditions. The form with the smaller d-spacing was identified as
wollastonite 1 (W1), and the other as wollastonite 2 (W2). It was noted that the
measured d-spacings of wollastonite 1 and wollastonite 2 remained constant following
initial crystallisation. Figure 4-17 was the diffraction pattern after 5 hours’ exposure
at 1100°C and this showed the typical diffraction pattern for wollastonite asso ciated
with wollastonite 1. Figure 4-18 showed the diffraction pattern for Superwool fibre
exposed for 3024 hours at 1 100°C and thus showed the typical diffraction pattern

identified as wollastonite 2 together with the peaks for diopside and o-cristobalite.

The best match with standard data for wollastonite 1 and wollastonite 2 was found
from JCPDS card no. 27-88. While the diffraction patterns for both wollastonites
were very similar to the standard data, the diffraction peaks in both cases shifted to
higher Bragg angles, i.e. lower d-spacings and the relative intensities, I/Io, showed
small changes. Assuming that both wollastonite 1 and wollastonite 2 have the
structure corresponding to JCPDS card 27-88, a set of unit cell parameters were

determined for each wollastonite using the following method.

Equation 4-1 expresses the relationship between the d-spacing and cell parameters for

crystals with monoclinic structure:
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The d-spacings, for wollastonite 1 were measured from the X-ray diffraction data
shown n ﬁgure 4-17 d400=37771 . d002=3.453, d320=2.9304 and d202=3.0341, and for
wollastonite 2 from figure 4-18 da00=3.8179, doo2=3.5004, d320=2.9661 and

d,0,=3.0765. Using these data and the equation 4-1 cell parameters for wollastonite 1

and 2 were obtained and are presented in table 4-1.

Using these results and equation 4-1, d-spacing values for wollastonite 1 and
wollastonite 2 were calculated. Table 4-2 presents the calculated d-spacing values for
wollastonite 1 and wollastonite 2 together with d-spacing data and relative intensity
data for wollastonite-2M from JCPDS card 27-88. For wollastonite 1 and
wollastonite 2 relative intensity profiles were similar to those for wollastonite-2M,

however, both of them showed variations.

4.3.2 Devitrification Behaviour At Different Temperatures

4.3.2.11100°C

The X-ray diffraction patterns of figure 4-14 illustrated the development of
wollastonite 1, wollastonite 2, diopside, quartz and cristobalite phases as a function of
time for Superwool fibre devitrifying at 1100°C. Wollastonite 1 was the initial
crystalline phase and its peaks were resolved at the exposure time of 10 minutes. At

this stage its peaks were broad but they narrowed and increased in intensity with
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increasing exposure time very quickly. It was noticed that a small peak existed
betweén @ values of 31.5 and 32°. This peak was also observable in the 5h XRD
pattern but disappeared at 20h and at longer exposure times. The peaks of
wollastonite 1 in the Sh XRD pattern were sharper than those in the 10 minutes’ XRD
pattern. The 20h XRD pattern showed the formation of both quartz and cristobalite.
At the same time, trace amounts of wollastonite 2 and diopside developed. The onset
of wollastonite 2 can be seen in the small humps on the left side of the (002) and
(320) peaks of wollastonite 1 and the formation of diopside can be seen by reference
to the (51 1) peak. At this stage, 5 different crystalline phases, wo]lastonite 1,
wollastonite 2, diopside, a-quartz and a-cristobalite, coexisted. After 48 hours, as
shown by the 48h XRD pattern, peaks associated with o-quartz started decreasing in
intensity while those for cristobalite continued to increase. After a duration of 96
hours, the (101) and (111) peaks of quartz became very weak while cristobalite
related peaks became stronger. After 168 hours, peaks corresponding to quartz

vanished.

Semi-quantitative results for the development with time of the silica phases in
Superwool devitrified at 1100°C are illustrated further in figure 4-19. The integrated
intensities of the (101) peak of o-quartz and the (101) peak of a-cristobalite were
used for analysis. Even though the (101) peak of a-cristobalite overlapped the
tridymite peak (004) and may have introduced some experimental error in calculating
the integrated intensity of o-cristobalite. Quartz was observed after 7 hours and

increased in relative concentration with time to a maximum intensity 30 hours
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exposure. It then started decreasing in intensity until it could no longer be detected
after 180 hours. Cristobalite formed after 10 hours’ exposure and its peak intensity
increased with increasing exposure time up to 180 hours. Afterwards its intensity

remained relatively constant with further increases in exposure time.

Figure 4-20, again based on semi-quantitative results, shows the development of
wollastonite 1, wollastonite 2 and diopside in devitrifying Superwool fibre as a
function of time at 1100°C. The (002) peak of wollastonite and the ( 220) peak of
diopside were used for analysis. The intensity of the wollastonite 1 peak increased
with exposure time, reaching a maximum after a duration of about 10 hour.
Afterwards, the relative intensity of wollastonite 1 started decreasing with further
increase in exposure time. Simultaneously with this decrease, wollastonite 2 and
diopside started forming and their intensities increased with increasing exposure time.
This continued until wollastonite 1 was 10 longer observed after an exposure time of
1680 hours. It is clearly shown by figure 4-20 that wollastonite 2 and diopside
develop while there is a corresponded decrease in the wollastonite 1. It was also
noted that the rates of increase in intensities for wollastonite 2 and diopside decreased

corresponding to the decrease in the peak intensity of wollastonite 1.

Therefore, wollastonite 2, diopside and cristobalite were the final devitrification

products obtained at 1100°C.
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4.3.2.2 1250°C

Figure 4-21 shows the x-ray powder diffraction patterns of Superwool fibre after
exposure at 1250°C. Cristobalite was the initial crystalline silica phase formed. The
diffraction peak for cristobalite was accompanied by a small tridymite peak (004) at
71.765° as observed in the diffraction patterns for the Superwool fibre exposed at
1100°C. After extended exposure, more prominent growth of the tridymite peak

(004) was observed.

Wollastonite 1, wollastonite 2 and diopside were all identified for the shorter
exposure times with the wollastonite 1 peaks more prominent than wollastonite 2
peaks. As with the situation at 1100°C, wollastonite 1 decomposed to wollastonite 2
and diopside, with increasing exposure time and after 4 hours no wollastonite 1 was

left while wollastonite 2 and diopside developed mature peaks.

4.3.2.3 1200°C

Figure 4-22 is the X-ray powder diffraction patterns of Superwool fibre after
exposure at 1200°C. The development of different crystalline phases at this
temperature showed similar tendencies to that at 1100°C. The 5 minutes’ XRD
pattern showed the formation of wollastonite 1 and trace amounts of quartz. The
formation of cristobalite was observed after 10 minutes’ exposure, and a subsequent

increase in exposure time yielded more quartz and cristobalite.
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Figure 4-23 shows the development and transformation of quartz and cristobalite at
1200°C. After half an hour the relative intensity of the quartz peak reached a
maximum and a significant reduction in relative peak intensity of was identified
subsequently. After 2 hours, no quartz was detectable. Cristobalite was identified
after an exposure of 10 minutes and its intensity reached a maximum value after about
2 hours or so. This time is consistent with disappearance of the quartz peak. These

results imply that cristobalite formed at the expense of quartz.

Figure 4-24 shows the development of wollastonite 1 and wollastonite 2 with
exposure time at 1200°C. After 10 minutes exposure, wollastonite 1 had already
reached its maximum intensity and further exposure led to a decrease in its peak
intensity. At the same time the peak intensity of wollastonite 2 increased with time.
After 24 hours, no wollastonite 1 remained, which suggested that the increase in

wollastonite 2 is at expense of wollastonite 1.

4.3.2.4 1000°C

Figure 4-25 shows the X-ray powder diffraction patterns of Superwool after thermal
exposure at 1000°C. As shown, quartz was the first crystalline silica phase to form.
After 168 hours, trace amounts of quartz were detected by the appearance of the
(101) diffraction peak and there was no sign of cristobalite at this stage. After 336 h,
in addition to the increased intensity of quartz, small amounts of cristobalite were
detected from the first appearance of the (101) peak. After 672 hours, both quartz

and cristobalite showed increased intensity with time. The development of Telative
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peak intensities for quartz and cristobalite were plotted individually in figure 4-26 for
the range of exposure times. Cristobalite increased in its peak intensity after its initial
formation at 1000°C and an exposure time exceeding 168 hours. Quartz showed an

initial increase then a subsequent decrease in its peak intensity ratio after an exposure

time of 1500 hours at this temperature.

Wollastonite 1 was again the first alkaline earth silicate phase to form. Trace amounts
of pseudowollastonite were detected after 1 hour exposure at 1000°C as identified by
Pw. The pseudowollastonite peaks developed slowly with increasing exposure time
and reached a maximum intensity after about 24 hours’ exposure. Afterwards, the
peak intensity started to decrease and after 168 hours it effectively disappeared.
Wollastonite 2 and diopside were not detected until after 672 hours’ exposure. At the
same time, the intensities of the wollastonite 1 peaks started decreasing, and this trend
continued with increasing exposure time. After 3192 hours wollastonite 1 still
coexisted with wollastonite 2 and diopside. The 1000°C transformation rate from
wollastonite 1 to wollastonite 2 and diopside was therefore much lower than those

observed at 1100°C and 1250°C.

4.3.2.5900°C

Figure 4-27 shows some typical X-ray powder diffraction patterns of Superwool fibre
after exposure at 900°C. Wollastonite 1 was detected after 1 hour’s exposure and
remained the main crystalline phase up to the longest exposure time of 2688 hours.

As indicated in the figure the same tiny peak of pseudowollastonite, positioning
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between 31.5 and 32°, as observed under certain circumstances at 1000°C was also
detected. Figure 4-28 shows the development of the relative peak intensities of (002),
(502) and (320) of wollastonite 1 with time. The diffraction intensities reached their
maximum after about 5 hours’ exposure and then remained fairly constant. Figure 4-
29 shows the d-spacings of the (320), (002) and (502) peaks of wollastonite with
increasing time. The reference lines show the d-spacings for these peaks from JCPDS
card no. 27-88. While the positions of the measured peaks, or the d-spacings of
wollastonite 1, kept fairly constant with increasing exposure time, they did show a

significant deviation from the standard JCPDS data.

4.3.2.6 Temperatures below 900°C

Figure 4-30 shows the development of the crystalline products from the amorphous
matrix after a range of exposure times at 850°C. After 1 hour, the fibre maintained an
amorphous state. After 2 hours, several crystalline peaks emerged. These peaks were
assigned to wollastonite 2 and diopside. After 5 hours, peaks related to wollastonite
and diopside, such as W1 and W2 (002), W2(202), W1 and W2(320), D(311) were
resolved. When the exposure time increased to 7 hours, W1(400) was resolved and
the (002) and (320) peaks of wollastonite 1 increased significantly in intensity. It was
noted that, besides the peaks belonging to wollastonite 1, wollastonite 2 and diopside,
several unidentified peaks, marked as U1, U2, U3 and U4 on the 15h XRD pattern,
had formed. These peaks were first detected after 5 hours exposure, increased n

intensity with increasing exposure time and decreased.
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After 120 hours all these peaks disappeared. After 10 hours, the peaks assigned to
wollastonite 2 were relatively intense and sharp. The intensity of the diopside related
peaks increased up to 20 hours and then started decreasing as shown by the D( -220)
and D(-311) peaks. As to the development of wollastonite 1, its peaks were detected
after 2 hours’ exposure and the peak intensities increased with increasing exposure
time. With increasing exposure time from 5 hours to 20 hours, the intensity of the
(202) peak of wollastonite 2 decreased and that of wollastonite 1 increased. It
appeared that there was a transformation between these two peaks. The intensities of
peaks associated with wollastonite 2 and diopside increased up to 20 hours then
showed a tendency to decrease while the peaks related to wollastonite 1 continued to
increase in intensity with increasing exposure time. Another feature was that the
(002), (202) and (320) peaks wollastonite 1 and wollastonite 2 peaks emerged before

the (400) peak.

For an exposure temperature of 800°C, superwool fibre gave amorphous diffraction
pattern until an exposure time of at least 96h had been exceeded (figure 4-31). After
96 hours, the main peaks associated with wollastonite 1, wollastonite 2 and diopside
were resolved. In addition, there existed unidentified peaks, as observed in the XRD
patterns for 850°C which disappeared after 672 hours’ exposure. With increasing
exposure time, it was noted that the peak intensity of wollastonite 1 increased while

the peak intensities of wollastonite 2 and diopside decreased.

At 750°C, superwool remained amorphous to beyond 840 hours” exposure. After

1680 hours’ exposure, as shown in figure 4-32, the main peaks associated with
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wollastonite 1, wollastonite 2 and diopside were resolved. In addition, unidentified
peaks were again resolved and the peaks were showing improved development at

2016 hours.

Figure 4-33 shows the XRD diffraction patterns of Superwool fibre after exposure for
1680 hours at 750°C, 800°C and 850°C respectively. While the peaks in the
diffraction pattern after 1680 hours exposure at 750°C were broad and immature, the
peaks related to wollastonite 1, wollastonite 2 and diopside could be easily identified.
For exposure at 800°C or 850°C, the unidentified peaks (u) disappeared after 20
hours or 672 hours’ exposure respectively while in the case of 750°C these peaks
remained even after 1680 hours’ exposure. Tt was noticed that there was a tendency
for the peak intensity ratio or peak height ratio, of the wollastonite 1 to wollastonite 2
peaks to increase dramatically with increasing temperature. When looking at diopside
peaks, their relative intensities decreased with increasing temperature. The results
suggest that a transformation from wollastonite 2 and diopside to wollastonite 1 took

place and the transformation rate increased with increase in exposure temperature.

4.3.3 Temperature and Time Dependence of Devitrification Products

The qualitative analysis of X-ray powder diffractometry data for thermally exposed
Superwool indicated the presence of wollastonite, diopside, quartz, cristobalite and

tridymite products. Results for the production of these various products under
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various thermal exposure conditions are summarised in figure 4-34. A logarithmic

scale for exposure time is employed to represent the large range in the times involved.

The schematic plots in figure 4-34 illustrate the exposure temperatures and times
related to 8 different regions where different phase combinations formed. In the
region denoted by ‘¢, the XRD patterns for the exposed fibres are characterised by a
broad, amorphous hump. In the region denoted by ‘O’, peaks for wollastonite 1,
wollastonite 2 and diopside plus some unidentified peaks and the amorphous hump
were identified. The unidentified peaks emerged and disappeared with increasing
exposure temperature and time. In the region denoted by ‘A’, the XRD patterns
showed wollastonite 1 peaks on an amorphous hump. Although wollastonite 1 was
the main crystalline phase, as confirmed by TEM and XRD, a small amount of
psedowollastonite was detected under certain exposure conditions. Increase n
exposure temperature and time to the region denoted by ‘0’, resulted in the formation
of cristobalite and quartz in addition to wollastonite 1 and amorphous glass. As noted
in section 4.3.2, at the early stage quartz was the only crystalline silica phase
identified, however, cristobalite formed immediately afterwards. There should
therefore possibly be a very narrow further band where quartz was the only crystalline
silica phase present and where the range of products was quartz, wollastonite 1 and
residual glass. It is worthy of note that the o-cristobalite peak is always accompanied
by a small broad peak of tridymite, which is identified as a distinct phase only after
significant growth. In the ‘®’ region, wollastonite 1, wollastonite 2, diopside,

cristobalite and quartz were observed. In the ‘00’ region, crystalline phases of
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wollastonite 1, wollastonite 2, diopside and cristobalite were resolved. Inthe ‘w’
region, no wollastonite 1 was detected and the crystalline phases identified were
wollastonite 2, diopside and cristobalite. In the ‘A’ region, in addition to wollastonite
2, diopside and cristobalite being observed, significant growth of tridymite related

peaks took place.

4.4 Devitrification Characteristics of A2 and B3 Fibres

4.4.1 Devitrification of A2 Fibres

Figure 4-35 shows the X-ray diffraction patterns for A2 fibres after thermal exposure
at 750°C for 24, 48, 168 and 1008 hours respectively. After 24 hours’ exposure, the
diffraction pattern of the fibres shows a typical amorphous hump. After 48 hours,
several small peaks emerged from the amorphous background at around 26 30°.
These peaks are identified as main peaks of diopside. This crystalline phase continued
to develop with increasing exposure time. Diffraction patterns of fibres after 168 and
1008 hours’ exposures show more developed diopside patterns. Crystallisation

resulted in the formation of diopside as the primary crystalline phase.

Figure 4-36 shows X-1ay diffraction patterns for A2 fibres after exposed at 800°C for
1, 5,24, 168 and 672 hours. At 1 hour's exposure, the fibre remained amorphous. At
5 hours, main peaks of diopside were initially resolved at about 20 30°. At 24 hours,

the resultant diffraction pattern showed developed diopside peaks. At 168 hours,
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while diopside continued to develop, two small peaks near 26 23 and 25° appeared in
the diffraction pattern. There were identified as wollastonite peaks. At 672 hours,

diopside and wollastonite are the two crystalline phases observed.

Figure 4-37 shows X-ray diffraction patterns of A2 fibres devitrified at 900°C for 438,
336 and 1344 hours. At 900°C, at 48 hours, the diffraction pattern is similar to that
for the fibres exposed at 800°C for 672 hours. At this stage diopside is the main
crystalline phase and this is accompanied by a trace amount of wollastonite. At 1344
hours’ exposure, as shown in the figure, 10 obvious change was detected in the X-ray

diffraction pattern of the fibres.

Figure 4-38 shows X-ray diffraction patterns of A2 fibres after devitrification at
1000°C at 48, 168, 336, 672 and 1344 hours. The diffraction patterns show that after
48 hours and at 168 hours’ exposure, diopside and wollastonite were the only two
crystalline phases identified. At 336 hours, the main diffraction peaks of cristobalite
at 20=21.98° and of quartz at 26=20.85° and 26.65° appeared. The intensities of
both quartz and cristobalite increased with increasing exposure time as shown in the
figure. The intensities of the two diffraction peaks for wollastonite decreased in

intensity with increasing thermal exposure time.

Figure 4-39 shows the X-ray diffraction patterns of A2 fibres after thermal exposure
at 1100°C for 48, 96, 168, 336, 672 and 1344 hours. At this temperature, diopside

was observed throughout the range of exposure times. Wollastonite peaks were
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detected up to 168 hours' exposure. Cristobalite peaks developed with increasing
exposure time from 48 to 168 hours while quartz peaks decreased in intensity with
increasing time. At 168 hours’ exposure, the main cristobalite peak is accompanied

by the typical tridymite hump on its left hand side and no quartz was detected.

At 1250°C, as shown by figure 4-40, cristobalite existed in addition to diopside
throughout the range of exposure times from 48 hours to 1344 hours. Initially, the
main cristobalite peak was accompanied by the small, broad tridymite peak on its left

hand side and the intensity of this peak grew with increasing exposure time.

Figure 4-41 shows diffraction patterns of A2 fibres after thermal exposure at different
temperatures for 48 hours. At 750°C only the main peaks for diopside appeared
above the amorphous hump. Exposure at 800° resulted in much stronger diopside
peaks. At 900°C and 1000°C diopside and a small amount of wollastonite were
formed. At 1100°C diopside, wollastonite, quartz and cristobalite were observed and
exposure at 1250°C resulted in the formation of diopside, cristobalite and a small

amount of tridymite.

The diffraction patterns for diopside formed in A2 fibre throughout the range of
exposure temperatures and times investigated were a very good match with the data
in the JCPDS card 11-654. Identification of the particular polymorph of wollastonite
was difficult due to the low intensities of the two characteristic peaks. However,

wollastonite 2M, the orthorhombic form, provided the most satisfactory match for all
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of the exposure conditions. Cristobalite was identified as o-cristobalite due to its
characteristic peaks at 26=28.44° and 31 465°. The quartz was also determined in its
low temperature form by its diffraction peaks at 20.85° and 26.65°. Figure 4-42
summarises the devitrification products identified by XRD as a fanction of exposure
temperature and time. From this figure , it is apparent that the primary devitrification
product was diopside. This crystalline phase was found to be present throughout the
full range of temperatures and exposure times with the exception of the glass-only
region. Wollastonite was the second crystalline phase to form, being first resolved at
an exposure of 96 hours at 800°C. Subsequent increases in exposure temperature and
exposure time resulted in the decompo sitioning of this wollastonite phase. Crystalline
silica products were not observed until the fibres had been exposed to a temperature
of 1000°C. At this temperature and a duration of 336 hours, two crystalline forms of
silica, quartz and cristobalite formed. An increase in temperature to 1100°C yielded
both of these crystalline silica polymorphs after the short exposure duration of 48
hours. Once formed cristobalite continued to develop with increasing temperature
and time. The quartz, after initial formation increased in diffraction intensity with
increasing time and then gradually disappeared. Diopside and cristobalite were the
only crystalline phases identified after exposure at 1250°C for a short duration.
Diopside, cristobalite and tridymite then existed up to the limits of exposure duration

and temperature.
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4.4.2 Devitrification of B3 Fibre

Figure 4-43 shows the X-ray diffraction patterns for B3 fibres exposed for 672 hours
at different temperatures. Diopside, pseudowollastonite, two forms of wollastonite,
quartz, cristobalite and tridymite are identified in these devitrified B3 fibres. At
800°C, diopside, pseudowollastonite and wollastonite were detected. The d-spacings
and relative intensities of pseudowollastonite formed in B3 fibre were a good match
to the standard data for pseudowollastonite given by JCPDS card n0.31-300. Each
wollastonite peak has a small shoulder on its right side. They are identified as the
diffraction peaks of another form of wollastonite, wollastonite ‘a’. The wollastonite
with larger d-spacings, or smaller 20, will be called wollastonite b’ and denoted as
Wh in the figures. Wollastonite ‘b’ has the same d-spacings and relative intensities as
wollastonite 2 which was identified in devitrified superwool fibre. Wollastonite ‘a’,
denoted as Wa, has d-spacings smaller than those of wollstonite ‘b’ but larger that
those of wollastonite 1 formed in devitrified Superwool fibre. Increasing the exposure
temperature to 900°C, wollastonite ‘a’ increased in its diffraction peak intensities
while wollastonite ‘b’ decreased. Their corresponding peaks overlap with each other
and form broad combination peaks. No distinguishing diopside peaks were found.
These results suggest that wollastonite ‘b’ and diopside transformed to wollastonite
‘a” when increasing exposure temperature from 800 to 900°C. At 1000°C, the
crystalline phases were pseudowollastonite, wollastonite ‘b’ accompanied by small
wollastonite ‘a’ peaks, diopside, cristobalite and quartz. Wollastonite ‘a’ had been
transforming to wollastonite ‘b’ and diopside. With further increases in temperature

to 1100°C, X-ray diffraction patterns of the exposed fibre showed sharp wollastonite
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‘b’ peaks together with diopside and cristobalite peaks. No wollastonite ‘a’ was
detected. Pseudowollastonite decreased in its diffraction intensities with increasing
exposure temperature and at 1100°C only trace amounts of pseudowollastonite can be
detected from the diffraction pattern. At 1250°C, in addition to sharp wollastonite ‘D’
and diopside peaks, dramatic growth of tridymite related peaks was observed. No

pseudowollastonite was observed.

Figure 4-44 shows X-ray diffraction patterns for B3 fibre after thermal exposure at
800°C for 5, 15, 24, 48, 96, 168 and 336 hours. After 5 hours’ exposure, B3 fibres
remained amorphous. After 15 hours, primary crystalline phases of
pseudowollastonite, diopside and wollastonite appeared. This wollastonite was
identified as wollastonite ‘b’. At the same time, some unidentified peaks (X1, X2 €tc)
emerged. The intensity of diopside peaks increased with time up to 48 hours and then
started decreasing. Pseudowollastonite continued to develop after it crystallised out.
For wollastonite, the (400) and (202) peaks at around 26 = 23° and 27° started
developing after 48 hours, while the (002), (202) and (320) peaks at around 25.5°,
29° and 30° developed as soon as the fibre started devitrifying. Unknown peaks X~
Xs, developed with increasing time up to 48 hours and then decreased in intensity.
They disappeared after 336 hours' exposure. It appeared that the development of the
(400) and ( 502) peaks of wollastonite ‘b’ was related to the decrease of these
unidentified phases. At the same time, small shoulders turned up on the right hand
side of wollastonite ‘b’ peaks in the diffraction pattern, implying the formation of

wollastonite ‘a’. Wollastonite ‘b’ decreased in its intensity and diopside disappeared
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as wollastonite ‘a’ appeared, suggesting that wollastonite a formed at the expense of

wollastonite ‘b’ and diopside.

Figure 4-45 shows diffraction patterns for B3 fibres thermally exposed at 900°C after
2, 15, 24, 168, 336, 672, 1344 and 2688 hours. At this temperature and throughout
the exposure times investigated no diopside peaks were detected. Both wollastonite
‘2’ and ‘b’ formed, their diffraction peaks overlapping with each other and formed
short, broad wollastonite peaks. Pseudowollastonite peaks appeared after 2 hours

and existed afterwards.

Figure 4-46 shows X-ray diffraction patterns for B3 fibres devitrified at 1000°C for
48, 96, 168, 336, 672 and 1848 hours respectively. With increasing exposure time
from 48 to 1848 hours, the intensities of the pseudowollastonite peaks decreased. As
to wollastonite, both wollastonite ‘a’ and ‘D’ appeared. XRD patterns showed that at
168 hours wollastonite ‘b’ and diopside increased in their intensities while
wollastonite ‘a’ decreased with increasing time. This suggested that wollastonite ‘a’
started decomposing to wollastonite D’ and diopside as wollastonite 1 transformed to
wollastonite 2 and diopside in devitrifying Superwool fibres. After 1848 hours,
wollastonite b’ showed stronger sharp peaks and accompanied by tiny wollastonite
‘a’ peaks. As to the silica phase, after 96 hours traces of quartz and cristobalite were
identified in the diffraction pattern. The intensity of cristobalite peaks increased with
increasing exposure time up to 1348 hours. The quartz peaks increased in intensity

with time up to 672 hours and then decreased at 1848 hours’ exposure.
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Figure 4-47 shows X-ray diffraction patterns of fibres exposed at 1 100°C for 48, 96,
336 and 672 hours. At 48 hours’ exposure, cristobalite, wollastonite ‘b’, diopside and
a small amount of pseudowollastonite were detected from the diffraction patterns. As
shown in this figure, with increasing exposure time up to 672 hours, no obvious

change in the diffraction pattern was observed.

Figure 4-48 shows X-ray diffraction patterns of fibres exposed at 1250°C for 48, 96,
168, 336, 672 and 1008 hours. At 48 hours, wollastonite ‘b, cristobalite, tridymite
and diopside were identified in the diffraction pattern. At this stage the characteristic
peak of tridymite was small and broad. The tridymite peaks were particularly strong
at exposure temperatures of 672 and 1008 hours. At the same time, the intensities of
the cristobalite peaks decreased. The (004) peak of tridymite overlapping with the
main peak of cristobalite (101), gave a broad, combined peak at about 22° after

extended exposures.

Figure 4-49 summaries the devitrification products observed for B3 fibre as a function
of exposure temperature and time. Pseudowollastonite, diopside and wollastonite ‘b’
were primary crystalline forms. Their main peaks were resolved after 15 hours’
exposures (‘A’ region). The development of wollastonite phases was associated with
some unidentified peaks. Increasing the exposure temperature and time to the ‘O’
region, resulted in wollastonite ‘a’ being formed with wollastonite b and
pseudowollastonite. At the same time diopside disappeared. A further increasement
of temperature and time ‘4’ region) resulted in the formation of quartz and

cristobalite. In the ‘0’ region, wollastonite ‘a’ gradually transformed to wollastonite
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‘b’ and diopside, and quartz transformed to cristobalite after formation. After being
exposed at 1100°C only very small peaks of pseudowollastonite were left, and no
wollastonite a was detected. After exposure at 1250°C no pseudowollastonite was
detected. Intially wollastonite ‘b, diopside and cristobalite were formed. Further

exposure at this temperature resulted in the formation of tridymite.

4.5 Microstructure Development in the Devitrifying

Superwool

4.5.1 Phase Separation

The series of TEM micrographs shown by figure 4-50a to e illustrate the effects of
increasing thermal exposure time on the development of the microstructure of Superwool
fibre at 750°C. After 4 hours’exposure, worm-like phase regions with structure of about
15 nm in size developed (figure 4-50a). After 24 hours, this type of structure remained
with the typical size of the brighter separated phase increasing to about 25 nm (figure 4-
50b). For the purposes of this thesis, the brighter separated phase will be identified as
“the separated phase” and the remainer phase “the matrix”. After 168 hours’ exposure,
the separated phase showed a developed microstructure in the form of closed worm-like
regions and some spheres (figure 4-50c). These spheres, around 40 nm in diameter, are
possibly the ends of worm-like inclusions. After 336 hours’ exposure, apart from the
increased dimensions of the separated phase, the structures of both the separated phase

and the matrix showed high interconnectivity (figure 4-50d). The
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average dimension of the elongated or branching regions of the separated phase size
was typically about 60nm. Increasing the exposure time to 504 hours, resulted in the
structure shown by figure 4-50e. The separated phase coarsened and remained highly

interconnected with dimensions of typically 80 nm.

After thermal exposure, the circular silica particles observed in the as-received shot
particles (figure 4-7) started combining with each other to form larger particles.
Figure 4-51 shows the typical structure of a shot particle exposed at 750°C for 504
hours. The structure includes mainly ‘kidney bean’ like discrete silica particles

distributed in an alkaline-earth silicates rich matrix.

The structural changes observed in Superwool fibre at 800°C with increasing thermal
exposure time are illustrated by figures 4-52a to h. After 1 hour’s exposure, a
separated phase in the form of granule and interconnected worm was distributed in
the darker matrix phase (figure 4-52a). Figure 4-52b shows, after 5 hours’ exposure,
that high density mainly discrete round and kidney-bean like particles of about 50 nm
size formed. At this stage the separated phase appeared in the form of separated
granules rather than being interconnected. With longer heat treatment the granules
combine with one another to form a partially interconnected worm-like structure.
Figure 4-52c shows, after 24 hours’ exposure, that the fibre was characterised by this
type of coarsening channelised structure. After 48 hours, the interconnected channel
structure coarsened and remained highly interconnected (figure 4-52d). A skeleton-
like structure was also observed in a cross section of fibre after exposure for 48 hours

(figure 4-52¢). EDS analysis showed that this phase was silica (figure 4-52f) and it is
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believed that these silica fractions formed during the ultramicrotomy sectioning
process when the alkaline-earth silicates phase fell apart. This implies that a clear

boundary exists between the two separate phases.

Figure 4-52g shows an extensive cross section of fibre after 96 hours’ exposure. The
structure suggests that phase separation took place homogeneously throughout the
fibre from its surface to its centre. Figure 4-52h shows this microstructure at a higher
magnification. The micrographs indicated that at this stage the channel structure of
the separated phase started to dissociate into discrete spherical particles. It showed a
distinct interface between the two separated phases. At this stage, the separated
phase existed in a mixed form of channellised and isolated particles with dimensions
ranged from 120nm to 160nm. The change from a channel structure to discrete
particles was gradual and it was difficult to distinguish a time period when the worm-
like dispersed phase existed from another when only isolated particles were seen.
Figure 4-53a and figure 4-53b are typical EDS spectra respectively for the separated
phase and the matrix. They indicate that the brighter separated phase is silica (figure

5-53a) and the glass matrix is the alkaline-earth silicate rich phase (figure 4-53b).

For the shot particles, figure 4-54 shows that after 48 hours’ exposure at 800°C the
coarser ‘kidney bean’ like silica particles formed from the spherical silica particles

observed in the unexposed shot particles.

As indicated by the results of X-ray powder diffractometry, Selected Area Electron

Diffraction (SAED) studies with the TEM confirmed that the exposed samples
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investigated in this section were still amorphous in nature. Figures 4-55 shows SAED
pattern corresponding to the darker areas in figure 4-52h. The pattern shows diffuse

rings which are typical of amorphous materials.

4.5.2 Devitrification Products

Figure 4-56 shows that after 168 hours’ at 800°C the alkaline-earth silicates started to
crystallise from the alkaline-earth rich regions. Figure 4-57 is the SAED pattern taken

from the crystallised regions in figure 4-56. At this stage silica remained amorphous.

Figure 4-58a shows the microstructure of a Superwool fibre thermally exposed at
900°C for 168 hours. Figure 4-58b is an image at higher magnification. They suggest
the fibre has a “uniform” phase structure from its surface to its centre. The
microstructure consists of two different types of region, one brighter “structureless”
region and the other darker needle-like region. With reference to the XRD results for
these exposure conditions (section 4.3.1) the crystalline phase formed in this fibre
identified as wollastonite 1. Figures 4-59a and b are typical EDS spectra
corresponding respectively to the wollastonite 1 and amorphous silica phases. Semi-
quantitative analysis showed that the composition of wollastonite 1 is Si0,:58.05%,
CaO: 34.97% and MgO: 6.97% (wt) and confirmed that the wollastonite 1 is a Mg-

containing wollastonite solid solution.

SAED patterns of wollastonite 1 were taken in different directions by rotating the

specimen. The d-spacings of the planes producing the diffraction spots were
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calculated using equation 3-2 and the angles between the planes were determined by
measuring the angle between corresponding diffraction vectors. Using equation 4-1,
the cell parameters of wollastonite 1 were obtained as a=15.206A, b=7.170A,
—6.891A and B=95.46° as displayed in table 4-1. Figure 4-60 shows a typical SAED
patterns. This pattern is indexed as (200)x(001) along which the electron beam
travelling in the [020] direction in the crystal (see section 3.4.2.2 for method of
analysis). Figure 4-61 is a TEM micrograph of a fibre cross section for a fibre
exposed for 1344 hours’ at 900°C. This shows mature devitrified wollastonite 1.
Figure 4-62 is the corresponding SAED pattern. Analysis of this diffraction pattern
showed that the wollastonite 1 had the same cell structure as that formed in the fibre
after 168 hours’ exposure at this temperature, which confirmed the XRD finding that
once wollastonite 1 formed the structure of did not change with increasing exposure
time. Figure 4-63 shows a fraction of a broken cross section of fibre after exposure
for 1344 hours’ and shows fragments of wollastonite 1 crystals attached to the silica

particles.

Figure 4-64 is a microstructure of the fibre thermally exposed at 1000°C for 168
hours. It shows a similar structure to that observed in the fibres after exposed at
900°C. Analysis of the SAED patterns and EDS spectra indicated the primary
crystalline phase was wollastonite 1 as observed in the fibres exposed at 900°C.
Figure 4-65 shows the associated (200)x(001) electron diffraction pattern and figure
4-66 shows a fibre several silica particles near the fibre edge. Itis believed that the

wollastonite 1 component had fallen apart during the process of preparing the TEM
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specimens. The lower left hand corner of the micrograph shows that there are a bit

wollastonite 1 was still attached to the silica balls.

Figure 4-67a and b are respectively the TEM bright field and dark field images of a
crystalline particle observed in the Superwool fibre after thermal exposure at 1250°C
for 168 hours. The EDS spectrum (figure 4-68) showed this particle was silica.
Further electron diffraction studies showed it was c-cristobalite which is consistent
with the XRD and DSC results. Figure 4-69 shows its (001)x(100) diffraction

pattern.

The crystalline particles in the cross section of figure 4-70 were also confirmed as o-
cristobalite by SAED and EDS analyses and the formation of wollastonite 2 in the

same fibre was confirmed by TEM.

The wollastonite 2 particles are identified by ‘W’ in figure 4-71. Figure 4-72 is the
EDS spectrum from the particles marked as W in this figure and semi-quantitative
analyses showed their composition to be: Si0,=53.51%, Ca0=45.45% and
Mg0=2.04% (mol). Figure 4-73 is the related electron diffraction pattern. Analyses
of SAED patterns gave the cell parameters of a=15.337A, b=7.210A, ¢=7.022A and

B=95.31°. The particles marked as ‘C’ in figure 4-71 were identified as o.-cristobalite.

Large diopside crystallites were also observed in the Superwool fibre after thermal

exposure at 1250°C for 168 hours. Figure 4-74 shows a diopside particle and figure

93



4-75 is its corresponding EDS spectrum. Figure 4-76 is its electron diffraction

pattern identified as (1 1())x(T1 0).

For Superwool fibres thermally exposed at 1250°C for 1344 hours, in addition to the
o-cristobalite, wollastonite 2 and diopside, tridymite crystallites were identified
among the cristobalite particles. Figure 4-77a and b show respectively the bright field
image and correspoding dark field image for a cross section of Superwool fibre
thermally exposed at 1250°C for 1344 hours. The brighter particle in the dark field
image was identified as tridymite and figure 4-78 is its corresponding (200)x(020)

electron diffraction pattern.

4.5.3 Development of Fibre Surface Structure

The development of the surface structure of fibres after thermal exposure was
analysed using the high resolution X140 SEM. When TEM analysis showed the
structural changes taking place in the fibres the fibres exposed at 800°C and 900°C
for the investigated exposure times (section 4.5.2), the SEM showed relatively
smooth surfaces, due to its relative low spatial resolution. For example, figures 4-79
and 4-80 are the secondary electron (SE) images of fibres exposed at 800°C for 3864
hours and at 900°C for 2688 hours respectively and these show fibres with smooth
surfaces. At 1000°C, after 672 hours’ exposure, the surfaces of the fibres also
remained smooth (figure 4-81). Further exposure resulted in the development of fibre

surface structure. Figure 4-82 is an SE image of the fibres after 2352 hours’ exposure
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at this temperature which shows that a rougher surface had developed. Figure 4-83 is
the SE image of the fibre after thermal exposure at 1100°C for 336 hours. This

shows that surface structure had formed on a scale of .

Back-scattered electron (BSE) images in figures 4-84a to e show the rapid
development of surface structure on Superwool fibres as the exposure time is
increased from 0.5, 24, 168, 672, to 1344 hours at 1250°C. As soon as the thermal
exposure commenced two distinct regions developed on the fibre surfaces (figure 4-
84a). The brighter regions correspond to alkaline-earth silicates due to their higher
average atomic number and the darker regions to silica. The sizes of the regions
increased with increasing thermal treatment time (figure 4-84b). When the heat
treatment time was increased to 168 hours, the fibre showed bright discrete alkaline-
earth silicate particles embedded in dark silica phase (figure 4-84c). This type of
structure developed further with increasing time (figure 4-84d). After 1344 hours,
mature individual alkaline silicates particles with regular crystal shapes
developed(figure 4-84€) and it appeared that they were connected by silica
crystallites. The average size of the fibre (figure 4-84f) appeared to decrease with

extended thermal exposure (fibre shrinkage).

4.5.4 Structure Development in the Shot Particles

Figures 4-85 to 87 show surface structures on shot particles following thermal

treatment at different temperatures. Figure 4-85 is an SE image of the surface
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structure after exposure at 1100°C for 336 hours. This shows that small lumps sized
at about 1 pm had evolved. Figure 4-86 is a SE image of a shot particle exposed at
1200°C for 336 hours. Particles of about 4 pm in size were diaplayed. Figure 4-87a
to ¢ are BSE images which shows the rapid development of surface structure on the
shot particles after exposure at 1250°C for 24, 672, and 1344 hours respectively.
After 24 hours, particles of about 4 uni in size had developed (figure 4-87a); After
672 hours, the fibre surface structure was characterised by large bright crystalline
particles distributed in dark silica “sea” (figure 4-87b); and after 1344 hours’
exposure, bright crystalline particles with regular shapes developed. The size of these

alkaline-earth silicate crystallites was typically 10 pm.

Figure 4-88 to 91 show BSE images of the microstructures of cross sections of shot
particles which had undergone thermal exposure at different temperatures: figure 4-88
shows the structure in the shot particle after thermal exposure at 1000°C for 3192
hours; figure 4-89 shows the structure of the shot particle after thermal exposure at
1100°C for 3024 hours, and figure 4-90 shows the structure after thermal exposure at
1200°C for 672 hours. All three images, identify three distinct phases, white, grey
and black, though this is not as obvious in figure 4-88 as in figure 4-89 and 4-90 due
to the finer structure in figure 4-88. The grey phase was always combined with, or
contained in, the white phase. The size of these phases increased rapidly from figure
4-88 to 90 and the connectivity of white phase decreased from figure 4-88 to 90. In
figure 4-90 the white phase and grey phase together were more or less discrete

particles distributed in black matrix.
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Figures 4-91a to f show the development of structure within shot particles at 1250°C
as a function of exposure time from 0.5, 1, 24, 168, 672 to 1344 hours. They also
show the existence of three different phases, which exhibited different contrasts in the
BSE images, respectively white, grey and black respectively. These particles
coarsened rapidly with increasing exposure time. Figures 4-92a to ¢ are EDS spectra
corresponding to the three different phases in figure 4-91f. They indicated that the
white phase is calcium silicate with a small amount of magnesium (figure 4-92a), the
grey phase is magnesium calcium silicate (figure 4-92b) and the darkest one silica
(figure 4-92c). Compared with XRD (section 4.3.1), these three phases were

identified as wollastonite 2, diopside and cristobalite.

4.6 Microstructural Development of Fibre A2 and B3

4.6.1 Microstructural Features of Exposed A2 Fibres

Figure 4-93 is a TEM micrograph showing the cross section of A2 fibre after
exposure at 750°C for 24 hours. The microstructure is characteristic of a high density
of bright, discrete circular particles with a typical size of 25 nm distributed in a dark
matrix. Increasing the thermal exposure to 48 hours resulted in an increase of size in
the separated bright particles to about 45nm and a decrease in their density compared

with those after 24h’ exposure (figure 4-94).
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Figure 4-95 shows the microstructure of A2 fibre after being exposed at 800°C for 48
hours. The structure is characterised by circular particles distributed in a lamellar-
structured crystalline phase. Figure 4-96 shows the EDS spectrum of the circular
particles, which suggests they are silica. Figure 4-97 is a SAED pattern
corresponding to the crystalline phase in figure 4-95. The SAED pattern, to gether

with EDS analysis, confirm the phase was diopside..

Figure 4-98 is a BSE image of an A2 shot particle after exposure at 1250°C for 1344
hours. Tt exhibits two coexisting phases, one white and the other black. Figure 4-99a
and 4-99b are EDS spectra of these two phases in figure 4-98, suggesting that the

white phase is diopside and the black one silica.

4.6.2 Microstructural Features of Exposed B3 Fibres

Figure 4-100 shows a TEM micrograph of the microstructure of B3 fibre after
exposure at 750°C for 24 hours. The separated phase showed an internnected worm-
like structure with a typical size of about 18 nm. Extended exposure resulted in the
break up of this internnected structure and figure 4-101 shows that after 336 hours
the separated phase developed as big spherical particles whose size ranged from 60 to
100 nm. At this stage SAED analyses showed both the separated phase and the
matrix were still amorphous. EDS analyses showed the spherical particles were silica

rich and the matrix were alkaline-earth silicate rich.
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5.1. Experimental Aspects

The alkaline-earth silicate fibres are a new generation of refractory materials. They
are vitreous when manufactured but can devitrify during high temperature use. To
better understand their microstructural behaviour in use, experimental conditions for
their thermal exposure in a “clean” environment were established. The as-
manufactured fibres were thermally exposured at temperatures ranging from 700°C to
1250°C over time scales extending to thousands of hours using laboratory furnaces
whose temperatures were carefully monitored. For short term exposure ranging from
10 mins, a specially designed tube furnace which was built as part of the project was

used. This tube furnace was also used to determine the thermal response of the fibres.

Qualitative X-ray Diffraction (XRD) methods were employed to identify the
devitrification products and semi-quantitative internal standard method was developed
for the analysis of the devitrification products in relation to their maturity and

transformation. The internal standard chosen was BaF,, which proved to work well.

Special techniques involving ion beam thinning or ultramicrotomy were developed to
reliably and efficiently prepare electron transparent fibre samples for TEM analysis.
The ultramicrotome method proved most appropriate, and this was used to prepare
the majority of the TEM samples in this study. While most published work on glass-
glass phase separation and crystallisation are based on replica technique of TEM

specimen preparation. This method provided a large number of fibre sections which
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were thin enough for direct observation of microstructure and composition analysis
under transmission electron microscopy. While fracturing the fibre cross sections was
observed, the small fractions were big enough for analysis. Successful TEM studies
have been carried out to identify the product crystalline phases and subsequently the

evolution of fibre microstructure as a function of temperature and time.

Studies based on the SEM have greatly supported and contributed to the structural
characterisation of the transforming fibres and to the understanding of the phase

transformation and morphological development in the devitrifying fibres.

5.2 Glass-Glass Phase Separation

Transmission electron microscopy and X-ray diffraction studies indicated that the
opalescence encountered in the as-manufactured Superwool fibre blanket and during
the initial, relatively low temperature subsolidus heat treatment of the fibres was due
to glass-glass phase separation. This phase separation occurred homo geneously

throughout the volume of the glass fibres or shot particles rather than at surfaces.

During the fiberising process, the glass melt was rapidly quenched and the
microinhomogeneous structure found in the as-manufactured shot particles indicated
that phase separation took place during the fiberising process. When the
homogeneous melt cools through the miscibility gap, the supercooled melt began to

separate. This unmixing process continued until it was halted either by the
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intervention of crystallisation or by the high visco sity attained by the system as it
passed through the glass transition region. In the case of shot particles, crystallisation
did not occur. The resulting glass was therefore a “phase separated” glass, a solid
composed of two glassy phases. The extent of the phase separation depended on the
time the system remained within the miscibility gap at high enough temperatures for
the kinetic processes of separation to proceed. The rate of quenching of the material
strongly depended on the size of the shot particles or fibres. The shot particles, as the
fibres, had a range of diameters and the larger diameters led to lower quenching rates
and therefore, phase separation had a longer time over which to develop. The

separated silica phase was observed to increase in size with increase in shot diameter.

In Superwool, A2 and B3 fibres, when the fibre diameters was less than about 10pum,
the fibres were rapidly quenched to room temperature during the fiberising process
and formed a homogeneous, or near-homogeneous, glass. This glass was
subsequently phase separable since, upon heating to a temperature where molecular
transport could take place, phase separation could occur (although at these
temperatures it will also be competing with the crystallisation process). Phase
separation was observed with the TEM in these fibres after thermal exposure. The
dimensions and morphologies of the phase separated phase largely depended on the

compositions and thermal exposure conditions.

In Superwool fibre, worm-like structure with high connectivity seemed to be more
easily produced by heat treatment at 750°C. The phase separated structure of the

fibres treated at 800°C exhibited a smaller degree of connectivity, the difference in
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behaviour probably reflecting a difference in the density of the separated phase
particles. The effects of temperature on the characteristics of phase separation have
been extensively investigated'*” **'*’. It is generally observed that lower heat
treatment temperatures within a miscibility gap lead to smaller and more numerous
second phase particles .i.e. a small particle diameter and increased density of particles.
According to Haller’s intersecting theory'>*, these particles approached each other to
form an interconnected structure. The size of any interconnected microstructures
showed a dependence on heat treatment temperature, a lower temperature, say 750°C
giving a finer scale of structure. The limited size of the particles provides good
equilibriation of temperature throught the volume of the material and therefore at
lower temperatures a slower rate of coarsening. During thermal exposure, phase
separation developed as a function of time and, in shot particles the separated silica

phase showed coarsening with increase in time.

After thermal exposure of the A2 and B3 fibres under the same conditions, for
example 750°C for 24 hours, the separated silica phase was observed as discrete
particles, while in Superwool fibre the separated phase showed much higher
interconnectivity. This is due to their different compositions. Reference to the phase
diagram in figure 3-2, shows that if these fibrous glasses separate to alkaline-earth
silicate phase and silica phase, the composition of the Superwool fibre gives a much
higher volume fraction of separated silica phase. The higher density of separated
silica particles therefore more readily approached each other and formed the

interconnected structure.
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The observed morphology of phase separation depended not only on the original
composition of the fibre and, the time and temperature of the heat treatment but also
on details of the thermal history of the fibres. Both discrete particles and
interconnected structures can be produced. Coarsening has been shown to be an
important process in phase separation and can involve changes in the morphology as
well as the scale of the structure. It was shown in this fibrous glass system that slow
cooling of the melt led to droplet structure while a sharp decrease in temperature
during the fiberising process and subsequent isothermal heating led to a more highly
interconnected structure. It is highly probable that a predominant role is played by the
value of the melt viscosity. Similar phenomena were observed by Ro skova™ in

sodium silicate and sodium borosilicate glasses.

So far very little research has been reported on phase separation in this particular
material system. This study allowed the direct observation of phase separation and its
development in the glassy fibre. Also, it is suggested that the initial phase separation
in this fibrous system is a key to understanding the whole devitrification process. The
influence of phase separation on crystallisation in general has been extensively

studied #1428 and the effects of phase separation on crystallisation in this fibre

system will be considered in section 5 3.
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5.3 Devitrification Behaviour Of Superwool Fibre

5.3.1 Development Of Alkaline-Earth Silicates

The development of alkaline-earth silicates in Superwool as a function of furnace
exposure temperature and time are summarised in figure 5-1. This figure is

constructed from figure 4-34.

As discussed in details in the last section, in the ‘#’ region phase separation took

place. Both the silica rich and alkaline-earth rich regions were amorphous.

With increased thermal exposure time at and below 850°C i.e.in the ‘A’ region, the
main peaks of wollastonite 2 (W2°) and diopside (D’) emerged and developed with
increase in exposure time. Some unidentified peaks were detected in the XRD
patterns and how they were involved with the overall phase development remain
unclear. Further exposure resulted in the appearance of main peaks of wollastonite 1.
In this region of temperature and time, all these alkaline-earth silicate phases showed
very immature structures, however the gradual transformation from wollastonite 2’
and diopside to wollastonite 1’ as a function of increasing exposure time was
identified. The transformation rate increased with increasing exposure temperature
from 750°C to 850°C and these results strongly suggested that in this temperature
range the wollastonite 2 is an unstable phase; it formed initially and slowly

transformed to wollastonite 1 after extended exposure.
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Increase in the exposure time at temperatures above 850°C led to the ‘*’ and *®’
region where wollastonite 1 was the main crystalline alkaline-earth silicate phase.
After its formation, wollastonite increased in its diffraction intensity rapidly and soon
reached its maximum. The results also showed that the d-spacings of wollastonite did
not change with increase in exposure time. A small amount of pseudowollastonite
was detected in addition to wollastonite 1 in the * @’ region. At 900°C, wollastonite
was stable against extended exposure and persisted even after 3000 hours’ exposure.
At temperatures higher than 900°C wollastonite 1 only existed in a limited time

period.

With further increase in exposure temperature and time to <>’ area, wollastonite 1
decomposed into wollastonite 2 and diopside, and therefore, three phases of alkaline-
earth silicate, wollastonite 1, wollastonite 2 and diopside, coexisted. The XRD results
clearly demonstrated the transformation from wollastonite 1 to wollastonite 2 and
diopside at exposure temperatures above 900°C. The decomposing rate of
wollastonite 1, or the rate of formation of wollastonte 2 and diopside, largely
depended on the exposure temperature and increased rapidly with the exposure

temperature.

In ‘A’ region , which is at the top of the diagram, only wollastonite 2 and diopside
were detected. This suggested that at the limit of the exposure time investigated and
temperatures higher than 900°C, wollastonite 2 and diopside were the final alkaline-

earth silicate products.
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Both TEM and XRD studies confirmed the formation of two different forms of
wollastonite solid solution in the thermally exposed Superwool fibre. It was noticed
that the d-spacing of wollastonite 1 and wollastonite 2 remained fairly constant
following crystallisation. Both TEM and SEM analysis revealed that wollastonite 1
and 2 are magnesium-containing wollastonites and are wollastonite-diopside solid
solutions. Wollastonite 1 contained more Mg*" in its structure as reflected in the
greater shift in d-spacing in companion with standard wollastonite pattern. ‘Doublet’
X-ray diffraction peaks observed during their transformation suggested that these
two wollastonites have similar structures but have unit cells of a differing size due to
different concentrations of Mg®*. Assuming wollastonite 1 and wollastonite 2 both
have the monoclinic structure, i.e., parawollastonite structure, the recalculated d-
spacings based on experimental results for the cell constants are a good match with
experimental results. Cell parameters of wollastonite 1 and wollastonite 2 deduced
from both XRD and TEM analyses are smaller than those on the JCPDS card for
wollastonite due to the substitution of Ca®* by Mg”", though the position of Mg”" in

the structure is not clear.

Wollastonite 1 was the low temperature form and stable at and below 900°C while
wollastonite 2 formed after extended exposure at temperatures higher than 900°C.
However, investigations showed that wollastonite 2 and diopside did form
preferentially below 900°C and then transformed to wollastonite 1. At temperatures
below 900°C phase separation had time to develop and it is possible that secondary

phase separation occurred in the alkaline-earth silicate rich region, i.e., the
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composition in the alkaline-earth silicate rich regions was not uniform. Secondary
phase separation led to a change in the chemical composition of the region, caused the
emergence of regions of nonuniformity similar in composition to wollastonite 2 and
diopside, and accelerated the nucleation and growth of these crystals. These
nonuniform regions kinetically favoured the formation of diopside and wollastonite 2
phases and, due to the relatively low temperatures involved, the wollastonite and

diopside phases showed deformed or imperfect structures.

Tt is believed that these two types of wollastonite are similar to those observed by
Osborn®®. He did not mention the low temperature anomaly discussed in the last
paragraph. Shinno'” claimed that W85 (85%wollastonite, 15%diopside wt.%) -W0
(0%wollastonite, 100%diopside wt.%), whiqh he defined as Mg-wollastonite, was a
metastable phase in all temperature ranges while W100-W85 was the stable phase.
He suggested a transformation occurred from Mg-wollastonite to diopside rather than
the Mg-wollastonitel to Mg-wollastonite 2 and diopside which we observed. After
closely monitoring the development of alkaline-earth silicate phases in this system, we
found that both wollastonite forms had their own stable temperature range.
Costantini''? reported the shift in XRD traces for wollastonites containing different

amounts of Ca. The stability and transformation behaviour were mentioned in their

paper.

The diopside identified in these devitrified fibres did not take extra Ca** and Mg®"

jons into its structure and its d-spacing matched the standard data in JCPDS cards.
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5.3.2 Development of Crystalline Silica Phases

Figure 5-2 summarises the temperature and time dependence for the development of
silica phases in the Superwool fibre. This diagram is also constructed from

figure 4-34.

Crystalline silica phases were not detected until the fibre was exposed at 1000°C for
48 hours. Before that in the ‘<>’ temperature and time region the separated silica

phase remained amorphous.

The figure shows a narrow temperature and time band (solid triangle) in which quartz
was the only crystalline silica. This suggested that quartz was the primary crystalline
silica phase. As discussed in section 4, quartz was identified in its low-temperature

form in the devitrifying alkaline-earth silicate fibres.

Increase in exposure temperature and time to ‘*’ region, resulted in quartz starting to
transform to cristobalite. XRD, TEM and thermal analysis identified the formation of
o-cristobalite, the low temperature form and, these o-cristobalite peaks were
accompanied by a small broad peak of tridymite. The tridymite peak is due to
structural intergrowth of a small amount of tridymite and cristobalite. There was no
proof that all the cristobalite formed from the transformation of quartz owing to a
lack of quantitative analysis and it is possible that a small amount of cristobalite could

transform straight from amorphous silica. However, the maximum rate of increase
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of cristobalite corresponded to the maximum amount of quartz and this implies that at
least most of cristobalite transformed from quartz. Further there is agreement
between the time for cristobalite to grow to its maximum and for the quartz to
disappear. The transformation rate from quartz to cristobalite was strongly dependent
on the temperature. At the same temperature, the transformation rate depended on

the amount of quartz formed.

At 1200°C or 1250°C after extended exposure, in the ‘O’ region, cristobalite was the
main crystalline silica phase identified while significant growth of tridymite related

peaks was confirmed by both TEM and XRD results.

When silica glass crystallises, it is often observed that cristobalite forms even within
the temperature range over which quartz or tridymite is stable'> ** '*°. The reason is
believed to be the similarity of the open structure of cristobalite to that of amorphous
silica. However, the results showed that in this fibrous system quartz was the initial
crystalline silica phase to form. At and above 1000°C, quartz formed and then
transformed to cristobalite. As pointed out in Section 2.4.1, quartz is only
thermodynamically stable below 867°C*. Golubkov'®’ suggested that there exist two
different types of amorphous silica structure, one quartz like and another cristobalite
like. In this fibrous system, after phase separation alkaline-earth silicates crystallised
while the separated silica phase was retained to be amorphous below 1000°C. We
presume that the structure of the separated amorphous silica evolved to be more
quartz like in the wide ‘<>’ range of the diagram. Therefore, with further increase in

exposure temperature and time the system kinetically favoured the formation of
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quartz. As quartz is not a thermodynamically stable phase at or above 1000 °C, it

gradually transformed to cristobalite.

Also, the high-temperature form of cristobalite was identified as the primary and main
crystalline phase'™ *®in devitrified aluminosilicate fibres. The different devitrification
products possibly reflected a different devitrification mechanism in these two different
fibrous systems. For examples, the aluminosilicate fibre unlike the alkaline-earth
silicate fibre was ground to its powder form before thermal exposure. The difference
in thermal response of as-manufactured fibres in their unground and ground form as
demonstrated in section 3.3.2, the damage to the fibre surface, any contamination of
the fibre and, possibly any strain release from the rapidly quenched fibre during the
grinding process may have affected or even changed the devitrification mechanism.
Further, a difference may arise due to the formation of cristobalite, directly from

amorphous silica or via the quartz intermediate.

5.3.3 Devitrification Process in Superwool Fibre

The discussions in section 5.3.1 and 5.3.2 indicate that the devitrification process in
superwool fibre may be represented by the schematic diagram shown in figure 5-3.
Initially phase separation took place in the homogeneous glass to produce two glassy
phases, one alkaline-earth ions rich and the other silica rich. Crystallisation then took
place in the two separated phases: wollastonite 1, wollastonite 2 and diopside

crystallised from amorphous, alkaline-earth rich glass and quartz, cristobalite and
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tridymite from the amorphous silica phase. At 900°C, wollastonite 1 was the stable
phase. At higher temperature after extended exposure, the primary phase
wollastonite 1 transformed to wollastonite 2 and diopside, i.e. Wollastonite 1—
Wollastonite 2 + Diopside. Wollastonite 2 and diopside were the final, alkaline-earth
silicate products at and above 1000°. Wollastonite 2 and diopside did form in an
immature form after extended exposure at temperatures below 900°C. However they
slowly transformed to wollastonitel, i.e., Wollastonite 2” + Diopside’ —

Wollastonite 1°.

Tt was not until exposure temperatures exceeded 1000°C that a-quartz crystallised
out from amorphous silica phase. The subsequent increases in exposure temperature
and time yielded more quartz and it then transformed to cristobalite. At 1250°C after
extended exposure, in addition to wollastonite 2, diopside and cristobalite, prominent

growth of tridymite was then observed.

5.4 Devitrification Behaviour of A2 and B3 Fibres

5.4.1 Devitrification Behaviour of A2 Fibre

Phase separation took place in A2 fibre as discussed in section 5.2 and figure 5-4
shows from this information the development of the alkaline earth silicate products in

the devitrifying A2 fibre.
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Diopside was the initial and main crystalline product obtained from the alkaline-earth
silicate component (‘O’and ‘®’ regions). In the ‘0’ region, a trace of wollastonite
was also detected. Diopside was the final devitrified alkaline-earth silicate product
obtained at the hightest temperatures and times investigated (‘®’ regions). Silica

phases showed the same behaviour to that observed in the Superwool fibre.

Figure 5-5 shows the devitrification process observed for A2 fibre. Phase separation
took place initially. Diopside was the initial crystalline phase, though a trace of
wollastonite did form as an intermediate product at certain temperatures and times.
Subsequent increase in exposure temperature and time led to its disappearance. In
terms of phase diagram, the A2 fibre sits on the line of SiO, and CaO-MgO-2SiO; in
the equilibrium diagram and, therefore as expected diopside and cristobalite were the

final equilibrium products.

In the A2 fibre, diopside was the initial crystalline phase and existed as the main
devitrification product throughout the exposure temperatures and times investigated.
Shinno” ¥ claimed that the crystallisation of diopside from glass included two
processes: crystallisation of Mg-wollastonite from the glass and then the
transformation of Mg-wollastonite to diopside. In this fibrous material, the XRD
results suggested that the majority of diopside crystallised directly from the
amorphous alkaline-earth silicate glass. The trace of wollastonite detected might be
the Mg-wollastonite defined by Shinno'*® which then transformed to diopside after

longer exposure.
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5.4.2 Devitrification Behaviour of B3 Fibre

Figure 5-6 shows the temperature and time dependence of the development of

alkaline-earth silicates in the thermally exposed B3 fibre.

Again, as observed in the case of Superwool fibre two different forms of wollastonite,
wollastonite ‘a’ and ‘b’, formed in the thermally exposed B3 fibre. As with
wollastonite 1 in Superwool fibre, the results showed that wollastonite ‘a’ was the
more stable phase at <900°C whereas wollastonite ‘b’, similar to wollastonite 2, was
stable at temperatures above 900°C. At high temperatures after extended exposure,
wollastonite a’ started decomposing to wollastonite ‘b’ and diopside until
wollastonite ‘a’ was no longer detected. Due to the limited amount of diopside
formed, only part of the wollastonite crystallised out as wollastonite ‘a’ and the
remainder crystallised out as wollastonite ‘b’ even in the stable temperature range of
wollastonite ‘a’. Both wollastonites coexisted in fibres devitrified at 900°C. At
temperatures below 900°C, immaturally wollastonite b, diopside and
pseudowollastonite initially formed. At the same time, a few unidentified peaks
emerged which only only existed in a limited time range. With increasing exposure

time, wollastonite b and diopside started transforming to wollastonite a.

Tn Superwool fibre only a trace of pseudowollastonite was detected in a limited
temperature-time range from 900°C to 1200°C. With a higher concentration of CaO
and SiO, in its original composition, B3 fibre demonstrated the typical crystallisation

behaviour of pseudowollastonite. Its d-spacing matched JCPDS data which
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confirmed Osborn’s view that pseudowollastonite didn’t take extra Mg > into its
structure to form solid solution®®. As with Superwool, pseudowollastonite only
existed in a certain range of temperature and time. The XRD paiterns of B3 fibre,
after 672 hours’ exposure at different temperatures, showed a tendency for
pseudowollastonite to decrease in peak intensity with increasing in exposure
temperature. After devitrification at 1100°C only trace amounts of
pseudowollastonite were detected while, after 1250°C no pseudowollastonite was
detected. At similar temperatures, for example 1000°C, the diffraction intensity of
pseudowollastonite increased with exposure time up to 168 hours and then started to
decrease. In B3 fibre with increasing exposure time from 336 hours to 1848 hours at
1000°C, wollastonite ‘a’, pseudowollastonite decreased in their intensities while
wollastonite ‘b’ and diopside increased. Therefore, it was likely that

pseudowollastonite had transformed to wollastonite ‘D’

These results suggest that pseudowollastonite was not stable in the temperature range
investigated. The amount of pseudowollastonite decreased with increasing exposure
temperature. As indicated by figures 4-47 and 48, at 1100°C only trace amounts of
pseudowollastonite was identified, and at 1250°C no pseudowollastonite was
detected. Owing to the high concentration of SiO, and CaO in the glass composition,
and then in the phase separated alkaline-earth silicate rich regions, the system
kinetically favoured the formation of pseudowollastonite as a metastable phase in the
low temperature region. The formed pseudowollastonite gradually transformed to

more stable wollastonite with increasing exposure temperature. The stable
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temperature region for wollastonite was greatly increased due to the formation of
wollastonite solid solution®’. It was proved to be higher than the highest exposure
temperature investigated, 1250°C. Bowen®® identified that powdered CaSiOs glass
crystallised to form pseudowollastonite while bulk CaSiO; glass crystallised to form
wollastonite. No investigation was carried out to show if the pseudowollastonite
formed from its powdered glass was stable against extended exposure. These fibrous
materials had dimensions comparable to those of powders. This investigation
suggested at around 900°C pseudowollastonite is one of the primary crystalline

phases, however it was not stable against extended exposure.

As with the A2 fibre, the devitrification behaviour of the silica phases in B3 was
similar to that observed in Superwool fibre. The development of tridymite at 1250°C
was best demonstrated in B3 fibres. Because the original composition of B3 fibre was
richer in silica and therefore the transformation appeared more prominent. As shown
by figure 4-47, there was a significant reduction in the height of the cristobalite
diffraction peak corresponding to the formation of tridymite, which implies a

transformation from cristobalite to tridymite.

The complicated devitrification process for B3 fibre is illustrated by figure 5-7. As
with Superwool and A2 fibres, phase separation took place at the initial stage of
devitrification. When the fibre was exposed at 900°C both Pseudowollastonite,
wollastonite ‘a’ and ‘b’ crystallised out. With further increase in exposure
temperature, the wollastonite ‘a’ decomposed to wollastonite ‘b’ and diopside. After

exposure at lower temperature (800°C), wollastonite b, diopside, pseudowollastonite
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and some unidentified peaks appeared and with an increase in exposure time,
wollastonite ‘b’ and diopside started transforming to wollastonite ‘a’.
Pseudowollastonite increased initially in diffraction intensity with increasing thermal
exposure temperature and time, and then, most likely transformed to the more stable
wollastonite b phase. Regarding the crystallisation of silica phases, as in Superwool
and A2 fibres, quartz crystallised from the separated amorphous silica and then
transformed to cristobalite. The latter then transformed to tridymite after extended
exposure. Therefore, as in the Superwool fibre, wollastonite, diopside, cristobalite

and tridymite were the final devitrification products.

5.5 Practical Implications and Recommendation for

Further Work

The results obtained in this investigation were obtained in a “clean” laboratory
environment. It is emphasised that the range of devitrification products may change
significantly as a result of “contamination” by a particular industrial environment. It
would therefore it will be of value to investigate the effects of different exposure

environments on the devitrification process and products.

This investigation has confirmed the formation of silica phases including amorphous
silica, o-quartz, o-cristobalite and tridymite in the thermally exposed alkaline-earth
silicate fibres. In the devitrifying Superwool, A2 and B3 fibres, similar transformation

behaviour between these phases was observed ie amorphous silica—a-quartz—0.-
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cristobalite—stridymite. The formation mechanism of a-quartz at temperatures
>1000°C, which is not in its stable temperature region, remains to be clarified. It is
accepted that B-cristobalite, the high-temperature form, was the only silica phase
identified in the devitrified aluminosilicate fibres. The formation of metastable o.-
quartz here may hold the key to the formation of a-cristobalite, the low-temperature
form, in the devitrified alkaline-earth silicate fibres. More detailed microstructural
studies will help to understand the different crystallisation and transformation process

in these silicate fibres.

The formation of these silica phases was observed at temperatures within the
conditions of use recommended by the fibre manufacturers. These findings are
important both for engineering and health perspectives. From an engineering
perspective, the formation of cristobalite has an adverse effect on the mechanical
properties of the fibres due to its large expansion coefficient’”””®, resulting in
brittleness. The health effects of silica dusts have paralleled many developments of
occupational medicine and industrial toxicology. Studies of the biological behaviour
of these silica-contained devitrified fibres are important both practically and

scientifically.

Wollastonite solid solutions containing different concentrations of Mg>" were
identified in the devitrified Superwool and B3 fibres. The structure of the
wollastonite solid solutions, and the position of Mg”" in the structure are yet to be

studied and clarified. Microstructural evidence of transformation between the
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wollastonite solid solution and diopside in Superwool and B3 fibres is yet to be

provided using high resolution transmission electron microscopy.

Wollastonite 1 and wollastonite ‘a’ were :dentified as the low-temperature forms of
wollastonite solid solution and wollastonite 2 and wollastonite ‘b’ as the high-
temperature forms. However, the results showed that wollastonite 2 and wollastonite
‘b’ did form below 900°C. It is yet to be confirmed that if this low-temperature
anomaly is due to a secondary phase separation W ich may have taken place in the
alkaline-earth ions rich area. Also, Some mysterious peaks were observed n
Superwool and B3 fibres at temperatures between 7 50°C to 850°C. To identify these
unknown peaks and understand the role they played during the crystallisation of the

alkaline-earth silicate phases will also help to clarify the crystallisation process.

In the thermally exposed Superwool and B3 fibres, pseudowollastonite, wollastonite
solid solutions, diopside were identified. While in A2 fibre diopside was the main
alkaline-earth silicate phase formed. The different microstructures of these devitrified
fibres will possibly have different biological effects. Also in the recommended service
temperature range of Superwool fibre by the manufacturer, the alkaline-earth silicates
crystallised out in the form of deformed or imperfect structure between 750 to 850°C.

Tn another word they are structurally active. Are they biologically active as well?
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e Conditions for the thermal exposure of the fibres over a wide range of temperature

and time in a "clean" environment have been reliably established.

e Specimen preparation methods involving ion beam thinning and ultramicrotomy
have been developed to produce electron-thin specimens of fibre cross sections for
examination in the transmission electron microscope. Analytical electron

microscopy revealed the microstructural evolution of the phase products in the

devitrifying fibres.

o Qualitative and semi-quantitative X-ray diffractometry were successfully employed
to analyse the devitrification products in the heat treated Superwool, A2 and B3

fibres in relation to the formation, maturing and transformation of its crystalline

phases.

e Microstructural analyses revealed that metastable phase separation in the initial
glassy fibres and shot particles was the first stage of devitrification in the alkaline-
earth silicate fibres. The phase separated microstructures depended not only on the
composition, thermal exposure temperature and time, but also on the thermal

behaviour in relation to fibre or particle size.

e For the phase separated fibres, wollastonite solid solutions, diopside and

pseudowollastonite (only in Superwool and B3 fibres) crystallised from the
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alkaline-earth silicate rich regions while quartz, cristobalite and tridymite came
from the silica rich regions. The formation of these phases and the phase

transformations were defined as a function of furnace exposure temperature and

time.

Two forms of wollastonite solid solutions were identified in the devitrified alkaline-
earth silicate fibres. The low temperature form, containing relatively more Mg*
ions transforms to the high temperature form and diopside at temperatures above
900°C after extended exposure. It is suggested that the detailed transformation
process among these wollastonites, diopside and pseudowollastonite has been

identified for the first time.

The formation of an immature high temperature form of wollastonite solid solution
and diopside below 900°C with extended thermal exposure is possibly due to
secondary phase separation which may have taken place in the alkaline-earth rich

regions of the separated glass.

Pseudowollastonite is a metastable phase in the temperature range (750 to 1250°C)
investigated. It forms in certain exposure temperature and time range and then

transformed to wollastonite.

The formation of silica phases including a-quartz, a-cristobalite and tridymite in

the devitrified fibres is confirmed. These silica phases exhibit an unusual
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transformation process: amorphous silica — quartz — cristobalite — tridymite,
and it is proposed that a quartz like amorphous silica had formed in the silica rich
region of the separated glass which is responsible for the formation of quartz as the

primary crystalline silica phase.

In the investigated temperature and time region, wollastonite, diopside,
a-cristobalite and tridymite were the final devitrification products of Superwool

and B3 fibres, and diopside, a-cristobalite and tridymite of A2 fibre.
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Table 2-1 Diameter Distributions of Fibres

Mean Median 100%< %>5um %<lpum
Runl 5.1pm 3.4pm 30pum 33% 13%
Run 2 4.1pm 2.7um 25pm 25% 19%
Table 2-2 Modifications of CaSiO;
Wollastonite-2M> Wollastonite-Tc#> Pseudowollastonite>>
Nomenclature | Parawollastonite Wollastonite Pseudowollastonite
Stability Low-temperature Low-temperature High-temperature
Form Form Form
Structure Monoclinic Triclinic Triclinic
a(A) 15.43 7.94 6.853
bA) 7.32 7.32 11.895
c(R) 7.07 7.07 19.674
o 90° 90°02' 90.12°
B 95°24' 95°22' 90.55°
¥ 90° 103°26' 90.55°
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Table 3-1 Compositions of Fibres Studied (mass%)

mass%% Si0p CaO MgO AlrO3 Fe703

Superwool | 67.49 26.03 5.43 0.33 0.25

A2 61.97 21.67 15.16 0.76 0.13

B3 60.16 35.20 3.72 0.62 0.15

Table 3-2 Crystallographic Data for Cristobalite
Name JCPDS | Crystall. d-spacing 20 Intensity | Plane
No. | system A ©) %

a-cristobalite | 39-1425 | Tetragonal | 4.04 21.985 | 100 101
3.136 28.44 8 111
2.841 31465 |9 102
2.487 36.085 |13 200

B-cristobalite | 27-605 Cubic 4.11 21.6053 | 100 111
2.518 35.6278 | 12 220
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Table 3-3 Crystallographic Data of Parawollastonite and Wollastonite

Name JCPDS Crystall. d-spacing 26 Int.% Plane
Card No. | system A) ©)
Wollastonite- | 10-489 Monoclinic | 3.83 23.15 80 400
2M 3.52 25305 |80 002
3.31 2685 |80 202
3.09 28.87 |30 202
2.97 2999 | 100 320
2.80 31.97 10 312
Wollastonite- | 27-88 Monoclinic | 3.839 23.15 18 400
3.517 25305 |23 002
3.318 26.85 |29.1 202
3.158 28.235 |11 112
3.09 28.87 |22 202
3.022 29.535 |9 212
2.977 29.99 | 100 320
Wollastonite- | 29-372 Triclinic 3.838 23.1569 | 60 200
1A 3.510 25.3552 | 70 201
3.312 26.8987 | 80 102
3.228 27.6123 | 40 021
3.195 27.9032 | 40 211
3.167 28.1550 | 40 021
3.08 28.9674 | 70 102
2.976 30.0031 | 100 220
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Table 3-4 Crystallographic Data of Quartz, Tridymite, Diopside and

Pseudowollastonite
JCPDS Cryst. d-spacing |20 Int. % | Plane
o-Quartz 33-1161 | Hexagonal 4.257 20.850 |22 100
3.342 26.65 100 101
Tridymite-O | 42-1401 | Orthorhombic | 4.28 20.735 |93 220
4.08 21.765 | 100 004
3.800 2339 |68 222
3.242 2749 |48 420
2.961 30.16 11 224
2.852 3134 |9 600
Pseudo- 31-300 Triclinic 3.282 27.15 50 006
wollastonite 3.235 27.55 100 112
3.219 2769 |100 122
2.816 3175 |70 222
2.798 31.96 60 114
Diopside 11-654 Monoclinic 3.35 26.585 |11 021
3.23 27.595 |25 220
2.991 29.85 100 221
2.893 30.885 |30 311
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Table 4-1 Comparison of Parameters of Wollastonites

wollaston | wollastonite 1 | wollastonite 1 | wollastonite 2 | wollastonite 2
ite-2M by XRD by EM by XRD by EM

a(A) | 15.426 15.177 15.206 15337 15.337

b(A) | 7.32 7.207 7.170 7.284 7.210

c(A) | 7.066 6.937 6.891 7.031 7.022

B(C) | 954 95.46 95.46 95.29 95.31
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Table 4-2 Diffraction Data of Wollastonites

Woll-2M Woll.1 Woll.2
200) |dA)  [26) [dA)  [26¢) |d(A)  |Int% bkl
+0.001 +0.001

11515 |7.679 [11.705 |[7.554 |11.58 |7.636 |10 200
16255 |5.449 [16.535 [5.357 16355 [5.415 |2 201
18775 |4.723 [19.11 [4.641 [18.865 [4.700 |2 111
20.3 4371 20645 [4299 2042 [4346 |6 211
21.16 |4.195 [21.51 4128 (21275 [4173 3 310
23.15 |3.839 [23.535 [3.777 |23.28 |3.818 |18 400
23825 [3.732 2422 3672 (2397 {3710 8 311
25305 [3.517 [25.78 [3.453  [25.425 |3.500 |23 002
26.19 |3.400 [26.625 [3.345 |26335 |3.382 |5 410
2685 3318 [27.335 [3.260  [27.005 |3.299 |29 202
27475 |3.244 [27.96 [3.189  [|27.605 [3.229 |2 401
27815 |3.205 [28275 [3.154 |27.96 [3.188 |3 -121
28235 [3.158 [28.75 |3.103  [28.385 |[3.142 |11 112
2887 |3.090 [29.425 |3.033 |29 3076 |22 202
20535 |3.022 [30.065 [2.970  [29.705 [3.005 |9 212
2099 |2.977 3048 (2930 [30.15 |2.962  [100 320
31565 |2.832 [32.095 [2.787 [31.74 |2.817 3 510
3197 [2.797 32495 [2.753 (3215 |2.782 |6 321
32.855 [2.724 |33.425 [2.679 [33.06 [2.707 |5 402

to be continued

144




Table 4-2

Woll-2M Woll. 1 Woll.2
20°)  [d(A) 20°)  |d(A) 20(°)  |d(A) Int.% hkl
+0.001 +0.001

35.025 [2.560 |35.625 [2.518 [3523  [2.545 |5 600
35135 [2.552 3576  [2.509  [|35315 [2.539 |5 511
3545 [2.530 [36.08 |2.487 [35.645 [2.517 |3 -122
36265 2475 36915 [2433 3644 |[2464 |15 122
3822 [2353 [38.865 [2315 [38.435 (2340 |9 520
38.355 [2.345  [39.1 2302 [3855 2334 8 003
38.505 [2.336  (39.2 2296 3871 2324 |7 601
39.065 [2.304 [39.805 [2.263  [39.285 (2292 |11 203
40.72 |[2214 [41.47 [2.176  [40.925 |2.204 |3 322
41305 [2.184 [42.02 |2.149 |41.51 (2174 |16 521
41605 [2.169 [4233 [2.134  |41.88  [2.155 |3 602
4474 [2.024 45515 [1.991  [|45.015 [2.012 |5 522
45725 |1.983 |46.585 [1.948 4594 (1974 |4 602
47315 [1.920 [48.145 [1.889  |47.6 1.909 |2 800
4801 |1.894 |[48.895 [1.861  [|4824  [1.885 |2 522
4833 [1.882 [49.17 [|1.852 |48.61 |1.872 |4 720
49055 |1.856 [49.905 [1.826 |4936 |1.845 |4 721
49785 |1.830 [50.625 [1.802  [50.05  |1.821 (15 040
50.15 |1.818 [51.03 [1.788 |50.45 |1.808 |3 432
50.4 1809 |[51.315 [1.779 |50.67 {1.800 |2 801
50.825 [1.795 [51.805 [1.763 |51.07 |1.787 |4 323

to be continued
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Table 4-2

Woll-2M Woll.1 Woll.2
20(°) d(A) 20(°) d(A) 20(°) d(R) Int.% hkl
10.001 10.001
51.95 1.759 53 1.726 52.225 |1.750 6 004
52.215 |1.751 53.25 1.719 52.51 1.741 4 204
53.07 1.724 54.045 [1.695 53.41 1.714 10 523
53.28 1.718 54225 |1.690 53.63 1.708 10 722
56.655 [1.623 57.665 |[1.597 56.96 1.615 3 042
57.315 |1.606 58.4 1.579 57.61 1.599 6 722
57.46 1.603 58.485 |1.577 57.79 1.594 8 242
58.58 1.575 59.64 1.549 58.89 1.567 2 242
59.52 1.552 60.68 1.525 59.875 |1.544 2 324
60.1 1.538 61.18 1.514 60.49 1.529 2 921
60.21 1.536 61.31 1.511 60.58 1.527 3 1000
60.5 1.529 61.62 1.504 60.91 1.520 2 -723
60.94 1.519 62.035 [1.495 61.3 1.511 2 -442
62.32 1.489 63.435 |1.465 62.685 [1.481 2 640
62.765 |1.479 64.045 {1.453 63.08 1.473 5 324
63.085 |1.473 64.26 1.448 63.42 1.466 3 442
63.565 |1.463 64.73 1.439 64 1.454 2 922
63.75 1.459 64.925 |1.435 64.2 1.450 4 -1002
65.035 |1.433 66.255 |{1.410 65.415 |[1.426 2 -243
68.93 1.361 70.295 |1.338 69.305 |1.355 4 1002
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Figure 2- 1 Diagram illustrating manufacturing process for ceramic fibre'.

148



Temp. (°C)

2000

J600

1000

500

T 27 7 T
Li q. ’/// / 4
-
F - / B
= I 2
I Crist /—
| B uart Mo -
vartz [ M aeee-- i
1300° I //
1190° / 34 kb::;s__,--- b/ //
1.43 kbars // ‘3’/ B
. /7 9 // i
t Trid / 5/, i
// g//
() -
/ Coesite /i 4
/
{ / -
L { / ]
L arQuartz ,' 4
- H // Stishovite .
/
- ! / J
L 1 /
! A’ L 1 1 Il 1 1 // Il L 1 1 1 -‘
0 20 40 60 80 100 120

Pressurg (kbars)
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(@)

Figure 2-8 a. Project of the structure of wollastonite-Tc along Z axis. Shaded area
has paeudomonoclinic symmetry; b. Stacking of pseudomonoclinic units with +b/4
displcements to produce the structure of wollastonite-2M".
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Figure 29 Projection of the four-layer type of psudowollastonite ™.
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Figure 2-10 Structure of diopside. a. as viewed along the Z direction. atoms
overlying one another have been slightly displaced; b. as viewed along the Y
direction'”.
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Figure 3-2 Phase diagram showing compositions of the fibres.
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Figure 3-4 A PC-based temperature data acquisition system.
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Figure 3- 6 Thermal response for original blanket state and ground fibres exposed
in the furnace set at a temperature of 900°C.
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Figure 3-7 Thermal behaviour of original fibre A2.
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Figure 3- 8 Thermal behaviour of ground fibre A2.
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Figure 3-9 X-ray diffraction patterns of fused silica and a-cristobalite standard.
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Figure 3-10 X-ray powder diffractometry plot for devitrified fibre showing analysis
peaks.
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Figure 3-11 X-ray powder diffraction pattern of barium fluoride.
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(©) ®

Figure 3- 12 Procedure for the preparation of fibre specimens by ion beam thinning.
a, mixed components; b, mixture packed into the 3 mm i.d stainless steel tube; c, the

sliced tube; d, initial ground and polished disc; e, dimpled disc and f, ion beam
perforated disc.
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Figure 3- 14 TEM micrograph showing fibre packing and alignment in a specimen
prepared by ion beam thinning.
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Figure 3-15 Specimen block for ultramicrotomy

Figure 3-16 Polishing surface of the cross section of fibre/resin cylindar.
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Figure 3-17 TEM micrograph showing representative cross-sections of as-
manufactured fibres prepared by the ultramicrotomy method.
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Figure 4-2 As-manufactured Superwool blanket.

Figure 4-3 SEM micrograph of Superwool fibres.
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Figure 4-4 EDS of fibre matrix.
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Figure 4-6 Surface of a shot particle before thermal exposure.

174



Figure 4-8 Electron diffraction pattern of alkaline-earth ions riched area.

178



(36
RN
MM
1._ .L
)
N
(L.
L4
B W
-
s
2k (e
[ b {L

()
In .
el ()1

i@
(i ot 1N

D
S

£
u
el

12

i
L

(L.

=

i .-.‘,‘,..a..mm._s_z_m___ﬁ__H_mﬁ_—_

e SERRERRIS,

sy
I3

Bt
e

_“”_.._wn_.ﬁzﬁ__m_.__m__ﬂ

Figure 4-9a EDS in the alkaline-earth ions riched area.
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Figure 4-9b EDS of silica riched area.
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Figure 4-10 X-ray mapping of O, Si, Ca and Mg in phase separated shot particle.
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Figure 4-11 TEM micrograph of fibre cross section showing homogeneous structure
of Superwool fibre before exposure.

Figure 4-12 Microstructure of as-manufactured A2 fibre.
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Figure 4-13 Microstructure of as-manufactured B3 fibre.
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Figure 4-14 X-ray powder diffraction patterns for Superwool fibre after thermal
exposure at 1100°C

184



Relative Intensity

A U
AJ\J\

C

Superwool after
exposed to 1100°C
for 3024 hours

a-cristobalite

s D
20 24 40 44
2 6
Figure 4-15 XRD patterns showing d-spacing shifts in a-cristobalite identified in

devitrified fibres.
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Figure 4-17 X-tay diffraction pattern for Superwool devitrified at 1100°C for 5
hours.

187



6000

5000

4000 +

3000

Intensity

2000 1

1000 t

Figure 4-18 X-ray powder diffraction pattern for Superwool fibre devitrified at
1100°C for 3024 hours.
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Figure 4-19 Development of X-ray peak intensities of quartz and cristobalite in
Superwool fibre devitrified at 1100°C.
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Figure 4-20 Development of X-ray peak intensities of wollastonite 1, wollastonite 2
and diopside in Superwool fibre devitrified at 1100°C.

190



W2

Relative Intensity

W2

v

672h

M

48h

Figure 4-21 X-ray powder diffraction patterns of Superwool fibre devitrified at
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Figure 4-22 X-ray powder diffraction patterns of Superwool fibre devitrified at
1200°C.
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Figure 4-23 Development of X-ray peak intensities of quartz and cristobalite in
Superwool fibre devitrified at 1200°C
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Figure 4-24 Development of wollastonite 1 and wollastonite 2 in Superwool fibre
devitrified at 1200°C.
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Figure 4-25 X-ray powder diffraction patterns for Superwool fibre devitrified at

1000°C.
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Figure 4-26 Development of X-ray peak intensities of quartz and cristobalite in
Superwool fibre devitrified at 1000°C.
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Figure 4-27 X-ray powder diffraction patterns for Superwool fibre devitrified at

900°C.
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Figure 4-28 Development of intensities of X-ray peaks of wollastonite 1 at 900°C.
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Figure 4-29 Development of d-spacings of wollastonite 1 in Superwool fibre at
900°C with increase time.
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Figure 4-30 X-ray diffraction patterns for Superwool fibre devitrified at 850°C.
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Figure 4-31 X-ray diffraction patterns for Superwool fibre devitrified at 800°C.
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Figure 4-32 X-ray diffraction patterns for Superwool fibre devitrified at 750°C.
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Figure 4-33 X-1ay powder diffraction patterns for Superwool fibre devitrified for
1680 hours at 750°C, 800°C and 850°C respectively.
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Figure 4-34 Exposure dependence of formation of devitrification products in
Superwool fibre..
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Figure 4-35 X-ray diffraction patterns for A2 fibres devitrified at 750°C for 24, 48,
168 and 1008 hours respectively
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Figure 4-36 X-ray diffraction patterns for A2 fibre devitrified at 800°C for 1, 5, 24,
168 and 672 hours respectively.
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Figure 4-37 X-ray diffraction patterns for A2 fibres devitrified at 900°C for 48, 336
and 2688 hours.
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Figure 4-38 X-ray diffraction patterns for A2 fibres devitrified at 1000°C for 48, 168,
336, 672 and 1344 hours.
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Figure 4-39 X-ray diffraction patterns for A2 fibres devitrified at 1100°C for 48, 96,
168, 336, 672 and 1344 hours.
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Figure 4-40 X-ray diffraction patterns for A2 fibres devitrified at 1250°C for 48, 96,
168, 336, 672 and 1344 hours.

210



1250°C
C

\ 1100°C

=

D
T’\ D '\ C
W \

Relative Intensity

900°C

\‘\ ’\ 800°C

Figure 4-41 X-ray diffraction patterns for A2 fibres devitrified at 750°C, 800°C,
900°C, 1000°C, 1100°C and 1250°C for 48 hours.
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Figure 4-43 X-ray diffraction patterns for B3 fibres devitrified for 672 hours at
800°C, 900°C, 1000°C, 1100°C and 1250°C.
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Figure 4-44 X-1ay diffraction patterns for B3 fibres devitrified at 800°C for 5, 15, 24,
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Figure 4-46 X-tay diffraction patterns for B3 fibres after exposed at 1000°C
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Figure 4-48 X-1ay diffraction patterns for fibre B3 after exposed at 1250°C
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Figure 4-49 Exposure conditions dependence of formation of crystalline phases in
B3 fibre.
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Figure 4-50b. Microstructure of Superwool fibre devitrified at 750°C for 24 hours.

220



Figure 4-50c. Microstructure of Superwool fibre devitrified at 750°C for 168 hours.

Figure 4-50d. Microstructure of Superwool fibre devitrified at 750°C for 336 hours.

221



Figure 4-50e. Microstructure of Superwool fibre devitrified at 750°C for 504 hours.

Figure 4-50. Development of microstructure with time in Superwool fibres at 750°C.
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Figure 4-51. Microstructure of a shot particle devitrified at 750°C for 504 hours.
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Figure 4-52a. Microstructure of Superwool fibre devitrified at 800°C for 1 hour.

Figure 4-52b. Microstructure of Superwool fibre devitrified at 800°C for 5 hours
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Figure 4-52d. Microstructure of Superwool fibre devitrified at 800°C for 48 hours.
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Figure 4-52¢ Skeleton structure found in the exposed Superwool fibre.
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Figure 4-52f EDS spectrum corresponding to the phase shown in figure e.
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Figure 4-52h Microstructure of Superwool fibre devitrified at 800°C for 96 hours.

Figure 52 Development of phase separation with time in Superwool fibre at 800°C.
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Figure 4-54 Microstructure of a shot particle devitrified at 800°C for 48 hours.

Figure 4-55 SAED patterns of the separated phases in figure 4-52h.
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Figure 4-56 Microstructure of Superwool fibre devitrified at 800°C for 168 hours.

Figure 4-57 SAED pattern corresponding to the crystalline phase in figure 4-56.
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Figure 4-58b Microstructure of Superwool fibre devitrified at 900°C for 168 hours.
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Figure 4-59b EDS of the amorphous area in figure 58b.
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Figure 4-60 SAED patterns of the crystalline phase in figure 4-58b.
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Figure 4-61 Microstructure of Superwool fibre devitrified at 900°C for 1344 hours.

Figure 62 SAED pattern of the crystalline phase in figure 61.
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Figure 63 A cross section of Superwool fibre devitrified at 900°C for 1344 hours.

Figure 4-64 Microstructure of Superwool fibre devitrified at 1000°C for 168 hours.
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Figure 4-65 SAED pattern of the crystalline phase in figure 4-64.

Figure 4-66 Microstructure of a broken cross section.

236



Figure 4-67b Dark field image of the crystalline particle in figure 4-67a.
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Figure 4-68 EDS corresponding to the particle in figure 4-67.

Figure 4-69 SAED patterns corresponding to the particle in figure 4-67.
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Figure 4-70 Cristobalite particles in fibre devitrified at 1250°C for 168 hours.

Figure 4-71 Crystalline particles in the fibre devitrified at 1250°C for 168 hours.
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Figure 4-72 EDS of the particle w in figure 4-71.

Figure 4-73 SAED patterns of the particles marked as w in figure 4-71.
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Figure 4-74 Crystalline particles in the fibre devitrified at 1250°C for 168 hours.
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Figure 4-75 EDS of the particle w in figure 4-74.

Figure 4-76 SAED patterns of the particle w in figure 4-74.
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Figure 4-77a Bright image of tridymite crystals in the fibre.

Figure 4-77b Dark image of tridymite crystals in the fibre.
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Figure 4-78 SAED patterns of tridymite.
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Figure 4-79 Fibre surface after devitrified at 800°C for 3864 hours.
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Figure 4-80 Fibre surface after devitrified at 900°C for 1344 hours.
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Figure 4-81 Fibre surface after devitrified at 1000°C for 672 hours.
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Figure 4-83 Fibre surface after devitrified at 1100°C for 336 hours.
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Figure 4-84a Fibre surface after devitrified at 1250°C for 0.5 hour.
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Figure 4-84b Fibre surface after devitrified at 1250°C for 24 hours.
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Figure 4-84c Fibre surface after devitrified at 1250°C for 168 hours.
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Figure 4-84d Fibre surface after devitrified at 1250°C for 672 hours.
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Figure 4-84e Fibre surface after devitrified at 1250°C for 1344 hours.

Figure 4-84 Development of fibre surface structure at 1250°C.
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Figure 4-86 Surface of a shot part
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Figure 4-87b Surface of a shot particle after devitrified at 1250°C for 672 hours.
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Figure 4-87c Surface of a shot particle after devitrified at 1250°C for 1344 hours.

Figure 4-87 Development of surface structure of shot particles at 1250°C.
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Figure 4-89 Microstructure of a shot particle devitrified at 1100°C for 3024 hours.
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Figure 4-90 Microstructure of a shot particle devitrified at 1200°C for 672 hours.
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Figure 4-91b Microstructure of a shot particle devitrified at 1250°C for 1 hour.
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Figure 4-91d Microstructure of a shot particle devitrified at 1250°C for 168 hours.
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Figure 4-91f Microstructure of a shot particle devitrified at 1250°C for 1344 hours.

Figure 4-91 Development of microstructure of shot particles at 1250°C.
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Figure 4-92a EDS spectrum of the brightest regions in figure 4-91f.
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Figure 4-92b EDS spectrum of the brightest regions in figure 4-91f.
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Figure 4-92¢c EDS spectrum of the darkest regions in figure 4-91f.

Figure 4-92 EDS spectra corresponding to different regions in figure 4-91f.
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Figure 4-93 Microstructure of A2 fibre devitrified at 750°C for 24 hours.
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e

Figure 4-94 Microstructure of A2 fibre devitrified at 750°C for 48 hours.
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Figure 4-95 Microstructure of fibre A2 devitrified at 800°C for 48 hours.
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Figure 4-96 EDS spectrum of the circular particles in figure 4-95.
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Figure 4-97 SAED.pattern of the crystalline phase in figure 4-95
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Figure 4-98 Microstructure of the shot particle devitrified at 1250°C for 1344 hours.
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Figure 4-99a EDS spectrum of the brighter phase in figure 4-98
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Figure 4-99b EDS spectrum of the darker phase in figure 4-98.
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Figure 4-100 Microstructure of B3 fibre devitrified at 750°C for 24 hours.
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Figure 4-101 Microstructure of B3 fibre devitrified at 750°C for 336 hours
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Figure 5-1 The development of alkaline-earth silicate phases in devitrified Superwool
fibre.
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Figure 5-2 The development of silica phases in devitrified Superwool fibre.
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Figure 5-3 Devitrification process of Superwool fibre.
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Figure 5-4 The development of alkaline-earth silicate phases in devitrified A2 fibre.
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Figure 5-5 Devitrification process of A2 fibre.
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Figure 5-6 The development of alkaline-earth silicate phases in devitrified B3 fibre.
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Figure 5-7 Devitrification process of Superwool fibre.
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SHORT TECHNICAL NOTE

Preparation of ceramic fibre TEM cross-sections using
ultramicrotomy and ion beam thinning methods
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Summary

The preparation of specimens for detailed TEM micro-
analysis of micrometre-diameter, ceramic fibre cross-
sections is described. The starter material is ceramic fibre
in powder form and both ultramicrotomy-based and ion
beam thinning-based methods are described. Requirements
for specimens of uniform and adequate thinness, for easy
selection of representative fibre cross-sections within the
same specimen and for a reliable and time-efficient
preparation method, resulted in choice of the ultramicro-
tomy-based method and the associated devclopment of a
novel extrusion and sedimentation technique of embedding
the fibres to provide necessary pre-alignment and packing.

Introduction

Detailed investigation of as-manufactured and heat-exposed
microstructures of ceramic fibres is important to the
understanding of their in-service behaviour and their
interaction with the respiratory system (Young, 1991;
Brown et al., 1992). Our. studies (to be reported) required
the determination of these microstructures, using analytical
transmission electron microscopy, in cross-sections of
micrometre-diameter, as-manufactured and heat-exposed
aluminosilicate and alkaline-carth silicate fibres.

The as-manufactured starter material is normally in the
form of a wool and comprises a loose network of smooth-
surfaced fibres (Fig. 1). Typically, aluminosilicate fibres
have an arithmetic mean diameter of 2-3 um whereas
alkaline-earth silicate fibres have an arithmetic mean
diameter of 4—5 um (manufacturer’s data). Devitrification
at elevated exposure temperatures can roughen fibre

Correspondence tb: J. Young: Tel. (0114) 2533001: Fax (0114) 2533066:
E-mail: j.young@ shu.ac.uk
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surfaces and fibre networks can become bonded and brittle
(Young, 1991).

The TEM work necessitated preparation of specimens
which would allow the detailed microstructural analysis of
fibre cross-sections. The specimens had to be uniformly and
adequately thin (a) to allow representative cross-sections to
be selected from a number of sections viewed in the
specimen and (b) to enable the separate identification and
analysis of single grains or phase-separated regions in
selected fibre cross-sections. Requirement (b) was particu-
larly stringent as the dimensions of individual grains or
phase separated regions could be less than 100nm. Too
great a specimen thickness thus (i) made it difficult to
isolate and analyse distinct phase regions due to the
tendency for grains or phase-separated regions to overlap
through the depth of the specimen and (ii) degraded the
spatial resolution, especially for energy dispersive X-ray
analysis, which again limited the ability to analyse distinct
regions in the selected fibre cross-sections. Requirement (a)
demanded pre-alignment and parallel packing of fibres and
the preparation method chosen had to be reliable and time
efficient to cope with the number of specimens required by
our investigation.

Ion beam thinning method

The first stage was to make a 3-mm-diameter fibre/resin
disc having a high fibre packing density and low porosity.
The fibre starter material was crushed to fine powder with a
pestle and mortar and then mixed on a glass slide with
Gatan’s G-1 epoxy resin and hardener. The mixture was
vacuum degassed for 30 min, packed into a 3-mm inside-
diameter stainless steel tube and again vacuum degassed.
The epoxy was cured for 30 min at 100 °C and the tube was
sliced into a series of 250-500-um-thick discs using a

© 1996 The Royal Microscopical Society



Fig. 1. 'TEM image showing a representative
network of as-manufactured aluminosilicate
refractory ceramic fibres.

wiresaw. The discs were ground to a thickness of about
50 pm and one side polished with 0-25-um-grade diamond
paste.

Dimpling of the discs was achieved by grinding. coarse
polishing and then line polishing using a Gatan model 656
Dimple Grinder. Six-micrometre diamond paste was used to
coarse grind the disc to a central thickness of 20 pm: 1-pm
diamond paste was used to coarse polish the sample to a
central thickness of 15 ym. and tine polishing required a felt
polishing wheel and 0:05-m ~-alumina suspension. The
sample was cleaned in methanol in an ultrasonic bath after
each stage of the polishing operation.

lon beam thinning of the dises was achieved using the
Gatan model 691 Precision Ion Polisher (PIPS™). This
system overcomes the problem of preferential ion etching of
the resin by allowing the incident argon ion beam to strike
the sample at near grazing incidence thus allowing the
libres to shield the resin and minimize the rate of resin
removal. The dimpled discs were ion thinned. dimple
downwards. using a 3-keV argon ion beam. The specimen
was continuously observed with the attached microscope
and the thinning was terminated manually as soon as the
perforation was first seen. The perforated disc was then
reloaded with dimple upwards and ion-beam polished for
5min at 2keV. The disc was carbon coated before analysis
in the electron microscope.

Figure 2 illustrates the packing and alignment of fibres in
an ion beam thinned specimen. The resulting specimens
showed (a) only limited preferential thinning of the resin
matrix, (b) full views of fibre cross-sections with no
fragmentation and (c) good adhesion of cross-sections to
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the resin matrix. Drawbacks were (a) increasing specimen
thickness with distance from the perforation with the
associated loss in the ability to resolve and analyse
individual grains and phase-separated regions in selected
fibre cross-sections. (b) random alignment of fibres which
made it difficult to obtain sufficient well-aligned cross-
sections sufficiently close to the perforation for analysis, and
(¢) the length and complexity of the process to prepare a
single specimen from an initial sawn disc.

Ultramicrotomy method

Ultramicrotomy has been extensively used for the prepara-
tion of TEM specimens from biological materials and
increasingly from a wider range of materials including
polymers (Sawyer & Grubb, 1987), metals (Thomas, 1962),
surface coatings (Swab & Linger, 1988), metal multilayers
(Howell et al, 1995). particles (Chowdhury et al. 1990)
and whiskers (Ulan et al, 1990). The challenge and
uniqueness of our work was to develop the method, as
described by Reid (1974), to meet our analytical require-
ments for fibre alignment. high fibre packing density and
specimen uniformity and thinness.

The crushed fibres were initially wetted in an cpoxy resin
primer solution of 1% v-glycidoxypropyl trimethoxysilane in
50% methanol and 50% water and then dried. This process,
reported by Swab & Klinger (1988) for multilayer optical
coatings, strengthened the interfacial bond between fibres and
resin and limited fibre pullout during ultramicrotomy.

An important consideration concerning embedding was
the need for parallel alignment and close packing of fibres to
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ensure that as many as possible would appear in the TEM
specimen  with cross-sections parallel to the specimen
surface. To this end. typically 20% by mass of fibre powder
was added and dispersed in a fresh mixture of four-
component Spurr’s resin (Agar Scientific Ltd). This resin
was chosen for its low initial viscosity and good sectioning
propertics alter polymerization and the proportions of the
four components were chosen to produce a block of suitable

Fig. 2. TEM image showing fibre packing and
alignment in a specimen of aluminosilicate
libres prepared by the ion beam thinning
method.

hardness. Generally, the harder the block the better the
results, although too much hardener reduces the lifetime of
the resin. The following embedding process was followed.
A Pasteur pipette was used to extrude and inject the fibre/
resin mixture into a plastic tube of 1 mm internal diameter
and then the loaded tube was laid horizontally and left for
30 min before curing the fibre/resin mixture in an oven for
Sh at 70 C. The extrusion process produced initial fibre

Fig. 3. TEM image showing fibre cross-sections
in a specimen of aluminosilicate fibres prepared
by the ultramicrotomy method.
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Fig. 4. TEM image showing a typical devitritied
microstructure for {urnace-exposed alkaline-
carth silicate fibres. Regions shown as A are vit-
reous silica and regions shown as B comprise
grains of wollastonite.

alignment. horizontal resting of the loaded tube enhanced
fibre packing and produced further alignment duc to
sedimentation. and the subsequent curing of the loaded
tube and removal of the outer plastic sheath resulted in a solid
libre/resin cylinder. The cured fibre/resin cylinder was then
vertically positioned with its end up to the mould face of a
standard specimen mould (Agar Scientific Ltd) which was
then filled with fresh resin and cured at 70 °C for S h.

A Reichert OmU3 ultramicrotome litted with a freshly
made glass knife was used to trim down the cutting face of the
block to a taper which would provide a suitable cutting arca
to the knife and maximize the cutting force per unit length.
Ultrathin sectioning was achieved by replacing the glass knife
by a 45 diamond knife fitted with a collecting trough filled
with distilled water. The rate of thermal feed. the cutting
speed and the knife returning speed were carefully controlled
to collect ribbons of sections which were grey in colour and
had a section thickness of about 60nm (Peachey. 1938).
The sections were collected onto carbon films on 200-mesh
copper grids from the distilled water surface of the
collecting trough and dried prior to viewing in the Philips
CM20 analytical transmission electron microscope.

Figure 3 shows a typical clectron micrograph of cross-
sections of as-manufactured aluminosilicate fibres from a
specimen prepared by this ultramicrotomy method. Extensive
electron-transparent regions of uniform and adequate thin-
ness were obtained and the good alighment and adequate
packing density of fibres enabled the easy selection of fibre
cross-sections for analysis. The fibre cross-sections tended to
crack and fragment during sectioning but this did not prove a
problem in analysis as the microstructures in fragments could
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100 nm,

be individually analysed and the spatial arrangement of
fragments relative to the original fibre cross-section was
preserved. Fibre sections were tirmly adhered to the resin and
no pullout of fibres was observed. Figure 4 illustrates a typical
devitrified microstructure for furnace-exposed, alkaline-earth
silicate fibres: the regions shown as B comprise grains of
wollastonite whereas the regions shown as A are vitreous
silica. Specimens produced routinely by the ultramicrotomy
method were thin enough to allow the detailed identification
and analysis of the various components of the microstruc-
tures by analytical transmission electron microscopy and.
once the resin block was made for a particular starter powder.
further TEM specimens could be quickly prepared.

Conclusion

While the ion beam thinning method was capable of
providing TEM specimens of fibre cross-sections, the
ultramicrotomy method, with the associated development
of embedding to provide pre-alignment and closer libre
packing., offered major advantages in terms of fibre
alignment and packing, uniform and adequate thinness of
specimens and reliability and time efficiency of operation.
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